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ABSTRACT: Catalysts for hydroformylation of ethene were prepared
by grafting Rh into nests of =SiOZn—OH or =SiOCo—OH species
prepared in dealuminated BEA zeolite. X-ray absorption spectra and
infrared spectra of adsorbed CO were used to characterize the
dispersion of Rh. The Rh dispersion was found to increase markedly
with increasing M/Rh (M = Zn or Co) ratio; further increases in Rh
dispersion occurred upon use for ethene hydroformylation catalysis.
The turnover frequency for ethene hydroformylation measured for a
fixed set of reaction conditions increased with the fraction of
atomically dispersed Rh. The ethene hydroformylation activity is
15.5-fold higher for M = Co than for M = Zn, whereas the propanal
selectivity is slightly greater for the latter catalyst. The activity of the
Co-containing catalyst exceeds that of all previously reported Rh-
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containing bimetallic catalysts. The rates of ethene hydroformylation and ethene hydrogenation exhibit positive reaction orders in
ethene and hydrogen but negative orders in carbon monoxide. In situ IR spectroscopy and the kinetics of the catalytic reactions
suggest that ethene hydroformylation is mainly catalyzed by atomically dispersed Rh that is influenced by Rh—M interactions,
whereas ethene hydrogenation is mainly catalyzed by Rh nanoclusters. In situ IR spectroscopy also indicates that the ethene
hydroformylation is rate limited by formation of propionyl groups and by their hydrogenation, a conclusion supported by the
measured H/D kinetic isotope effect. This study presents a novel method for creating highly active Rh-containing bimetallic sites for
ethene hydroformylation and provides new insights into the mechanism and kinetics of this process.

B INTRODUCTION

Alkene hydroformylation to produce aldehydes is one of the
most important homogeneously catalyzed industrial processes,
with an annual global capacity of more than 10 million tons.'
Rhodium complexes incorporating phosphine or phosphite
ligands are widely used catalysts, because they exhibit both
high activity and selectivity." ® However, as is typical in
homogeneous catalytic processes, catalyst separation and
recycling are challenging, and rhodium reclamation and proper
disposal of phosphine-containing wastes contribute signifi-
cantly to the process cost.””~'" These limitations have
motivated interest in solid hydroformylation catalysts. These
catalysts include anchored Rh complexes containing organo-
phosphines,””'>"* Rh grafted to phosphine-modified porous
organic polymers,"*™"" solid Rh phosphides,*”°~** and Rh
complexes contained in supported ionic liquids.”*** Notwith-
standing these advances, most of the reported catalysts still
require phosphine ligands, which are expensive and both air-
and moisture-sensitive, resulting in significant product—catalyst
separation challenges.”"***°

Another approach to creating Rh sites that are active for
alkene hydroformylation involves dispersing Rh atoms on
metal oxide supports, as either monometallic'®*’~*° or
bimetallic species. The interactions of Rh atoms with
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. 31,32 33 9,12,20,34—36
nonprecious metals, such as Fe,” " Mo,” Co,” 7"

Zn,”* Re,””*® and W,* have facilitated the dispersion of Rh
atoms having high hydroformylation activities. For example,
Huang et al.”’ have reported that rhodium—zinc nanoparticles
with diameters of 9.6 + 0.6 nm supported on SBA-15 exhibit
high activities for styrene hydroformylation. Chen et al.” have
reported that rhodium stably dispersed with cobalt on
mesoporous MCM-41 exhibits a turnover frequency (TOF)
of ca. 270 h™" for ethylene hydroformylation at 1 bar and 453
K. In related work, Ro et al.”® have reported that ReO, species
supported on y-Al,O; stabilize a high dispersion of rhodium
and produce a highly active and selective catalyst for ethene
hydroformylation. Working with a feed containing C,H,, H,,
and CO in a 1:1:1 molar ratio, these authors found that
rhodium supported on ReO, on y-Al,O; exhibits a propanal
formation turnover frequency (TOF) of ca. S h™. In a
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Figure 1. (A) Comparison of the IR spectra of the hydroxyl stretching region for DeAIBEA and 0.36Co-DeAIBEA. (B) IR spectra of adsorbed
pyridine on DeAIBEA, 0.12Co-, 0.24Co-; and 0.36Co-DeAIBEA. (C) Comparison of IR spectra of adsorbed pyridine on DeAIBEA, 0.36Co-

DeAIBEA, and 0.36Zn-DeAIBEA.

subsequent study the same group reported that atomically
dispersed Rh—WO,, pairs supported on y-Al,O; catalyze the
hydroformylation of a 1:1:1 mixture of C,H,, H,, and CO at
403 K with a propanal TOF of ca. 21 h™' and a propanal
selectivity of ca. 90%.>

The preceding examples show that isolation of Rh atoms in
bimetallic nanoparticles or by interaction with supported metal
oxide species can produce active and selective sites for alkene
hydroformylation. We posit that a central challenge is to
understand how Rh can be maintained in a highly dispersed
state and how the nonprecious elements used to maintain Rh
in such a state affect its activity and selectivity for alkene
hydroformylation.**™* Our approach to addressing this
challenge was stimulated by our recent work showing that
nests of four to six =SiOZnOH Lewis acid sites produced by
introducing Zn into silanol nests of dealuminated zeolite Beta
can anchor Pt as isolated atoms.*®*’ After reduction,
characterization by X-ray absorption spectroscopy (XAS)
revealed that Pt was present in the form of complexes well
approximated as (=Si—O—Zn),_¢Pt. These species exhibit
exceptionally high catalytic activity, selectivity, and stability for
both propane dehydrogenation to propylene and n-butane
dehydrogenation to butene and 1,3-butadiene.*>*’

Here, we explore the application of this catalyst design
approach for generating isolated bimetallic centers in a
siliceous zeolite framework with the aim of developing Rh-
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containing bimetallic centers for ethene hydroformylation.
Both =SiOZnOH and =SiOCoOH Lewis acid sites
produced in dealuminated zeolite Beta (DeAIBEA) were
used to anchor isolated Rh atoms. These catalysts, designated
as xRhyZn/Co-DeAIBEA (x and y are atomic ratios of an
element with respect to the original inventory of Al), were
characterized by infrared (IR) spectroscopy and XAS and
investigated for ethene hydroformylation. Each catalyst was
found to exhibit an activity and propanal selectivity greater
than those reported for RhZn- and RhCo-containing hydro-
formylation catalysts prepared by other means. Our data show
that ethene hydroformylation on both RhZn-DeAIBEA and
RhCo-DeAIBEA proceeds via intermediates that were revealed
by in situ IR spectroscopy carried out with '*CO/"*CO-C,H,-
H, mixtures. It is proposed that the rate of hydroformylation is
limited by a combination of generation and hydrogenation of
acyl species, with the first of these steps being more nearly rate-
limiting on RhZn-DeAIBEA and the second being more nearly
rate-limiting on RhCo-DeAIBEA. The data suggest that ethane
formation on each catalyst mainly occurs on Rh nanoparticles.

B RESULTS

Creation of =Si0OZn—OH and =SiOCo—-OH Lewis
Acid Sites in Silanol Nests of DeAIBEA. Aluminum atoms
in HBEA zeolite, including both framework and extra-
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Figure 2. (A) CO probe molecule IR spectra of 0.08Rh-DeAIBEA and 0.08Rh-xZn-DeAIBEA and (B) CO probe molecule IR spectra of 0.08Rh-
xCo-DeAIBEA. In each case, the sample was first reduced in 10% H, at 473 K for 60 min, after which it was cooled in He to 303 K and exposed to

3 kPa of CO in He.

framework aluminum, were removed by dealumination,
whereas the zeolite structure was preserved.” Silanol nests,
consisting of hydrogen-bonded =Si—OH groups created by
dealumination, were observed by the appearance of IR bands at
3550 and 3730 cm™" (Figure 1A). Additional evidence of the
formation of silanol nests was obtained from an IR spectrum of
pyridine adsorbed on DeAIBEA. As shown in Figure 1B, two
bands appeared, at 1592 and 1445 cm™', which are
characteristic of pyridine interacting with hydrogen atoms of
the =Si—OH groups in the silanol nests.*>***” Zn and Co
Lewis acid centers were created by grafting Zn or Co onto the
=Si—OH groups in the silanol nests.”**”*® Detailed
characterization of Zn-DeAIBEA is presented elsewhere.*

For direct comparison, we synthesized Co-DeAIBEA with a
Co/Al ratio matching the Zn/Al ratio. ICP analysis (Table S2)
indicates quantitative introduction of Co. The X-ray diffraction
(XRD) pattern (Figure S1) and BET surface area of Co-
DeAIBEA (Table S1) show that the zeolite structure was
retained after introduction of Co and that no X-ray observable
CoO, nanoparticles formed, consistent with what we observed
for Zn-DeAIBEA. IR spectra show that both silanol nests and
internal silanol groups were consumed after introduction of
Co, suggesting the generation of =SiOCoOH and =
SiOCoOSi= species. With the introduction of Co, the
intensity of the bands characterizing pyridine hydrogen-
bonded to silanol nests (1592 and 1445 cm™) decreased
(Figure 1B). Two new IR features were also observed, at 1608
and 1448 cm™!, which are assigned to pyridine interacting with
Co Lewis acid sites (Figure 1B and C). The intensities of these
bands increased as the Co/Al ratio increased from 0.12 to 0.36.
Relative to pyridine, 2,6-di-tert-butylpyridine (DTBPy) is
sufficiently basic for proton transfer to occur from the weakly
acidic OH groups associated with M—OH (M = Zn or Co)
groups.””*" Adsorption of DTBPy on 0.36Co-DeAIBEA and
on DeAIBEA resulted in the appearance of an IR band at 3356
cm™ for 0.36Co-DeAIBEA (Figure S2), demonstrating that
the grafted Co atoms were present as =SiOCo—OH groups.
These findings parallel what we reported earlier for zinc centers
in 0.36Zn-DeAIBEA, which demonstrated the presence of
nests of weakly interacting =SiOZn—OH groups.*>**
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Characterization of Rh Atoms Dispersed on DeAIBEA, Zn-
DeAIBEA, and Co-DeAIBEA. Rh atoms were introduced onto
Zn- and Co-DeAIBEA prepared with M/AI ratios of 0—0.36.
ICP analysis (Table S2) showed near-quantitative incorpo-
ration of Rh in both cases. XRD (Figure S1) and BET data
(Table S1) indicate that the zeolite framework structure was
retained and that there were no obvious changes in the surface
area or pore volume after introduction of Rh.

Figure 2 shows the IR spectra of CO adsorbed on
DeAIBEA-, xZn-DeAlBEA-, and xCo-DeAIBEA-supported
Rh. These spectra were acquired with the aim of distinguishing
between isolated Rh atoms and Rh nanoparticles. Table S3 is a
summary of the assignments of vco IR bands previously
reported for Rh complexes and supported Rh; these data form
the basis for assigning the features characterizing adsorbed CO
observed in this investigation.”*>"”

IR spectra of CO adsorbed on 0.08Rh-DeAIBEA and
0.08Rh-xZn-DeAlBEA acquired at 303 K are presented in
Figure 2A. The 0.08Rh-DeAIBEA spectrum exhibits peaks at
2069 and 1915 cm™ characteristic of linear and bridge-bonded
CO, indicative of Rh clusters, and two sets of bands, centered
at 2037 and 2048 cm™), and 2093 and 2113 cm™}, associated
with the symmetric and asymmetric stretches of rhodium gem-
dicarbonyls. Considering the existence of various silanol groups
on the surface of DeAIBEA, the observation of two sets of
spectra characterizing rhodium gem-dicarbonyls is not
surprising; they are attributed to isolated Rh atoms located
in different local environments. For CO adsorbed on 0.08Rh-
xZn-DeAIBEA (x = 0.12—0.36) the spectra in Figure 2A
exhibit only one set of bands, centered at 2030 and 2096 cm™".
These features are identical to the symmetric and asymmetric
stretches of rhodium gem-dicarbonyl species. For CO adsorbed
on 0.08Rh-0.12Zn-DeAIBEA, both the bridge-bonded CO
stretching band at 1850 cm™ and that of the linearly adsorbed
CO at 2066 cm™" decreased in intensity relative to what was
observed for CO adsorbed on 0.08Rh-DeAIBEA. As the Zn/Al
ratio increased to 0.24 and then to 0.36, the intensities of the
signals at 1850 and 2066 cm™" decreased monotonically, and a
monotonic increase occurred in the intensity of the bands
characterizing rhodium gem-dicarbonyls. Moreover, almost no
signal could be observed at 1850 cm™ in the spectrum of
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Figure 3. (A) Rh K-edge near-edge spectra of as-prepared and post-H,-treatment 0.08Rh-0.36Zn-DeAIBEA and 0.08Rh-0.36Co-DeAIBEA and of
standards characterizing Rh® (rhodium foil) and Rh** (Rh,0;); (B) Co K-edge near-edge spectra of 0.08Rh-0.36Co-DeAIBEA, as-prepared and
after H, treatment at 473 K and of cobalt foil, CoO, and Co;0, standards; (C—F) magnitude of Fourier transform and imaginary part of Rh K-edge
EXAFS data and calculated fitting contribution (k*-weighted) of the best fit of EXAFS data characterizing as-prepared 0.08Rh-0.36Zn-DeAIBEA, as-
prepared 0.08Rh-0.36Co-DeAIBEA, post-H,-treatment 0.08Rh-0.36Zn-DeAIBEA, and post-H,-treatment 0.08Rh-0.36Co-DeAIBEA, respectively.
Data were collected at 298 K. The range in k was 3.8—13.7 A™" for the as-prepared samples and 3.6—13.2 A™" for samples after H, treatment. The
fit range in R was 1.0—3.2 A for the as-prepared samples and 1.0—3.0 A for samples after H, treatment. Details of fit parameters are presented in
Table 1.

0.08Rh-0.36Zn-DeAIBEA, suggesting the absence of bridge-
bound CO, which would be expected for Rh nanoparticles. characteristic of linear-bound CO indicates a non-negligible
However, the presence of the feature at 2066 cm™ presence of small Rh clusters.
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Table 1. Fit Parameters Determined from EXAFS Data Acquired at Rh K-Edge for 0.08Rh-0.36Zn-DeAIBEA and 0.08Rh-

0.36Zn-DeAIBEA, as-Synthesized and after H, Treatment”

Coordination
Sample Scattering path number
As-prepared 0.08Rh-0.36Zn-DeAIBEA Rh—O 6.6 12
Rh—O-Zn 0.7 + 0.6
Rh—O-Rh 3.6 + 1.1
As-prepared 0.08Rh-0.36Co- Rh—O 6.5 + 0.4
DeAIBEA Rh—0—Co 23+05
Rh—O-Rh 24 +£07
Reduced 0.08Rh-0.36Zn-DeAIBEA Rh—Zn 35+03
Rh—Rh 42 + 04
Reduced 0.08Rh-0.36Co-DeAIBEA Rh—Co, Rh—Rh 49 + 0.3
3.0 + 04

R- Reduced
AE,, eV R A o, A? Factor
—19+13 20440007 0.0032 + 0.0007 0.007 511
297 + 0.045  0.0056 + 0.0015"
3.07 + 0.010
—177 + 1.1  2.04 + 0.005  0.0031 + 0.0006 0.005 1067
297 £ 0011  0.0047 + 0.0013°
3.03 + 0.009
8+ 09 254+ 0006 00091 + 0.0006° 0011 97
2.63 + 0.007
15+ 10 257 +0007 00110 + 0.0009°  0.006 231
2.66 + 0.008

“Notation: R, scattering path length between the absorber and scattering atom; ¢?, mean square relative displacement; AE,, inner potential
correction. The R-factor is a measure of how closely the fit resembles the data. The reduced y* is a statistical fitting metric normalized by the
degrees of freedom. b6® for Rh—(0)—Zn and Rh—(0O)—Rh scattering paths were constrained to be equal. °6* for Rh—(0)—Co and Rh—(O)—Rh
scattering paths were constrained to be equal. 952 for Rh—Zn and Rh—Rh scattering paths were constrained to be equal. °6> for Rh—Co and Rh—

Rh scattering paths were constrained to be equal.

IR spectra of CO adsorbed on 0.08Rh-xCo-DeAIBEA (x =
0.12—0.36) are shown in Figure 2B. The spectrum of 0.08Rh-
0.12Co-DeAIBEA shows that the intensities of the bands
characterizing bridging and linearly bonded CO (located at
1850 and 2064 cm™', respectively) were much weaker than
those for the sample without Co, 0.08Rh-DeAIBEA. As the
Co/Al ratio increased to 0.24, the intensities of the signals at
1850 and 2064 cm™" decreased, and for Co/Al = 0.36, only a
very weak band was observed, at 2064 cm™" and practically no
band intensity at 1850 cm™'. Concurrently, the intensities of
the rhodium gem-dicarbonyl bands, at 2096 and 2025—2031
cm™), increased as the Co/Al ratio increased from 0.12 to 0.36,
in a manner similar to that observed for Rh-Zn-DeAIBEA.

In summary, the data show that both Zn-DeAIBEA and Co-
DeAIBEA are more effective in dispersing Rh than DeAIBEA
itself and that, as the Zn/Al or Co/Al ratio increases for a
constant Rh loading, more of the Rh is dispersed atomically, as
indicated by the increased intensity of IR bands for gem-
dicarbonyl species relative to those for linear- and bridge-
bonded CO. We also find that for a given M/AI ratio Co is
more effective than Zn in dispersing Rh.

Additional information about the oxidation state and
coordination environment of Rh in as-prepared 0.08Rh-
0.36Zn-DeAIBEA and 0.08Rh-0.36Co-DeAIBEA was obtained
from XAS data recorded at the Rh K-edge. The near-edge
spectra of both as-synthesized samples are characterized by
edge energies and whlte hne intensities similar to those of Rh**
in Rh,0; (Figure 3A).>* The Fourier transforms of the Rh K-
edge extended X-ray absorption fine structure (EXAFS)
spectra of the as-synthesized samples are fitted satisfactorily
with a Rh—O scattering path (at a radial distance ca. 2.0 A), a
Rh—O—Co (Zn) scattering path, and a Rh—O—Rh scattering
path (at a distance ca. 2.95—3.1 A) (Table 1, Figure 3C,D, and
Figures S3 and S4). Fitting of the EXAFS spectra indicate that
Rh was coordinated, on average, to 6 O atoms in the first
coordination shell. The EXAFS spectrum characterizing
0.08Rh-0.36Co-DeAIBEA could not be fitted satisfactorily
with a model consisting of only Rh—O—Rh paths; an
additional Rh—O—Co path was necessary to fit the data
satisfactorily, providing evidence of the interaction of Rh with
Co (Figure S3, Table S4). The 0.08Rh-0.36Zn-DeAlBEA
EXAFS data, on the other hand, were satisfactorily fitted with a
model including only Rh—O and Rh—O—Rh scattering paths,
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and the addition of a Rh—O-Zn path only marginally
improved the goodness of fit (Figure S4, Table S4). The
ratio of the calculated Rh—O—Co coordination number to the
Rh—O—Rh coordination number for 0.08Rh-0.36Co-DeAl-
BEA is much higher than the ratio of the Rh—O-Zn
coordination number to the Rh—O—Rh coordination number
for 0.08Rh-0.36Zn-DeAIBEA, suggesting that Rh was dispersed
as a consequence of the stronger interactions with Co than
with Zn in the as-prepared samples. We emphasize that EXAFS
data do not establish unique structures but instead represent
mixtures of structures, as expected for samples such as ours and
confirmed by the full width at half-maximum values of the IR
bands for adsorbed CO (Figure 2), which are wider than those
in spectra of more nearly uniform samples.”*>’

Treatment of the samples in 10% H, in He at 473 K resulted
in marked changes in the Rh K-edge XANES and EXAFS data.
Figure 3A shows that the white line decreased in intensity after
H, treatment, and the absorption edge shifted to lower energy,
indicating a reduction of the Rh in each sample. Comparison
of the near-edge spectra of the treated samples with that of a
Rh foil standard implies that the Rh was essentially metallic
after the treatment.

The analysis of the EXAFS data for H,-treated samples
(Figure 3E,F, Table 1) did not include contributions from
Rh—O scattering paths. The fits of the Fourier-transformed
EXAFS patterns provide evidence of Rh coordination with
both Rh and Co (or Zn) atoms. Attempts to fit the EXAFS
data with only Rh—Rh coordination or only Rh—Co (or Rh—
Zn) coordination gave unsatisfactory fits (Figures SS and S6,
Table S4). The fitting results also indicate that the ratio of
coordination numbers of Rh—Co:Rh—Rh scattering paths in
0.08Rh-0.36Co-DeAIBEA (1.63 + 0.1) is higher than the ratio
of coordination numbers of Rh—Zn:Rh—Rh scattering paths in
0.08Rh-0.36Zn-DeAIBEA (0.83 + 0.1), suggesting that Rh is
more highly dispersed when the second metal is Co rather than
Zn. These findings are consistent with the IR spectra of CO
adsorbed on the reduced 0.08Rh-0.36Co-DeAIBEA and
0.08Rh-0.36Zn-DeAIBEA, which indicate a higher fraction of
isolated Rh atoms (inferred to be present as rhodium gem-
dicarbonyls) on 0.08Rh-0.36Co-DeAIBEA.

The state of cobalt in the as-synthesized and H,-treated
0.08Rh-0.36Co-DeAIBEA was probed by X-ray absorption
near-edge structure (XANES) at the Co K-edge. The spectrum
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catalyst, 20 mg; temperature T, 443 K; total feed flow rate, 30 mL(NTP)/min; partial pressures Pc,yy, 33.8 kPa; Pco, 33.8 kPa; Py, 33.8 kPa. (B)
Mass of catalyst, 20 mg; T, 403 K; total feed flow rate, 90 mL(NTP)/min; Pcypyy, = 33.8 kPa; P, 33.8 kPa; Py, 11.3 kPa, balance, helium; total
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11.3 kPa, balance, He; total pressure was atmospheric. TOS is time on stream in the flow reactor. TOFs shown in panels (A) and (B) are based on

total number of Rh atoms in the catalyst sample.

of the as-synthesized 0.08Rh-0.36Co-DeAIBEA (Figure 3B) is
characterized by a prominent white line and an edge energy
similar to that of Co?" in the standard CoO, indicating
positively charged cobalt. Attempts to fit the XANES data
representing the as-synthesized 0.08Rh-0.36Co-DeAIBEA by a
linear combination fitting (LCF) of CoO, Co;0,, and Co foil
standards yielded a suboptimal fit, with significant deviations
from the data (Figure S7). This result suggests that the local
coordination environment of Co was different from those of
the bulk oxide standards. The LCF fit indicates that Co was
completely oxidized, with the data being best fitted by a linear
combination of CoO and Co;0, spectra, weighted equally.
Treatment of the sample in H, at 473 K resulted in partial
reduction of Co, which is evident from the lowering of the
white line intensity and edge energy (Figure 3B). Therefore,
Co is inferred to have been present as a mixture of metallic and
oxidized species in the sample after H, treatment.

Ethene Hydroformylation and Hydrogenation Catalyzed
by Rh-Zn-DeAIBEA and Rh-Co-DeAIBEA. Ethene hydro-
formylation catalyzed by 0.08Rh-xZn-DeAIBEA (x = 0—0.36)
was investigated to determine the influence of Zn loading on
the catalytic activity and selectivity for a fixed set of reaction
conditions (T = 443 K, Pcypys = 33.8 kPa, P = 33.8 kPa, Py,
33.8 kPa, 101 kPa total pressure). The only products
observed were ethane and propanal. Zn-DeAIBEA and
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DeAIBEA showed no measurable hydroformylation activity
under our conditions. As shown in Figure 4A, the TOF
characterizing 0.08Rh-DeAIBEA was 12 h™’, but the propanal
selectivity was only 15%. When the Zn/Al ratio increased from
0.12 to 0.36, the propanal TOF increased from 30 to 73 h™/;
the propanal selectivity increased to 64% but then decreased
slightly to 57% as the Zn/Al ratio increased to 0.36. The
continuous increase in the propanal TOF with increasing Zn/
Al ratio is consistent with the increased dispersion of Rh made
evident by the CO IR spectra. The slight decrease in propanal
selectivity for 0.08Rh-0.36Zn-DeAlIBEA compared with
0.08Rh-0.12Zn-DeAIBEA is attributed to the weak hydro-
genation activity of Zn Lewis acid centers, consistent with
reports for Zn-Si0,.*°

Ethene hydroformylation was also investigated for 0.08Rh-
xCo-DeAIBEA (x = 0.12—0.36) under the same reaction
conditions. The only products observed were ethane and
propanal. Co-DeAIBEA showed no measurable hydroformyla-
tion activity. The propanal TOF characterizing 0.08Rh-
0.12Co-DeAIBEA was 52 h™', and the selectivity was 67%
(Figure 4B). As the Co/Al ratio increased to 0.24 and then to
0.36, the propanal TOF increased to 73 h™' and then to 155
h™', and the propanal selectivity increased slightly to 68 and
then to 69%. The continuous increase in propanal formation
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atmospheric.

rate is consistent with the increased dispersion of Rh atoms
observed by the CO IR spectra (Figure 2).

A direct comparison of the performances of 0.08Rh-0.36Zn-
DeAIBEA and 0.08Rh-0.36Co-DeAIBEA was made under the
following reaction conditions: T = 403 K, Pc,y, = 33.8 kPa,
Pco = 33.8 kPa, Py, = 11.3 kPa, balance, He; total pressure =
101 kPa. As shown in Figure 4C, 0.08Rh-0.36Zn-DeAIBEA
exhibited a propanal TOF of 10 h™', whereas that for 0.08Rh-
0.36Co-DeAIBEA was 155 h™'. On the other hand, the
propanal selectivity of 0.08Rh-0.36Zn-DeAIBEA (80%) was
higher than that of 0.08Rh-0.36Co-DeAIBEA (68%) (Figure
4D). Considering the similar Rh dispersions of 0.08Rh-0.36Zn-
DeAIBEA and 0.08Rh-0.36Co-DeAIBEA, the 15.5-fold higher
hydroformylation activity of 0.08Rh-0.36Co-DeAIBEA is
attributed to differences in the electronic effects of Co vs Zn
on Rh, as discussed below.

Data showing the influence of temperature on ethene
hydroformylation catalysis for both 0.08Rh-0.36Zn-DeAIBEA
and 0.08Rh-0.36Co-DeAIBEA are presented in Figure S.
Lowering the temperature enhanced the selectivity to propanal
for both catalysts. This pattern is consistent with the higher
apparent activation energy for ethene hydrogenation than that
for hydroformylation (Figure SC). Specifically, for 0.08Rh-
0.36Zn-DeAIBEA, as the temperature increased from 393 K to
443 K, the propanal selectivity decreased from 87% to 71%.
And for 0.08Rh-0.36Co-DeAIBEA, as the temperature
increased from 373 K to 413 K, the propanal selectivity
decreased from 76% to 67%. Within the same temperature
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range, the propanal activity was always higher and the propanal
selectivity lower for 0.08Rh-0.36Co-DeAIBEA than for 0.08Rh-
0.36Zn-DeAIBEA. The apparent activation energies for
hydroformylation and hydrogenation catalyzed by 0.08Rh-
0.36Zn-DeAIBEA are 41 and 68 kJ/mol, respectively (Figure
SC), and the corresponding values characterizing 0.08Rh-
0.36Co-DeAIBEA are 90 and 104 kJ/mol, respectively.

The apparent activation energies for propanal formation
reported here can be compared with those reported for Rh/
Si0, (42—72 kJ/mol),>>***” Zn/Rh/SiO, (59 kJ/mol),*® Rh/
Y zeolite (39—56 kJ/mol),””** Rh/NaY zeolite (27 kJ/mol),””
Rh/ALO, (43—48 kJ/mol),***” Rh-ReO,/ALO, (46—49 kJ/
mol),”® RhCo/SiO, (38 kJ/mol),** and RhCo,/MCM-41 (55
kJ/mol).” Compared with these values, the apparent activation
energy for propanal formation on 0.08Rh-0.36Zn-DeAlBEA
(41 kJ/mol) is similar; however, that for 0.08Rh-0.36Co-
DeAIBEA (90 kJ/mol) is markedly higher.

Similarly, the apparent activation energies for ethane
formation on the catalysts reported here can be compared
with those reported for Rh/SiO, (60—121 k_]/mol),ss’sg’57 Zn/
Rh/SiO, (134—167 kJ/mol),”® Rh/Y zeolite (72—90 kJ/
mol),”” Rh/NaY zeolite (90 kJ/mol),”® Rh/AL,O; (82—110
kJ/mol),***” Rh-ReO,/ALO; (102—109 kJ/mol),”® RhCo/
SiO, (74 kJ/mol),*® and RhCo;/MCM-41 (91 kJ/mol).” In
this case, all of the apparent activation energies for ethane
formation reported previously are similar to those for 0.08Rh-
0.36Co-DeAIBEA (104 kJ/mol) and 0.08Rh-0.36Zn-DeAIBEA
(90 kJ/mol).
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Figure 6. IR spectra acquired during ethene hydroformylation catalysis on 0.08Rh-0.36Zn-DeAIBEA (A) and 0.08Rh-0.36Co-DeAlBEA (B).

Reaction conditions: 403 K, total flow rate = 10/40/40 mL(NTP) min~".

H/D Kinetic Isotope Effect. Hydroformylation experiments
were carried out with both H, and D, to determine the kinetic
isotope effects (KIE) characterizing the performance of
0.08Rh-0.36Co-DeAlBEA and 0.08Rh-0.36Zn-DeAlBEA. Re-
sults of rate experiments carried out at 403 K are shown in
Figure S8. The initial feed to each catalyst was CO/C,H,/H,/
He = 30/30/10/20 mL(NTP) min~!, and after 60 min on
stream, the feed H, stream was switched to D, at the same
rate; then, after an additional 60 min, the feed was switched
back to that containing H,.

The rates of ethene hydroformylation and hydrogenation
characterizing each catalyst decreased when D, replaced H,,
and the effect was greater for the Co-containing catalyst. The
KIE was calculated by averaging the rate of formation of each
product with each hydrogen isotope to obtain the correspond-
ing values of ry and rp. The KIE values (ry/rp) for
hydroformylation and hydrogenation on 0.08Rh-0.36Zn-DeAl-
BEA were found to be 1.2 and 1.4, respectively, and 1.6 and
1.7, respectively, for reaction on 0.08Rh-0.36Co-DeAlBEA.
The positive KIE values suggest the involvement of hydrogen
in the rate-determining steps of each reaction, with the greater
effect for 0.08Rh-0.36Co-DeAIBEA than for 0.08Rh-0.36Zn-
DeAIBEA.

In situ IR spectra were acquired for both 0.08Rh-0.36Zn-
DeAIBEA and 0.08Rh-0.36Co-DeAIBEA. Each catalyst pellet
was first reduced in a 10% H, in He at 473 K for 1 h, and then

2918

the temperature was reduced to 403 K, after which H, was
replaced by the hydroformylation reaction feed mixture. In
these experiments, the partial pressures of CO and C,H, were
11.2 and 45 kPa, respectively, and the partial pressure of H,
was kept at 3.4 or 45 kPa with the balance of the feed stream
being He. The total gas flow rate was 90 mL(NTP)/min. The
results are presented in Figure 6A and B.

The spectrum of CO adsorbed on 0.08Rh-0.36Zn-DeAIBEA
from a mixture containing 11.2 kPa of CO and 3.4 kPa of H,
(Figure 6A) includes bands at 2100 and 2034 cm},
corresponding to the symmetric and asymmetric C-O
stretching vibrations, respectively, of CO on positively charged
Rh in rhodium gem-dicarbonyls.”*”®> The spectrum also
includes a band centered at ~2061 cm™' corresponding to
CO linearly adsorbed on Rh® atoms and a broad signal at 2175
em™ for gas-phase CO.°""%” As discussed below, the linearly
adsorbed CO was weakly bound and readily removed when the
IR cell was purged with He.

Upon addition of 45 kPa of C,H, to the CO/H, mixture,
bands associated with the rotations and vibrations of gas-phase
ethene were observed at ~1445, ~1920—1820, and ~3200—
2990 cm~".*> Moreover, bands appeared at 1356, 1371, 1386,
1415, and 1463 cm™', characteristic of symmetric and
asymmetric C—H bending vibrations of CH, and CH; groups
in ethyl or acyl species. Such features have been observed at
~1470—1360 cm™" for ethene interacting with Bronsted acidic
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OH groups in zeolites.””*> The observation of symmetric and

asymmetric C—H stretching vibrations in the range of ~3000—
2800 cm™' provides further evidence of the formation of
rhodium alkyl or acyl complexes.” The bands located between
1463 and 1415 cm ™" might also be assigned to C—H bending
vibrations of C,H, m-bonded to Rh centers. Organorhodium
complexes containing 7-bonded C,H, ligands exhibit a band at
1440—1419 cm ™" assigned to C—H bending vibrations of CH,
groups (6(CH,)) and a band at 1516—1480 cm ™" that includes
contributions from C=C stretching vibrations (vc—c) and
C—H bending vibrations of CH, groups.”® And z-bonded
C,H, ligands in zeolite-supported Rh(CO)(C,H,) complexes
exhibit bands at 1438 (6(CH,)) and 1536 cm™ (6(CH,) +
Vo). Because bands at 1516—1480 cm™' ascribed to
8(CH,) + v(C=C) were not observed after exposure of the
sample to C,H,, it is not likely that the bands at 1464—1414
cm™! (Figure 6A) arise from C—H bending vibrations of C,H,
n-bonded to Rh centers.

As the reaction proceeded, there was a gradual increase in
the intensity of the bands at 3000—2800 and 1500—1350 cm™"
(Figure 6A), and new features appeared in the range of 1750—
1500 cm™", which are assigned to C=0 stretching vibrations
of adsorbed acyl species, presumably propionyl
(CH,CH,CO*).”77° 1t has been reported that acyl groups
in various Rh complexes exhibit C=O stretching vibrations at
1705—1635 cm™"."'~" Support for these assignments can be
drawn from the observation of acyl species exhibiting bands at
1695, 1673, and 1645 cm™" during ethene hydroformylation
catalyzed by RhH(CO)L, (L = P(3,5-(CF;),(C¢H;);) in
supercritical CO,.%”

IR spectra acquired during hydroformylation catalyzed by
0.08Rh-0.36Co-DeAIBEA (Figure 6B) show that prior to the
introduction of C,H, to a mixture of CO and H,, the only
features observed are those for CO stretching bands of gas-
phase and adsorbed CO. These features include bands at 2101
and 2032 cm™, characterizing symmetric and asymmetric C—
O stretching vibrations of rhodium gem-dicarbonyls (Table
S3), a band at ~2056 cm™" assigned to linearly adsorbed CO
on Rh” atoms, and a broad signal at 2175 cm™ assigned to gas-
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phase CO.°°~%* Upon addition of 45 kPa C,H, to the CO/H,
mixture, bands associated with the rotations and vibrations of
gas-phase ethene apgeared at ~1445, ~1920-1820, and
~3200—-2990 cm~.%° Bands were also evident at 1354,
1370, 1380, 1414, and 1464 cm™, assigned to symmetric
and asymmetric C—H bending vibrations of CH, and CHj,
groups and bands at ~3000—2800 cm ™" assigned to symmetric
and asymmetric C—H stretching vibrations. These features are
similar to those observed for 0.08Rh-0.36Zn-DeAIBEA and are
assigned to Rh alkyl or Rh acyl complexes.” In line with what
was observed for 0.08Rh-0.36Zn-DeAIBEA, changes were also
seen in the range of 1750—1500 cm™', which provide evidence
for C==0 vibrations associated with acyl ligands.

As the catalytic reaction progressed, gradual increases were
observed in intensity of the bands at 3000—2800, 1750—1500,
and 1500—1350 cm™, indicating the formation and accumu-
lation of intermediates associated with ethene hydroformyla-
tion. The spectra presented in Figure 6A and B include features
suggesting the formation of acyl groups (ie, the bands
appearing in the range of 1750—1500, 2800—3000, and 1400—
1500 cm™'). To confirm this assignment, IR spectra were
obtained with *CO in the reaction mixture and compared with
those recorded with '*CO. Figure 7 shows that when '>CO was
replaced with '*CO, the CO bands for rhodium gem-
dicarbonyls shifted to 2052 and 1986 cm™', with that
characterizing linearly adsorbed CO on Rh® atoms shifting to
~2013 cm™" and that characterizing gas-phase CO shifting to
2134 cm™!. More importantly, the bands at 1700—1600 cm™
corresponding to '*CO-containing intermediates of the
hydroformylation shifted to 1652—1582 cm™', as expected
for *CO-containing acyl ligands.

Therefore, we conclude that, for both catalysts, the IR
signals observed at 1700—1600 cm™' can be assigned to
hydroformylation reaction intermediates generated from
adsorbed ethyl groups and CO. In support of this assignment,
we emphasize that the IR spectrum of propanal adsorbed at
403 K on Rh-Co-DeAIBEA (Figure S9) exhibits a band at 1617
cm™!, attributable to the C=O0 stretch in propionyl. This
feature is distinct from that observed at 1722 cm™ for gas-
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phase propanal, implying that, upon adsorption, propanal loses
the aldehydic hydrogen atom to form an adsorbed propionyl
group.

A separate IR experiment was carried out to further
characterize these intermediates. Figure 8 shows spectra

After in-situ Hydroformylation;
He Purge-5min;

: -1
3 1617 cm 33 kPa H, Purge 10min

1640 cm-1 . 1580 cm!

Absorbance (a.u.)

1688 cm-!

1464, 1445, 1414 cm™!
H H 1382 cm™!

1450

1700

1650 1600 1550 1500 1400 1350

Wavenumber (cm)

Figure 8. Influence of He and H, purges on IR spectra after ethene
hydroformylation catalysis on 0.08Rh-0.36Co-DeAIBEA. Temper-
ature: 403 K; feed composition: CO/C,H,/H, = 10/40/40
mL(NTP) min~'; total gas flow rates of pure He and 33 kPa H,

were 90 mL min~%.

acquired upon termination of ethene hydroformylation,
purging of the IR cell with He for 5 min, and further purging
with H, at a partial pressure of 33 kPa. The band at 1617 cm™"
increased in intensity after the 5 min He purge, but the bands
at 1640 and 1688 cm™' decreased only slightly in intensity.
However, when the purge gas was switched to H,, the intensity
of the 1617 cm™" band decreased immediately, in the first §
min. This change was accompanied by a gradual decline in the
intensity of the 1688 cm™ band.

We propose that the band at 1688 cm™' represents
coadsorbed ethyl and carbonyl groups in a cyclic acyl precursor
involving agostic bonding of methylene H atoms in the ethyl
group, as illustrated in Scheme 1. Evidence for such a structure
is provided by the theoretical work of Derecskei-Kovacs and
Marynick,”* who showed that methyl migration to coordinated
CO in the reaction Mn(CO);CH; + CO — Mn(CO),(C-
(O)CHs;) occurs primarily via initial formation of an agostic
acyl complex for which the activation barrier is very low and
the barrier for the reverse reaction is negligible. Isomerization
of the agostic acyl complex to give an acyl complex that is
lower in energy than the agostic acyl complex involves the
addition of a CO molecule to give the final product,
Mn(CO);[C(O)Me].

XAS of 0.08Rh-0.36Co-DeAIBEA Acquired during Ethene
Hydroformylation Catalysis. Rh K-edge XAS data of 0.08Rh-

0.36Co-DeAIBEA collected during ethene hydroformylation
catalysis at 388 K (Figure 9, Figures S10 and S11) provide
further confirmation of the Rh dicarbonyl formation deduced
from in situ IR spectra. These XAS data also provide evidence
of fragmentation and further dispersion of Rh clusters by
corrosive chemisorption of CO under reaction conditions. In
the XAS experiment, the sample was treated in 10% H, in He
for 1 h at 473 K, and then ethene hydroformylation was
conducted at 388 K with a feed composition of H,/CO/C,H,/
He =2.2/6.6/2.2/9.

The near-edge spectrum (Figure 9A) shows a small increase
in the white line intensity when reduced 0.08Rh-0.36Co-
DeAIBEA was exposed to the ethene hydroformylation feed,
possibly indicating some degree of Rh oxidation. EXAFS
spectra of 0.08Rh-0.36Co-DeAlBEA acquired during reaction
at 388 K and after cooling to room temperature are
satisfactorily represented with Rh—Co, Rh—Rh, and single
and multiple Rh—C and Rh—C and Rh—O scattering paths
(the last associated with CO molecules coordinated to Rh)
(Table S5, Model #1, Figure 9B,C, Figure S11A—C). The Rh—
Rh coordination number is lower for 0.08Rh-0.36Co-DeAIBEA
under ethene hydroformylation conditions than that observed
after reduction. We reemphasize that these spectra do not
unequivocally determine a single structural model—spectra
collected during the catalytic reaction can also be fitted with a
similar goodness-of-fit (probed by the R-factor and reduced-y*
values) by a model (Table SS, Model #2, Figure S11D—F)
consisting of only Rh—Co, Rh—C, and Rh—C and Rh—O paths
(corresponding to adsorbed CO), without a Rh—Rh shell—
and this latter model would point to Rh predominantly in an
atomically dispersed state, coordinated with Co. The over-
lapping contributions of the Rh—Rh and Rh—C or Rh—O
paths make it challenging to resolve the individual contribu-
tions and choose between the two models. These points reflect
the nonuniformity of the samples and the limitations of EXAFS
spectroscopy in resolving mixtures. Further details of the
interpretation of the EXAFS data are given in the Supporting
Information. It is significant that both models indicate a
decrease in the Rh—Rh coordination number upon exposure of
the sample to the reactants. This finding is in line with
literature reports of the oxidative fragmentation of Rh clusters
into single atoms (in rhodium gem-dicarbonyls) by CO, with
possible involvement of support OH groups in the
fragmentation chemistry.”>”®

On the basis of the in situ XAS data and IR spectra of
adsorbed CO, we infer that most of the Rh was atomically
dispersed during ethene hydroformylation; however, the
presence of a small fraction of Rh clusters cannot be ruled
out. Both of the above-mentioned models used to fit the in situ
EXAFS data indicate a Rh—C coordination number >1 (in the
range of 1.4 to 2.0), consistent with the observation of
rhodium dicarbonyl species by IR spectroscopy.

Kinetics of Ethene Hydroformylation and Hydrogenation.
Rates of ethene hydroformylation and hydrogenation catalyzed
by 0.08Rh-0.36Zn-DeAIBEA and 0.08Rh-0.36Co-DeAIBEA

Scheme 1. Simplified Structure Suggested for Acyl Precursor on a Rh Atom in the Catalyst

CH,CH C(O)CHCH C(O)CH.CH
/ 2 3 / ( ) 3 CO / ( ) 2 3
2920 https://doi.org/10.1021/jacs.2c11075
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Figure 9. (A) Rh K-edge near-edge spectra of 0.08Rh-0.36Co-DeAIBEA after H, pretreatment and during ethene hydroformylation catalysis;
reaction conditions: T = 388 K, pressure = 1 bar, feed composition = H,/CO/C,H,/He = 2.2/6.6/2.2/9, WHSV =30 L h! g_l; (B) magnitude of
Fourier transform and imaginary part of Rh K-edge EXAFS data and calculated fitting contribution (k*-weighted) of best fit of EXAFS modeling for
0.08Rh-0.36Co-DeAIBEA during ethene hydroformylation catalysis at 388 K; (C) imaginary part and calculated contributions of the Fourier
transform of the data, Rh—C, Rh—Co, Rh—Rh, and Rh—(C)—O (k*-weighted). Feed composition during reaction was H,/CO/C,H,/He = 2.2/
6.6/2.2/9. The range in k was 3.7-13.4 A~! and the range in R was 1.0-3.2 A. Details of fits are presented in Table 2.

Table 2. Reaction Orders Characterizing Ethene Hydroformylation and Hydrogenation Catalyzed by 0.08Rh-0.36Co/Zn-

DeAIBEA
Hydroformylation Hydrogenation
Sample Reactant reaction order reaction order
0.08Rh-0.36Zn- CO —0.56 + 0.04 —-12 + 0.02
DeAIBEA C,H, 0.85 + 0.01 0.85 + 0.03
H, 0.67 + 0.01 1.0 + 0.0
0.08Rh-0.36Co- CcO —0.81 + 0.02 —1.10 + 0.02
DeAIBEA C.H, 0.90 + 0.02 0.90 + 0.03
H, 0.78 + 0.01 1.0 £ 0.0

hydroformylation reaction®/kJ mol™"

Apparent activation energy of Apparent activation energy of

hydrogenation reaction”/kJ] mol~

68 + 9

1

41 +4

90 + 4 104 + 4

“Apparent activation energies of hydroformylation from Figure 5C. bApparent activation energies of hydrogenation from Figure SC.

were measured at 403 K as a function of the CO, ethene, and
H, partial pressures. Each partial pressure was varied
individually, while the others were held constant, and the
flow rate of He was adjusted to maintain a constant total flow
rate of 90 mL(NTP) min~". The results (Figures S13 and S14)
show that the reaction orders in CO, C,H,, and H, for
propanal formation are —0.56, 0.85, and 0.67, respectively, for
0.08Rh-0.36Zn-DeAIBEA and —0.81, 0.90, and 0.78, respec-
tively, for 0.08Rh-0.36Co-DeAIBEA. The corresponding
reaction orders in CO, C,H,, and H, for ethene hydrogenation
are —1.2, 0.85, and 1.0, respectively, for 0.08Rh-0.36Zn-
DeAIBEA and —1.1, 0.90, and 1.0, respectively, for 0.08Rh-
0.36Co-DeAIBEA. These values are similar to those reported
for Rh/ReO,-ALO;*® and RhCo;/MCM-41.” The negative
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order in CO indicates that the adsorption of CO on Rh sites is
stronger than the adsorption of C,H, and H,.”®”"~"’ The
reaction order in CO for ethene hydrogenation is also negative,
consistent with the inference that hydrogenation also takes
place on Rh centers.

B DISCUSSION

Comparison of New Catalysts with Reported Sup-
ported Rhodium Hydroformylation Catalysts. Compar-
ison the activity and selectivity of our catalysts with those of
supported Rh-containing catalysts reported in previous studies
(Table 3) is not straightforward because many of those were
carried out at temperatures and reactant partial pressures
different from ours. To compare our data with those reported

https://doi.org/10.1021/jacs.2c11075
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Table 3. Comparison of Ethylene Hydroformylation Activities of Various Supported Rh Catalysts

Reactant partial pressure/

kPa
Propanal Propanal
Catalyst T/K  CO C,H, H, TOF/h™'%  selectivity/%

Rh/2.9ReO,- 423 33.8 33.8 33.8 4 45
Al O,

Rh/WO, - 403 336 336 336 21 90
ALO;

Rh/MCM-4Y 473 25 28 28 15.6/8.3 10.1

Rtho3/MCM— 473 25 25 25 62.4/62.4 32.6
41

0.6Rh/SiO, 453 2522 2522 2525 954/342 38

0.6Rh0.23Co/ 453 2522 2522 252.5 1283/578 46
Sio,

DPPTS- 393 336 336 336 SS N/A
rhodium/
Sio,

DPPPTS- 393 336 336 336 134 N/A
RhAI1/SiO,

SILP-Cs-L/ 423 336 336 336 800 N/A
Rh10-IL30-
Rh0.2

0.08Rh-0.36Zn- 403 33.8 33.8 11.3 12 79
DeAIBEA

0.08Rh-0.36Co- 403 33.8 33.8 11.3 153 69
DeAIBEA

Calculated Calculated Calculated Calculated
propanal propanal propanal propanal
TOFR}%,, / selectivity TOFRhSo selectivity
h~!% RhZn /% /h™1% RhCo/%° Ref
45 64 1281 59 28
227 83 2652 67 39
115 42 14760 48 34
30 43 2420 NU 34
667 65 40160 56 35
667 65 40160 56 35
166 86 1339 70 82
166 86 1339 70 80
405 77 9450 63 81

This work

This work

“All propanal TOFs are based on the total number of Rh atoms (i.e, the assumption that each Rh atom is accessible to reactants) with the
exception of those for Rh/MCM-41, RhCo;/MCM-41, 0.6Rh/SiO,, and 0.6Rh0.23Co/SiO,. The first value listed for those catalysts is based on
the number of Rh sites accessible as determined by CO chemisorption and the assumption of a 1:1 CO:Rh stoichiometry, and the second value
listed is based on the total number of Rh atoms. “Hydroformylation activity of 0.08Rh-0.36Zn-DeAIBEA calculated on the basis of the dependences
of activity on reactant partial pressures and temperature presented in Table 2. “Hydroformylation selectivity of 0.08Rh-0.36Zn-DeAIBEA calculated
on the basis of the dependences of activity on reactant partial pressures and temperature presented in Table 2. dHydroformylation activity of
0.08Rh-0.36Co-DeAIBEA calculated on the basis of the dependences of activity on reactant partial pressures and temperature presented in Table 2.
“Hydroformylation selectivity of 0.08Rh-0.36Co-DeAIBEA calculated on the basis of the dependences of activity on reactant partial pressures and
temperature presented in Table 2. nydroformylation products are propanal together with propanol.

in the literature, we calculated the rates of reaction for our
catalysts under the conditions used in each of the comparison
investigations, using the rate parameters presented in Table 2.
Further, various authors have used various bases for estimating
the number of active sites in their catalysts. Most have scaled
their estimated reaction rates of ethene consumption to the
total number of Rh atoms in the catalyst (a good assumption
when most of those atoms are exposed as mononuclear
complexes or small clusters), and that is what we have done in
evaluating our data. The exceptions are the data for Rh/MCM-
41 and RhCo;/MCM-41 (see refs 9 and 34) and Rh/SiO, and
RhCo/SiO, (ref 35). The number of active Rh sites in each of
those catalysts was estimated on the basis of CO
chemisorption data, assuming a CO/Rh stoichiometry of
unity. To place all entries in Table 3 on the same footing, we
report the values of the propanal TOF based on the total
number of Rh atoms.

As shown in Table 3, at identical reaction conditions
0.08Rh-0.36Co-DeAIBEA has a higher hydroformylation
activity than any of the previously reported inorganically
supported Rh catalysts, including those promoted with a metal
oxide”*® or organic ligands.**** The hydroformylation
selectivity of our catalyst is also generally higher than those of
the comparable catalysts. Table 3 also shows that the
hydroformylation activity of 0.08Rh-0.36Zn-DeAIBEA (based
on total Rh atoms) is higher than that of Rh/2.9ReO,-ALO;,
Rh/WO,;-AL,0;, 0.6Rh0.23Co/SiO,, DPPTS-Rh/SiO,, and
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DPPPTS-RhAL /SiO,, but is lower than that of RhCo3/MCM-
41 and SILP-Cs-L/Rh10-IL30-Rh0.2. It is also evident that
under all the reaction conditions, the hydroformylation activity
of 0.08Rh-0.36Zn-DeAIBEA is consistently lower than that of
0.08Rh-0.36Co-DeAIBEA by more than an order of
magnitude, the exact value depending on the temperature
and the partial pressures of the reactants.

As mentioned by Ro et al,”” at high reaction pressures,
sintering of metal sites or changes in adsorbate coverage may
occur, which will influence the reaction orders. The apparent
activation energies may also change with temperature and
pressure as a result of changes in the populations of adsorbed
species. Therefore, for the most accurate comparisons, the
pressure and temperature should not be markedly different
from those selected for our determination of the reaction
kinetics. Minimizing the differences minimizes the uncertain-
ties involved in extracting the rate coeflicients for ethene
hydroformylation presented in Table 3.

Mechanism and Kinetics of Ethene Hydroformylation
and Hydrogenation. The mechanism of alkene (e.g, ethene,
propene) hydroformylation catalyzed by supported Rh has
been investigated both experimentally and theoreti-
cally, 2 1272835,57,68838% The reaction steps have typically
been assumed to be analogous to those proposed for soluble
Co complex catalysts by Heck and Breslow.*> The first step in
ethene hydroformylation involves ethene addition to a
rhodium hydride, Rh—H, to form an ethyl ligand, followed

https://doi.org/10.1021/jacs.2c11075
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by insertion of CO to form an acyl (e.g, CH;CH,CO), and
subsequent hydrogenation to form propanal. By contrast,
alkene hydrogenation to the corresponding alkane occurs via
hydrogenation of the alkyl intermediate.

The kinetics of ethene hydroformylation and hydrogenation
on 0.08Rh-0.36Zn-DeAIBEA and 0.08Rh-0.36Co-DeAIBEA
can be rationalized by the sequence of steps shown below,
consistent with the proposal by Ro et al.”® for ethene

hydroformylation and hydrogenation on atomically dispersed
supported Rh catalysts, Rh/Al,O; and Rh-ReO,/Al,O;.

H, +2% < 2H (1)
CH, + "o CH, ™ 2)
CH, *+H* e CH, *+ * (3)
CHs *+H™*— CH" +* 4)
CHg ™ & CHg+ ™ (%)
CO+*ecCco™ (6)
CH, * + CO * & CHO * + * (7)
CHO *+H* e CHO *+ * (8)
CHO * & CHO + * 9)

Steps 1—35 describe ethane formation, and steps 1—3 and 6—
9 propanal formation. Earlier work suggests that the rate-
determining step in alkene hydroformylation depends on the
composition of the alkene,” the reaction conditions,** and the
catalyst.””* CO insertion to form an acyl,”******* hydro-
genation of the acyl,”***** and coordination of CO*’ have all
been proposed as possible rate-determining steps. Moreover, it
has recently been suggested” that both CO insertion and acyl
hydrogenation can be kinetically relevant. By contrast, for
ethane formation, the rate-determining step is §enerally
identified as the hydrogenation of the alkyl ligand.”*>"*

The H/D KIE value characterizing ethene hydroformylation
on 0.08Rh-0.36Co-DeAIBEA is 1.7, whereas that for 0.08Rh-
0.36Zn-DeAIBEA is only 1.2. The comparison suggests that
hydrogenation of acyl species, Step 8, contributes more to the
formation of propanal on 0.08Rh-0.36Co-DeAIBEA than on
0.08Rh-0.36Zn-DeAIBEA. This inference is supported by the
higher reaction order in H, for the former vs the latter catalyst
(Table 2). It is also notable that for both catalysts ethyl
migration and addition to the Rh—CO moiety are also
kinetically important in propanal formation, as suggested by
the IR spectra (Figure 6A and B). Therefore, for both catalysts,
we suggest that formation of acyl species and their subsequent
reduction are kinetically significant in propanal formation.
However, the data are not sufficient for a quantitative
assessment of the relative importance of Steps 7 and 8 to
the overall reaction kinetics.

It is notable that the reaction orders in H,, CO, and C,H,
for ethane formation on 0.08Rh-0.36Zn-DeAIBEA and 0.08Rh-
0.36Co-DeAIBEA are more nearly comparable to each other
than the reaction orders for propanal formation (Table 2).
This finding suggests that the rate-limiting step is likely to be
Step 4 for both catalysts.

Equations 10 and 11 are rate expressions for propanal
formation assuming that either Step 7 or Step 8 is rate limiting,
respectively, and eq 12 is the rate expression for ethane
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formation. All of these expressions are derived in Section S1 of
the Supporting Information.

kesusokcansKeanay Kin Keol CH,[CONY [H,
(KeolCO1 + KegysKeatran/Kirz [CH I H, 1

2
+ kesnsokcansKearan Kz Kol CH, 1 [H, 1 [CO))
(10)

kcsnsokcsnsokcansKeanaKiKeol CH,IH,][CO]
(KeolCOT + KeansKeanayKu, [GH, L H,]

2
+ kcsusokcansKcaman K Keol CH, 1Y [H,] [CO)
(11)

rpmpunul =

rpmpanal -

keanekcarsKeanaKeal CoH, 1[H, |
(Kol €CO1 + KeapsKananKina [C2H4]\/m

+ kC3H50kC2H5KC2H4\/K_HZ Kol CHy ) [H,] [CO])Z
(12)

Equations 10—12 are based on the Langmuirian assumption
of uniform catalytic sites. In these equations, k; represents the
forward rate coeflicients of the respective elementary reactions
1-9, K; is the equilibrium constant for reaction i, and [X] is
the gas-phase concentration of species X. Equations 10 and 11
show that the only difference is that dependence of rate on the
partial pressure of H, is half-order if Step 7 is rate-limiting and
first-order if Step 8 is rate-limiting. The experimentally
observed dependence of rate on H, partial pressure for
0.08Rh-0.36Zn-DeAIBEA is 0.67, whereas it is 0.75 for 0.08Rh-
0.36Co-DeAIBEA. Because both orders are greater than 0.5 but
less than 1.0, the results suggest that Step 8 is kinetically
important for reaction on each catalyst. This inference is also
consistent with the observed H/D KIE values.

Of further significance is that the negative reaction order in
CO for each catalyst is substantially greater in magnitude than
unity, whereas a value of —1 would be expected if the most
abundant surface species were adsorbed CO. The values are
—0.56 for 0.08Rh-0.36Zn-DeAIBEA and —0.81 for 0.08Rh-
0.36Co-DeAIBEA. This comparison implies that the coverages
of Rh sites by ethyl and acyl groups are significant, an inference
supported by the IR spectra shown in Figure 6A and B. The
data further imply that CO is somewhat more strongly bound
on the latter catalyst, but the weaker inhibition of propanal
formation by CO on 0.08Rh-0.36Zn-DeAIBEA may also arise
from the greater importance of acyl species relative to adsorbed
CO on this catalyst. Two observations support this latter
suggestion, the first being the greater intensity of the IR band
at 1617 cm™' (attributed to propionyl species observed in
Figure 6B) relative to that observed for 0.08Rh-0.36Zn-
DeAIBEA (Figure 6A). The second observation is the stronger
growth in the intensity of the IR band observed at 1617 cm™*
when the partial pressure of H, was increased from 3.4 to 45
kPa, which is what would be expected by inspection of the
third term in the denominator of eq 10 or 11.

Equation 12 suggests that the dependence of the rate of
ethane formation on the partial pressures of H, and C,H,
should be identical to those appearing in eq 11, because the
denominators of eqs 11 and 12 are identical. But the
information presented in Table 1 shows that the rate
dependences on the partial pressures of H, and C,H, are
nearly the same for the two catalysts (~1.0 and ~0.9), and the
dependence on CO partial pressure is —1.0 for each. It is
notable that these are just what would be expected if ethene

Tethane =

https://doi.org/10.1021/jacs.2c11075
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hydrogenation were occurring on Rh sites for which CO is the
most abundant adsorbed species. The fact that both partial
pressure dependences are the same for the two catalysts and
substantially different from those for propanal formation on
each catalyst suggests that ethene hydrogenation occurs on Rh
sites that do not interact, or interact minimally, with either Zn
or Co atoms, such as would be expected for Rh nanoparticles.

Effect of M-DeAIBEA Support on Ethene Hydro-
formylation. The observed differences in the promoting
effects of Zn and Co on the ethene hydroformylation activity
of Rh are attributed in part to the effectiveness of =SiOCoOH
and =SiOZnOH groups in favoring the dispersion of the Rh.
IR spectra of adsorbed CO and Rh EXAFS data indicate that
Rh atoms are more highly dispersed on 0.36Co-DeAIBEA than
on 0.36Zn-DeAlBEA. Because the fraction of Rh atoms
accessible for reaction increases with Rh dispersion, one
expects the rate of hydroformylation to increase accordingly.
However, Rh dispersion alone cannot account for the different
influences of Co and Zn, because 0.08Rh-0.36Zn-DeAIBEA
and 0.08Rh-0.36Co-DeAIBEA exhibit differences in the H/D
KIE and the rate parameters, particularly the apparent
activation energy. Therefore, one also needs to consider
effects of Zn and Co on the electronic properties of Rh.
Investigations of intermetallic Pt;M; alloys indicate that
electron donation from Zn to Pt is greater than that from
Co."”” Similar effects are therefore expected for Rh. We propose
that changes in the electronic properties of the Rh centers
influence its hydroformylation activity by altering the nature of
the rate-limiting step. Consistent with this hypothesis, it is has
been observed that increasing the electron-withdrawing
tendency of the ligands in a molecular Rh complex increases
its hydroformylation activity****”"° and that the rate-
determining stegp for such complexes is hydrogenolysis of the
acyl group.”’ ™" By contrast, for electron-rich Rh centers, the
rate of hydroformylation is controlled by the rate of acyl group
formation via alkyl migration to CO. Therefore, the lower
hydroformylation activity of 0.08Rh-0.36Zn-DeAlBEA com-
pared with 0.08Rh-0.36Co-DeAIBEA can be attributed, at least
in part, to the higher electron density on Rh on the former
catalyst, for which the Rh—CO interaction is too strong, hence
inhibiting ethyl group migration to CO to form acyl groups.
The electron density on Rh in 0.08Rh-0.36Co-DeAIBEA is
expected to be lower, and consequently the generation of acyl
groups is expected to be more facile, which would enhance its
hydroformylation activity. Although the CO-IR experiments
did not provide clear evidence of a change that would imply
different electronic properties of Rh due to Zn—Rh and Co—
Rh contacts in the nested Zn—Rh and Co—Rh clusters within
the zeolite, this interpretation of the effects of Zn and Co is
consistent with the proposed mechanism and our interpreta-
tion of the H/D KIE, which suggests that acyl formation is the
more important step kinetically limiting hydroformylation on
0.08Rh-0.36Zn-DeAIBEA and that hydrogenation of acyl is the
more important step kinetically limiting hydroformylation on
0.08Rh-0.36Co-DeAIBEA. Another possible reason for the
higher hydroformylation activity of 0.08Rh-0.36Co-DeAIBEA
than of 0.08Rh-0.36Zn-DeAIBEA is that Co may directly
participate in the ethene hydroformylation process. However,
on the basis of reported work on ethene hydroformylation
catalyzed by RhCo;/MCM-41 and RhCo/SiO,,”"** we suggest
that the majority of Co species that interact strongly with the
siliceous supports adsorbed CO only weakly and were not
active for this process, consistent with our experimental results
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showing that both Zn-DeAIBEA and Co-DeAIBEA lack activity
for ethene hydroformylation under our conditions. Moreover,
literature reports’*** include data suggesting that when Rh—
Co species are generated, they are characterized by weaker
Rh—CO bonds than Rh species and favor CO migration and
insertion into adsorbed ethyl species, a key step in ethene
hydroformylation and consistent with our interpretation.

B CONCLUSIONS

The results presented here show that Rh can be highly
dispersed on dealuminated zeolite BEA (DeAIBEA) containing
clusters (4—6 units) of either =SiOZn—OH or =SiOCo—
OH groups. EXAFS and IR spectra of adsorbed CO show that
Rh is present as a combination of atomically dispersed species
and nanoclusters and that the proportion of the former
increases significantly with increasing M/Rh ratio (M = Zn or
Co). Rh-Zn-DeAIBEA and Rh-Co-DeAIBEA are highly active
and selective for ethene hydroformylation; the TOF for
propanal formation increases with increasing M/Rh ratio,
roughly correlated with the fraction of Rh that is atomically
dispersed. For a fixed set of reaction conditions, the TOF for
ethene hydroformylation on Rh-Co-DeAIBEA is roughly 15-
fold higher than that for Rh-Zn-DeAlBEA, whereas the
selectivity to propanal is only slightly greater for Rh-Zn-
DeAIBEA. Under identical reaction conditions, the ethene
hydroformylation activity of Rh-Co-DeAIBEA exceeds that of
all previously reported Rh-containing catalysts involving
inorganic supports. The higher activity of the Co- than of
the Zn-containing catalyst is attributed to the somewhat higher
atomic dispersion of Rh in Rh-Co-DeAIBEA and to the less
polarizing effect of Rh—Co vs Rh—Zn bonds. Notably, EXAFS
data characterizing Rh-Co-DeAIBEA under reaction conditions
show that the dispersion of Rh increases relative to that
observed following H, reduction, as a consequence of the
oxidative fragmentation of Rh clusters by CO. Reaction orders
for ethene hydroformylation to propanal and hydrogenation to
ethane are positive in ethene and in H, but negative in CO.
These reaction orders suggest that hydroformylation occurs
mainly on slightly positively charged, atomically dispersed Rh,
the properties of which are affected by Rh—M (M = Zn or Co)
contacts, and that, by contrast, hydrogenation occurs mainly
on zerovalent Rh nanoclusters. These inferences are supported
by the observed trends in propanal selectivity with M/Rh ratio.
In situ IR spectra suggest that propanal is produced via
formation and subsequent hydrogenation of propionyl groups
and that the formation of these species may be preceded by
formation of an agnostic, cyclic acyl intermediate. The
observed H/D KIE effect and reaction kinetics suggest that
the formation of propanal is rate-limited by a combination of
acyl formation and reductions, the first of these processes being
more important for Rh-Zn-DeAIBEA, and the second for Rh-
Co-DeAIBEA. The insights gained from this investigation
indicate that atomic dispersion of Rh stabilized by multiple
interactions with Co cations results in exceptionally active
catalysts for ethene hydroformylation.

B EXPERIMENTAL METHODS

Catalyst Preparation. Zn-DeAIBEA, Co-DeAIBEA, and Rh-
DeAIBEA were prepared via two-step processes consisting of
dealumination of zeolite H-Beta and subsequent introduction of
zinc, cobalt, or rhodium species by aqueous impregnation with
Zn(NO,),6H,0 (Alfa Aesar, 99% metal basis), Co(NO,),-6H,0, or
Rh(NO;);-«H,0 (Sigma-Aldrich), respectively. In a typical synthesis,
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zeolite H-Beta (provided by BASF) with a Si/Al ratio of 13 (atomic,
determined by ICP analysis) was suspended in aqueous 13 M nitric
acid at 373 K and stirred for 20 h to make DeAIBEA. The resulting
powder was filtered, washed with MQ deionized water until a pH of
6—7 was reached, and then dried at 373 K under vacuum overnight.
Essentially complete removal of Al by this procedure was confirmed
by Al NMR spectroscopy of the solid.*** DeAIBEA was then
impregnated with an aqueous metal nitrate solution. Specifically, the
molar concentrations of Zn?*, Co?*, and Rh*" solutions were 0.044,
0.087, and 0.13 mol/L to achieve metal (M)/Al ratios (mol of metal
introduced per mol of Al in zeolite H-Beta prior to dealumination) of
0.12, 0.24, and 0.36, respectively. Generally, 1.4 mL of solution was
needed for 0.5 g of DeAIBEA. The resulting slurry was dried at room
temperature and then further dried at 353 K under vacuum for 2 h.
The powder was ground for 20 min, and then the Zn- or Co-
containing zeolite was calcined in nitrogen at 823 K for 6 h, and the
only Rh-containing catalyst was calcined at 673 K for 2 h. The final
product is designated as M-DeAIBEA, where x indicates the M/Al
ratio (e.g, 0.36Zn-DeAIBEA means the Zn/Al ratio is 0.36).
Essentially all of the aluminum in zeolite H-BEA was removed by
dealumination to produce silanol nests, each containing approximately
four =Si—OH groups.*® Therefore, M/Al represents the average
number of metal atoms per silanol nest (i.e., four =Si—OH groups).

Rh-Zn-DeAIBEA and Rh-Co-DeAIBEA were prepared by using Zn-
DeAIBEA and Co-DeAIBEA as supports, respectively. Rhodium was
introduced via aqueous impregnation of each support using
Rh(NO;);«H,0 (Sigma-Aldrich). The molar concentrations of
Rh** solutions were 0.00073, 0.00146, and 0.0292, chosen to achieve
Rh/Al ratios (mol of Rh introduced per mol of Al in zeolite H-Beta
prior to dealumination) of 0.02, 0.04, and 0.08, respectively.
Generally, 1.4 mL of solution was needed for 0.5 g of Zn/Co-
DeAIBEA. The resulting slurry was dried at room temperature and
then further dried at 353 K for 2 h. The powder mixture was ground
for 20 min, and then the catalyst was calcined in nitrogen at 673 K for
2 h. The final products are designated as xRh-yZn-DeAIBEA and xRh-
yCo-DeAIBEA, where x and y stand for the M/Al ratios and where Al
refers to the original amount of Al in BEA prior to dealumination.

Catalyst Characterization. Fourier transform IR (FTIR) spectra
were acquired using a Thermo Scientific Nicolet 6700 spectrometer
equipped with a liquid-nitrogen-cooled MCT detector. All samples for
IR experiments (~30 mg) were pressed into thin wafers and
transferred into a stainless-steel sample holder, which was then placed
into a Harrick high-temperature cell equipped with CaF, windows.'*’
To obtain spectra in the hydroxyl stretching region, a spectrum of the
empty cell was used as the background, whereas for spectra of
adsorbed pyridine, the spectrum of the sample pellet taken prior to
pyridine adsorption was used as the background. To determine
spectra of the catalysts, the material was pressed into a thin 20-mm-
diameter self-supporting wafer (compressed at 25,000 psi) and then
transferred into the transmission cell. For IR spectroscopy of adsorbed
pyridine and 2,6-di-tert-butylpyridine, a wafer of the catalyst was
pretreated in flowing He at 773 K for 1 h and then cooled to 393 K
prior to acquisition of spectra; 2 uL of pyridine or 2,6-di-tert-
butylpyridine was injected for each experiment, and then the sample
cell was purged with He for 20 or 60 min to remove physisorbed
species. To characterize the dispersion of Rh, IR spectra were
recorded after adsorption of CO (3 kPa) at atmospheric pressure.
Each catalyst was first reduced for 1 h at 473 K in a stream of 30
mL(NTP)/min of 10% H, balanced with He at atmospheric pressure.
A baseline spectrum was taken before CO was introduced at 303 K.
Then 3% CO/97% He with a total flow rate of 100 mL(NTP)/min
was introduced to the catalyst, and the flow rate was maintained until
a maximum spectral intensity was achieved (~20 min). Thereafter,
the cell was purged with 100 mL(NTP)/min of He for 20 min. Each
spectrum was obtained by averaging 64 sequentially collected scans at
a resolution of 4 cm™". In in situ IR experiments, each catalyst was
reduced in a stream of 30 mL(NTP)/min 10% H, balanced with He
at atmospheric pressure and 473 K for 1 h and then cooled to 403 K
to collect a baseline spectrum.
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Powder X-ray diffraction (PXRD) patterns of catalysts were
acquired with a Bruker D8 GADDS diffractometer equipped with a
Cu Ka source (40 kV, 40 mA). BET surface areas were calculated
from nitrogen adsorption isotherms obtained using a Micromeritics
Gemini VII 2390 surface area analyzer. The Rh, Zn, and Co loadings
were determined by inductively coupled plasma analysis; the
elemental analyses were performed by Galbraith Laboratories, Inc.

Rh K-edge and Co K-edge XA spectra of the samples were
recorded at beamline 4-1 of the Stanford Synchrotron Radiation
Lightsource (SSRL). For Rh K-edge measurements, XANES and
EXAFS spectra were collected in fluorescence detection mode with a
PIPS detector to characterize samples in flowing gases. Energy
calibration was done with a Rh reference foil mounted down-beam of
the sample that was simultaneously scanned with the sample.
Approximately 40 mg of each solid sample, 0.08Rh-0.36Zn-DeAIBEA
and 0.08Rh-0.36Co-DeAIBEA, was packed in a 3 mm inside-diameter
quartz capillary cell/flow reactor. EXAFS data characterizing the as-
synthesized samples were collected at 298 K in flowing He.
Continuous near-edge spectra were collected during subsequent
treatment of each catalyst in flowing 10% H, in He as the temperature
was ramped from 298 K to 473 K at a rate of 10 K/min. This
measurement was followed by a dwell of 1 h at 473 K with the sample
in 10% H, in He. The catalyst was then cooled to 298 K before
characterization of the treated sample by EXAFS spectroscopy, with
multiple scans recorded. In another experiment, the 0.08Rh-0.36Co-
DeAIBEA was treated at 473 K in 10% H, in He for 1 h (with a
temperature ramp from room temperature at 10 K/min) followed by
cooling to 388 K and introduction of a stream of reactants to undergo
ethyne hydroformylation (H,/CO/C,H,/He = 2.2/6.6/2.2/9). After
a dwell at 388 K for 1 h, the sample was cooled to 298 K with the
same gas flowing, followed by switching the gas to He. Rh K-edge
EXAFS spectra were collected at each of the above conditions. For Co
K-edge XAS measurements, approximately 4 mg of 0.08Rh-0.36Co-
DeAIBEA was packed in a 1 mm inside-diameter quartz capillary cell/
flow reactor. XANES data were collected in transmission detection
mode for samples in flowing gases. XANES data characterizing the as-
synthesized sample in flowing He were collected at 298 K. This
procedure was followed by treatment of the catalyst in 10% H, in He
for 1 h at 473 K.

Athena and Artemis software, parts of the Demeter package,'’
were used for analysis of the EXAFS data. Preprocessing of data
including alignment, edge calibration, normalization, and background
subtraction was done with Athena. The energy at the Rh K-edge and
at the Co K-edge were determined by the first inflection point of the
absorption edge data characterizing the reference Rh foil (calibrated
to the reported energy, 23,220.0 eV) and Co foil (calibrated to the
reported energy, 7709.0 eV), respectively. Standard procedures were
used in the analysis of the XANES data.'”" Fitting of EXAFS data was
carried out in Artemis considering k'-, k*-, and k*-weightings (k is the
wave vector). The fitting ranges in both k space and R space (R is
distance) in analysis of data characterizing each as-synthesized,
pretreated, and postcatalytic reaction sample were determined by the
data quality, according to conventional methods.

Measurement of Catalytic Activity and Selectivity. Catalytic
activity and selectivity data were acquired with samples in a quartz
packed-bed, once-through downflow reactor (10 mm inside diameter)
operated at atmospheric pressure. Quartz wool was placed below the
catalyst bed to hold it in place. The reactor temperature was
maintained using a tube furnace equipped with a Watlow temperature
controller and a K-type thermocouple sensor. Prior to reaction, the
catalyst was heated at a rate of 10 K min™" to 473 K in flowing 10%
H, balanced with helium at a flow rate of 20 mL(NTP) min~' and
held for 60 min before the temperature was adjusted to the reaction
temperature.
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