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ABSTRACT

Single-site Rh(CO),, Rh(C,;Hy), and Rh(NO), complexes anchored on various
dealuminated HY zeolites can be used as precursors for the selective surface mediated
synthesis of well-defined site-isolated Rh(CO)(H)x complexes. DFT calculations and D,
1sotope exchange experiments provide strong evidence for the formation of a family of
site 1solated mononuclear rhodium carbonyl hydride complexes (including the first
examples of RhH complexes with undissociated H, ligands): Rh(CO)(H,), Rh(CO)(H),,
and Rh(CO)(H). The fraction of each individual complex formed varies significantly with
the Si/Al ratio of the zeolite and the nature of the precursor used.

HY zeolite-supported mononuclear Rh(CO), complexes are remarkably active in
ethylene hydrogenation and ethylene dimerization under ambient conditions. There is
strong evidence for the cooperation mechanism between mononuclear rhodium
complexes and Bronsted acid sites of the zeolite support in C-C bond formation process,
as well as ethane formation. Finally, it is shown that the dimerization pathway selectivity
can be progressively tuned (and completely switched off) by modifying the number of
Bronsted acid sites on the zeolite surface.

HY zeolite-supported mononuclear Rh(NO), complexes can be selectively formed
upon exposure of Rh(CO),/HY to the gas phase NO/He. They are structurally similar to
Rh(CO),/HY with Rh(I) retaining square planar geometry and nitrosyl ligands adopting a

linear configuration. Rh(NO),/HY30 is active in ethylene hydrogenation and ethylene



dimerization under ambient conditions. This is the first unprecedented example of a
supported transition-metal nitrosyl complex capable of performing a catalytic reaction.
Moreover, this is the first example of a site-isolated Rh complex with ligands other than
ethylene or carbonyl, which can catalyze both ethylene hydrogenation and dimerization.
Unlike its dicarbonyl counterpart, dinitrosyl rhodium complex has a uniquely different
reactivity towards ethylene and hydrogen.

The mononuclear site-isolated nature of the Rh species on both HY-supported
Rh(CO), and Rh(NO), is preserved after 20 hours of continuous catalysis as evidenced
by FTIR data and HAADF-STEM images of the used catalyst.

The comparison of catalytic results for Rh(CO),/HY30 and Rh(NO),/HY30 is the
first successful example of the precise manipulation of the ligand environment (CO and
NO) around the single metal atom anchored to the solid support (on the single atom
scale) and the opportunity to observe how it affects reactivity and catalytic activity, using
catalytic ethylene hydrogenation and dimerization as a model reaction. This opens up a
new chapter in the chemistry of supported single-site materials and demonstrates there is
a pathway to truly and selectively tune the catalytic activity by changing the electron

density on the metal center (as well as ligand environment).
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CHAPTER 1. THE EFFECT OF SI/AL RATIO AND RH PRECURSOR USED ON THE
SYNTHESIS OF HY ZEOLITE-SUPPORTED RHODIUM CARBONYL HYDRIDE
COMPLEXES

1.1 Introduction

In the 1960s, Wilkinson and co-workers demonstrated that various molecular
organometallic complexes of rhodium can catalyze liquid phase hydroformylation and
hydrogenation reactions due to their ability to activate hydrogen and form metal hydride
species, which are believed to be the key intermediates in these reactions 13 Since this
discovery, substantial research efforts have been focused on the synthesis of transition
metal hydride complexes, their chemical reactivity, and catalytic applications4' As a
result, many such complexes are used today as important homogeneous catalysts 9,
However, the commercial use of such catalysts is limited due to difficulties associated
with their separation from the reaction products. A surface organometallic chemistry
approach has been used in the past to prepare solid catalytic materials that consist of

10-13 1 -
. Literature

well-defined metal complexes attached to surfaces of solid supports
examples available for Ti, Zr, Hf, Ta, and W clearly demonstrate that this preparation
route allows for the creation of heterogeneous analogs for free standing molecular

complexes of these transition metals, in which both the molecular nature of the supported

metal complexes and the reactivity of the ligands attached to the metal sites remain



preserved 121418 ‘Moreover, it has been shown that when SiO,-supported complexes of
these metals are exposed to H, at elevated temperatures, stable surface hydride
complexes can be formed 518 The single-site nature of hydride complexes thus formed
was confirmed spectroscopically and they were found to be active for the metathesis and
hydrogenolysis of alkanes, as well as for the hydrogenation and polymerization of
alkenes %2,

Few reports related to the synthesis of supported hydride complexes of group VIII
metals exist in literature. For example, Schwartz et al.*> have reported that the exposure
of SiO,-supported Rh(Cs;Hs); complexes to H, at 25°C yields Si-O-Rh(H), species with
characteristic vgny bands at 2038 and 1812 cm™. These species were found to be active
for the hydrogenation of alkenes and naphthalenes at room temperature. In contrast,
Foley 23 reported that the treatment of Rh(C3;Hs),/SiO, with H; at 25°C resulted in the
formation of Rh nanoparticles with sizes in the 1-3 nm range. Since such Rh
nanoparticles were also found to be active for the hydrogenation of alkenes >, it remains
uncertain whether the SiO,-supported Rh hydride complexes presumably formed from
the same precursor in earlier reports were actually stable under reaction conditions and
therefore responsible for the hydrogenation activity observed.

More recently, SiO;-supported rhodium phosphine hydride complexes have been
prepared using Rh(C3Hs),/SiO; as the starting material **. In this case, the treatment of
Rh(C3Hs),/SiO, with P'Pr; tris(isopropyl)phosphine yields Rh(P'Pr3), species on the silica
surface, and subsequent exposure to H, at 25°C leads to the formation of stable
Rh(H)»(P'Pr3), complexes with characteristic grpy bands at 2162 and 2043 cem’

Unfortunately, no data on the catalytic properties of these complexes is available.



It has also been shown »° that the dihydride pincer complex [IrH,(POCOP)] reacts
with the surface silanol groups of mesoporous SBA-15 silica to give the coordinatively
unsaturated but stable hydridesiloxo Ir(Ill) species [IrH(O-SBA-15)(POCOP)]. These
silica-grafted complexes were found to be active for the hydrogenation of alkenes without
prior activation, indicating that such metal hydride complexes are indeed catalytically
active species.

Finally, the formation of MgO-, TiO;-, SiO;-, and y-Al,Os-supported Rh(CO)H
complexes among other Rh surface species has been postulated in several literature
reports when the corresponding supported Rh samples were exposed to CO,/H;, mixtures
at elevated temperatures “*’. However, such species were never formed with high yields,
and their FTIR fingerprints were weak, suggesting that the inherent nonuniformity of
these supports substantially affects the nature of the surface species formed. In this
respect, highly crystalline supports such as zeolites provide a better alternative. For
example, it has been shown that Rh(C,Hy),(acac) and Rh(CO),(acac) complexes react
with the surface of dealuminated HY zeolite to yield site-isolated and well-defined
Rh(C;Hy4), and Rh(CO), species anchored to the zeolite framework 2831

More recently, the structure and reactivity of the faujasite-supported Rh(C,Hy),

2
32 Moreover, we have

complexes have been investigated by computational methods
shown that Rh(CO),/HY30 samples incorporate two types of Rh(CO), species with
characteristic vco bands at 2117/2053 (~83 %) and 2113/2048 cm’! (~17 %), and our
DFT calculations suggest that differences in the nature of the binding sites in the

dealuminated zeolite are responsible for their formation **. Furthermore, carbonyl ligands

in both types of the Rh(CO), complexes can react with gas phase C,H,4 to form



Rh(CO)(C,H4) species. When the latter are exposed to H, at 25°C, well-defined
Rh(CO)(H)y species are formed with a high yield 3* . These Rh(CO)(H)x species are site-
isolated, mononuclear, bound to oxygen atoms of the zeolite framework (as evidenced by
EXAFS), and are characterized by a set of well-defined vco and vryy (and/or vyy) bands
in their FTIR spectra. We have also proposed that zeolite-supported Rh(CO)(H)y species
thus formed have a pseudo-trigonal bipyramidal or even octahedral geometry, with
several structural isomers being formed. The formation of these isomers may be
responsible for the complex structure of the infrared bands in the vco and vrap vibration
regions.

The goal of this work was to determine how the Si/Al ratio in HY zeolites affects the
synthetic pathway described above, and to examine if HY zeolite-supported Rh(CO)(H)
species can be formed from zeolite-supported Rh(C;H4), and Rh(NO), complexes. We
have also conducted DFT calculations that clarified the nature of the Rh(CO)(H), surface
species formed, and show that the vco and vrhy bands experimentally observed
correspond to complexes with dissociated and intact H, molecules attached to the zeolite

framework at different locations.

1.2 Experimental Methods

1.2.1 Reagents and Materials

Dicarbonyl(acetylacetonato) rhodium @D Rh(CO);(acac) and
diethylene(acetylacetonato) rhodium (I) Rh(C,H4),(acac) (acac = CsH;0;) (Strem, 98%

purity) precursors were used as supplied. n-Pentane (Aldrich, 99% purity) was refluxed



under N, in the presence of Na/benzophenone ketyl to remove traces of moisture and

deoxygenated by sparging of dry N, prior to use. All glassware used in preparation steps
was previously dried at 120°C. Hy, He, CO, NO, and C,H4 (Airgas, all UHP grade) were
additionally purified prior to their use by passage through oxygen/moisture traps
(Agilent) capable of removing traces of O, and water to 15 and 25 ppb, respectively.
CBV760, CBV720, and CBV600 dealuminated HY zeolites (Zeolyst International) with

Si/Al atomic ratios of 30, 15, and 2.6, respectively, were calcined in O, at 300°C for 3 h,

evacuated at 10-3 Torr and 300°C for 16 h, and stored in a glovebox (MBraun) filled with
N, prior to use. The residual water and O, concentrations in the glovebox were kept
below 0.1 ppm. For simplicity, these supports are further denoted as HY30, HY'15, and

HY?2.6, respectively.
1.2.2 Preparation of Supported Samples

All syntheses and sample transfer procedures were performed with exclusion of air
and moisture on a double-manifold Schlenk line and in a Nj-filled MBraun glovebox.
Zeolite-supported samples were prepared by slurrying Rh(CO);(acac) or Rh(C,H4),(acac)
precursors in appropriate amounts with the powder support in n-pentane under N, for 24
h at room temperature, followed by overnight evacuation at 25°C to remove the solvent
and yield samples containing 1 wt.% Rh. The Rh weight loading was verified by
inductively coupled plasma-mass spectrometry (ICP-MS) analysis (Galbraith
Laboratories Inc.). The prepared samples were stored and handled in a glovebox filled

with N to prevent possible decomposition of supported species.



1.2.3 FTIR Spectroscopy

A Nicolet Nexus 470 spectrometer equipped with a MCT-B detector cooled by liquid
nitrogen was used to collect spectra with a resolution of 2 cm™, averaging 64 scans per
spectrum. Each powder sample was pressed into a self-supported wafer with a density of
approximately 20 mg/cm” and mounted in a home-made cell connected to a gas
distribution manifold. The cell design allowed for the treatment of samples at different

temperatures, while various gases flowing through the cell.
1.2.4 Mass Spectrometry Measurements

Mass spectrometry (MS) measurements were used to monitor ligand exchange
reactions between surface species and different gases, and to identify the products
released during such reactions. In a typical experiment, approximately 100 mg of the
sample was loaded into a plug-flow micro reactor in a glovebox, and the reactor was
sealed to avoid air exposure. The reactor was subsequently connected to a gas distribution
system equipped with mass flow controllers and an online Inficon Transpector 2 residual
gas analyzer operating in a multi-ion detection mode. Before each experiment, the reactor
was purged with He (100 ml/min) at 25°C and atmospheric pressure for 1 h to stabilize
the baseline MS signal. When this procedure was completed, various feeds (as specified
in the text) were introduced into the reactor at 25°C and a flow rate of 100 ml/min. The
feed and effluent compositions were routinely monitored to detect species such as CO

(m/z = 28) and NO (m/z = 30).



1.2.5 Computational Method and Models

Periodic DFT calculations were performed with the PW91 exchange-correlation

36,37

functional [35] using a Vienna ab initio simulation package (VASP) . Ultrasoft

pseudopotentials 3839

were used as implemented in the VASP package. Due to the large
size of the unit cell (see below), the Brillouin zone was sampled using only the I point .
The valence wave functions were expanded in a plane-wave basis with a cutoff energy of
400 eV.

The cubic unit cell of the zeolite framework was optimized for the pure silicate
structure with dimensions a = b = ¢ = 24.345 A *!. To simulate the structure of a highly
dealuminated HY zeolite, one Si atom in the unit cell was replaced with Al. The negative
charge around the Al site was compensated by the Rh* ion or its complexes. During the
geometry optimization procedure, all the zeolite atoms and the adsorbate species were
allowed to relax until the force on each atom was less than 5x10~* eV/pm.

The binding energy (BE) of the CO and other adsorbates (when applicable) was

determined as:
BE[Rh(CO)(X)*/Zeo] = E[Rh(CO)(X)*/Zeo] - E[Rh*/Zeo] - E[CO] —E[X],

where E[Rh(CO)(X)"/Zeo] is the energy of the zeolite system together with the metal
cation and adsorbed CO and X molecules in the optimized geometry, E[CO] and E[X] are
the energies of the adsorbates in the gas phase, E[Rh'/Zeo] is the energy of the initial
zeolite system containing a bare Rh™ cation, and X= CO, N,, H,, Co,Hs, or 1/2H..
Consistent with this definition, negative values of BE imply a favorable interaction.

The vibrational frequencies for periodic models were obtained from a normal mode



analysis where the elements of the Hessian were approximated as finite differences of
gradients, displacing each atomic center by 1.5 pm either way along each Cartesian
direction. All calculated C-O and N-N vibrational frequencies were shifted by the
difference of the calculated harmonic frequency of the free CO and N, molecules
obtained with the same computational approach and the experimentally measured
(anharmonic) frequency of CO and N, in the gas phase (i.e., 2143 and 2331 cm’,

respectively) **:

V(C'O)Calc = Vcalculated — Vcalculated(co'gas) + 2143

V(N'N)Calc = Vcalculated — Vcalculated(NZ'gas) + 2331

In this case, the calculated vco and vnn frequencies are corrected for both the
anharmonicity (which is 39 and 17 cm™ for gas phase CO and N,, respectively) and the

systematic error of the computational method.
1.3 Results and Discussion

FTIR data reported elsewhere®* for Rh(CO),/HY30 prepared from the
Rh(CO);(acac) precursor indicate that the Rh(CO), surface species initially formed in this
material do not react with H; in the 25-300°C temperature range, as no new features were
observed in the spectra. With increasing temperature, however, the intensity of the vco
bands at 2117 and 2053 cm™ - assigned to zeolite-supported Rh(CO), complexes -
declines and the bands eventually disappear from the spectra at approximately 300°C,
indicating the complete decarbonylation of the Rh(CO), species under these conditions 33

3% This result was further confirmed by EXAFS, as no Rh—-CO contributions were

detected in spectra of the Rh(CO),/HY 30 sample treated in H; at 300°C. EXAFS data



further show that the site-isolated Rh cations initially present in Rh(CO),/HY30 undergo
aggregation in H, at elevated temperatures. For example, the first-shell Rh-Rh
coordination number was found to be 4.0 at a distance of 2.67 A after H, treatment at
300°C ***. Since no higher Rh-Rh shells were detected in the EXAFS spectra, one can
assume that small Rhg clusters were formed. These results clearly show that zeolite-
supported Rh(CO), complexes do not react with H, to form Rh carbonyl hydride species.
In contrast, the thermal treatment of Rh(CO),/HY30 in H; facilitates decarbonylation of
the surface species and subsequent aggregation of Rh.

The lack of hydrogen activation by Rh(CO)./HY30 can be understood better by
examining parallel examples in solution chemistry. For example, the majority of d® metal
hydride complexes formed in solution incorporate various phosphine, amine, alkene, and
arene ligands, all of which exhibit relatively strong electron-donor properties . Hence,
one can conclude that the basicity of the metal site, and therefore, its ability to weaken
the H-H bond via donation of the electrons into the antibonding orbital of molecular
hydrogen, governs the formation of metal hydride complexes in solution. Since CO is a
far stronger back-bonding ligand, the presence of two such ligands on Rh sites in the
Rh(CO),/HY30 sample makes the Rh sites more electron deficient and less basic. In
addition, a comparison of the vco band positions and Rh 3d binding energies provided
elsewhere® for zeolite-bound Rh(CO), species and Rh(CO);,(acac) molecular complexes
strongly suggests that the zeolite itself acts as a macroligand for the supported Rh(CO),
species with relatively strong electron withdrawing properties. Therefore, lack of the
required basicity on Rh sites could at least partially explain the inability of

Rh(CO),/HY30 to participate in oxidative addition of H>. Some literature reports also



indicate that the oxidative addition of H, to Rh(CO), complexes is a thermodynamically
unfavorable process due to the presence of the initial substitution step during which the
strong Rh—CO bond must be broken and only a weak Rh—(nz—Hz) bond is formed **.
Regardless of the case, one can assume that the ligand environment of Rh sites in

Rh(CO),/HY30 must be modified in order to facilitate activation of H; species.

1.3.1 Pathway to Zeolite-Supported Rh(CO)(H), Complexes

To verify this hypothesis, the reactivity of carbonyl ligands in zeolite-supported
Rh(CO), complexes was examined. For this purpose, a Rh(CO),/HY30 sample prepared
from the Rh(CO),(acac) precursor was exposed to C,H,4 pulses at room temperature and
atmospheric pressure, while FTIR and MS spectra were collected to monitor changes in

4
33,3 , the results

both the surface and gas phase species formed. As we reported elsewhere
of these experiments provide compelling evidence that the carbonyl ligands of the
Rh(CO), surface species react with C;Hs under ambient conditions to yield
Rh(CO)(C,Hs) complexes on the zeolite surface and CO in the gas phase. The
Rh(CO)(C,H4) complexes thus formed have characteristic infrared bands at 3094 (vcp),
3070 (ven), 3021 (ven), 2986 (ven), 2053 (Veo), 1536 (Ve—c/Vemz), and 1438 (vepn) cm'™
and are stable for an extended period of time under He flow.

The structure of these complexes was further confirmed by EXAFS. More
specifically, the Rh K edge EXAFS data characterizing the surface species formed after
exposure of Rh(CO),/HY30 to C,H; show the presence of Rh—C and Rh-O*

contributions from carbonyl ligands with average coordination numbers of 1.0 and 1.1 at

average distances of 1.83 and 2.97 A, respectively. In addition, it was found that the first
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coordination shell of Rh also includes Rh—C and Rh-O contributions with average
coordination numbers of 2.1 and 2.5 at average distances of 2.15 and 2.21 A,
respectively. Since the Rh-C distance of 2.15 A is typical for alkenes m-bound to cationic
Rh sites in molecular complexes®, the presence of such contribution in the EXAFS
spectrum of the C,Hy-treated sample provides strong evidence for the n-bonding of C,Hy
to the Rh sites. Finally, based on the EXAFS parameters (i.e., coordination numbers and
bond distances) obtained for the surface species formed in the C,Hy-treated
Rh(CO),/HY30 sample, we can confidently conclude that approximately one CO and one
C,H4 ligand are coordinated to each Rh atom in the surface species formed. These
Rh(CO)(C,H4) surface complexes are site-isolated (no Rh—Rh contributions were
observed) and strongly bound to two oxygen atoms of the zeolite framework, as
evidenced by the presence of Rh—O contributions.

In contrast to Rh(CO),/HY 30, the Rh sites of Rh(CO)(C,H4)/HY30 are expected to be
less electropositive since the replacement of one CO ligand by C,H, brings more electron
density on the Rh sites. While we cannot provide spectroscopic data to confirm this
expectation, we have shown that the Rh(CO)(C,H4)/HY30 sample indeed exhibits
different chemical properties with respect to H,. For example, the treatment of
Rh(CO)(C,H4)/HY30 with H, at 25°C for 30 min completely removes the infrared
signature of the Rh(CO)(C,H,4) surface species. Changes observed in the FTIR spectra
were accompanied by the appearance of C,Hg in a gas phase, consistent with the
hydrogenation of C,Hy ligands under such treatment conditions. The Rh K edge EXAFS
data reported elsewhere34, for the Rh(CO)(C,H4)/HY30 sample treated in H, at 25°C

show a complete absence of Rh—C contributions at a distance of 2.15 A from n-bound
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C,Hy ligands, confirming complete removal of the C,Hy ligands from the surface species.
In contrast, both Rh—C and Rh—O" contributions (originating from carbonyl ligands) with
average coordination numbers of 0.9 and 1.0 at average distances of 1.84 and 2.96 A,
respectively, remain in the EXAFS spectrum®, suggesting that one carbonyl ligand
remains intact on each Rh atom in the surface species thus formed. These species are site-
isolated and mononuclear in nature, as the EXAFS spectra lack any Rh—Rh contributions.
Consistent with these structural data and FTIR results collected previously for the
Rh("*CO)(C,H4)/HY30 sample during H, exposure,34 the spectral region shown in Fig.
1.1 is assigned with confidence to the vco vibrations of a CO ligand in the new surface

species formed from Rh(CO)(C,H,) after H, treatment.
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Fig. 1.1 FTIR spectrum in the vco (A) and vrpyg (B) regions of the surface species formed
after the treatment of the Rh(CO)(C,H4)/HY30 sample with H, at room temperature for
30 min (solid line) and corresponding deconvolution results (dashed line).
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In contrast, the spectral region shown in Fig. 1B includes weak bands, the position of
which remains unchanged during Cco/co experiments. To assign this region, H,/D;
substitution experiments were performed. When the Rh(CO)(C,H4)/HY30 sample was
exposed to H; for 30 min, purged with He, and then exposed to a pulse of D,, weak bands
located in the 2180-2120 cm™ region immediately disappeared, while new bands

appeared in the 1580-1480 cm™' region (Fig. 1.2).

Absorbance (a.u.)

1580 1560 1540 1520 1500 1480

Wavenumbers, cm™

Fig. 1.2 FTIR spectrum in the vgyp region of the surface species formed after exposure of
the Rh(CO)(H),/HY30 sample to D, (solid line) and corresponding deconvolution results
(dashed line).

This result unambiguously confirms the assignment of bands in the 2180-2120 cm’'
region to the vryy vibrations. Thus both CO/ BCO and H,/D, experiments are consistent
with the formation of Rh(CO)(H)x surface species upon exposure of

Rh(CO)(C,H4)/HY30 to H, at room temperature.
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When the structure of the Rh(CO)(H), surface species thus formed was further probed
by EXAFS, the existence of one carbonyl ligand coordinated to each Rh atom was
confirmed by the presence of Rh—C and Rh—O" contributions with average coordination
numbers of 0.9 and 1.0 at average distances of 1.84 and 2.96 A, respectively. These
species retain a mononuclear character (as no Rh—Rh contributions were observed) and
continue to be bound to approximately two oxygen atoms of the zeolite framework, as
evidenced by the presence of Rh—O contributions with an average coordination number
of 2.5 at an average distance of 2.21 A

Therefore, the results described above provide solid evidence that the reactivity of
zeolite-supported Rh(CO), complexes toward H, can be altered by changing the ligand
environment of the Rh sites, as the replacement of one CO ligand in the Rh(CO), species
by C,H4 opens up a direct pathway for the formation of Rh(CO)(H)x complexes. In
contrast to zeolite-supported Rh(CO), and Rh(CO)(C;H4) complexes with relatively
simple FTIR signatures, infrared spectra shown in Fig. 1.1 for the Rh(CO)(H)x species
have a complex band structure. For example, deconvolution results shown in Figs. 1A
and 1B (dashed lines) indicate that the vco region of the spectrum includes three bands
with maxima located at 2096, 2091, and 2086 cm'l, while four bands centered at 2163,
2155, 2143, and 2129 cm™ are present in the vgrpy region. Furthermore, when the
deconvolution procedure was also applied to the spectrum obtained during H,/D,
substitution experiments (Fig. 2), six bands located at 1559, 1553, 1541, 1532, 1524, and
1510 cm™ were identified. The first four bands (i.e., 1559, 1553, 1541, and 1532 cm'l)

appear in this spectrum due to the isotopic shift of the 2163, 2155, 2143, and 2129 cm™
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bands upon replacement of H by D in the Rh(CO)(H) species, which is expected to be of
approximately 600 cm™ 40,
The two vryp bands centered at 1524 and 1510 cm’' are evidently new.

Corresponding assignments for these bands, as well as the vco bands, are discussed in the

following sections.
1.3.2 Formation of Rh(CO)(H), on HY Zeolites with Higher Al Content

To determine if the synthetic pathway described above is similar for HY zeolites with
a higher Al content, Rh(CO),/HY15 and Rh(CO),/HY2.6 samples were prepared from
the Rh(CO),(acac) precursor and thoroughly examined by FTIR, XPS, and EXAFS.
Similar to the case of Rh(CO),/HY30, the results we reported elsewhere 33 indicate the
formation of two types of Rh(CO), species in these materials with characteristic vco
bands at 2117/2053 and 2110/2043 cm'l, both of which are attached to the zeolite
framework and have similar structural properties. However, the fraction of each species
formed strongly depends on the Si/Al ratio, with more species of the latter type formed
on zeolites with lower Si/Al ratios. The carbonyl ligands in both types of these zeolite-
bound Rh(CO), complexes react with gas phase C,H4 to form Rh(CO)(C,Hy) species.
While the reaction rate was found to be significantly higher for the Rh(CO), complex
with the vco bands at 2117/2053 cm'l, exposure of these samples to C,H, for
approximately 30 min results in complete conversion of both types of the Rh(CO),
surface complexes into Rh(CO)(C,H4) species. Furthermore, the Rh(CO)(C,H4)
complexes thus formed on HY15 and HY2.6 supports were found to be stable for an
extended period of time under He flow, and their characteristic infrared bands were

indistinguishable from those of the HY30 zeolite-supported Rh(CO)(C,H,) species.
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When the Rh(CO)(C,Hs)/HY15 and Rh(CO)(C,H4)/HY2.6 samples were further
exposed to H, at 25°C for 30 min, the infrared bands characteristic of the Rh(CO)(C,Hy)
complexes disappeared, and new vco and vgyy bands appeared in the 2110-2070 cm™ and
2170-2120 cm™ regions of the spectrum, respectively. The final spectra and
deconvolution  results  characterizing  H,-treated = Rh(CO)(C,H4)/HY15  and

Rh(CO)(C,H4)/HY2.6 samples are shown in Figs. 1.3 and 1.4, respectively.
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Fig. 1.3 FTIR spectrum in the vco (A) and vrpyg (B) regions of the surface species formed
after the treatment of the Rh(CO)(C,H4)/HY 15 sample with H, at room temperature for
30 min (solid line) and corresponding deconvolution results

This is quite an interesting result because it can be seen in the spectra that in all three
cases (Figs. 1.1, 1.3 and 1.4) very similar combinations of the bands in the CO and Rh-H
regions appear yet the relative fractions of each of those peaks on HY30, 15 and 2.6

supports are different as evidenced by the highly variable shape of those bands.
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Fig. 1.4 FTIR spectrum in the vco (A) and vrpg (B) regions of the surface species formed
after the treatment of the Rh(CO)(C,H4)/HY2.6 sample with H; at room temperature for
30 min (solid line) and corresponding deconvolution results.

A comparison of spectra shown in Figs. 1.1, 1.3, and 1.4 indicates that the two-step
synthesis of Rh(CO)(H) surface species from zeolite-supported Rh(CO), complexes can
be achieved regardless of the Si/Al ratio of the HY zeolite, as indicated by the identical
positions of the vco and vryy bands obtained. However, it also becomes evident that the
relative intensities of these bands are affected by the Si/Al ratio of the zeolites used. For
example, the FTIR results summarized in Table 1 show that the fraction of the vco band
at 2086 cm™ does not change significantly as a function of the Si/Al ratio. In contrast, the
contribution of the vco band at 2096 cm’! increases, while that of the vco band at 2091
cm’! decreases with an increase of the Al content of the zeolite, and the nature of these

two bands clearly depends on the Si/Al ratio
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Table 1.1 Vibrational frequencies characterizing HY zeolite-supported Rh(CO)(H)
complexes formed from different starting materials.

Starting material Treatment vco Relative VRhH Relative
bands, fraction, bands, fraction,
cm’! % cm’! %0
Rh(CO),(acac)/HY30 | C,Hy at 25°C 2096 25 2163 7
followed by 2091 47 2155 28
H, at 25°C 2086 28 2143 34
2129 31
Rh(CO),(acac)/HY15 | C,Hy at 25°C 2096 41 2164 3
followed by 2091 31 2157 33
H, at 25°C 2086 28 2141 64
Rh(CO),(acac)/HY2.6 | C,H, at 25°C 2096 61 2163 28
followed by 2091 17 2157 4
H, at 25°C 2086 22 2144 68
Rh(CO),(acac)/HY30 | NO at 25°C, 2096 37 2164 1
followed by 2091 40 2157 34
CO at 25°C, 2084 23 2146 2
C,H, at 2141 63
25°C, and H,
at 25°C
Rh(C,Hy),(acac)/HY30 | CO at 25°C, 2091 34 2164 13
followed by 2085 56 2159 17
C,H, at 2079 10 2144 66
25°C, and H, 2127 3
at 25°C

When the same data are presented graphically (Fig. 1.5), it becomes evident that there
1s a linear correlation between the fractions of the vco bands at 2096 and 2091 cm™! and
the Si/Al ratio of the zeolites used as supports. These trends further suggest that the vco
bands at 2096, 2091, and 2086 cm™' belong to different surface species, however, the
nature of the differences is not apparent at this point, and this issue will be addressed later

in this chapter.
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Fig. 1.5 Relative fractions of the vco bands characterizing Rh(CO)(H)x complexes as a
function of the Si/Al ratio (A - 2091 cm'l; e-2117 cm’™’, and ¢- 2086 cm'l).

The results show in Table 1.1 for the vgyy region are more complex, as no obvious
correlations between fractions of individual bands and Si/Al ratios can be drawn.
However, apparent differences in spectra were observed depending on the zeolite nature.
For example, the 2155, 2143, and 2129 cm’' bands are all strong in the spectrum of the

Rh(CO)(H)/HY30 sample (Fig. 1.1B), with each of them contributing approximately
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30% to the overall spectrum, while the band at 2163 cm™ appears as a weak shoulder and
its contribution is small (approximately 7%).

The band at 2129 cm™ is no longer present in the spectra of the Rh(CO)(H),/HY 15
and Rh(CO)(H)y/HY2.6 samples, indicating that this band is somewhat unique for the
Rh(CO)(H),/HY30 material. In the case of Rh(CO)(H),/HY 15 (Fig. 1.3 B), the 2157 and
2141 cm™ bands are strong and their relative fractions are 33 and 64%, respectively,
while the band at 2164 cm™ is present only as a weak shoulder with a 3% contribution to
the vgpg region. The spectrum of Rh(CO)(H)/HY2.6 also includes the vgnyy bands at
2163, 2157, and 2144 cm™ (Fig. 1.4 B), among which the latter band is the strongest,
contributing approximately 68% to the overall spectrum. In this case, however, the band
at 2157 cm™ is weak with a relative fraction of approximately 4% and can be detected
only by deconvolution. In contrast, the band at 2163 cm™ appears to be relatively strong
and its contribution to the overall spectrum is approximately 28%.

Overall, the FTIR results described above confirm the formation of Rh(CO)(H)y
surface complexes on HY zeolites with different Si/Al ratios. The complex band structure
of the vco and vgpyg regions observed in each case most likely indicates that a mixture of
different Rh(CO)(H) species exists on the surface of these zeolites, and that the fraction
of each species formed depends to a certain degree on the Si/Al ratio. However, the
nature of the differences is not immediately apparent but will be addressed later in the

text.
1.3.3 Formation of Rh(CO)(H),/HY 30 from Rh(C,H;),(acac) Precursor

In contrast to Rh(CO), surface complexes, HY30 zeolite-supported Rh(C,Ha),

species formed from the Rh(C;H4),(acac) precursor readily activate H, at room
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temperature. In this case, however, quick hydrogenation of the C,Hs ligands
accompanied by aggregation of Rh into small clusters takes place 9 1t has also been
shown that the treatment of Rh(C,H4),/HY30 with pulses of CO yields Rh(CO),/HY30 4,
Since the transformation of the Rh(C,Hs), into Rh(CO), complexes is known to be
complete and irreversible, the opportunity emerges to determine whether the Rh(CO)(H)y
complexes finally formed from the Rh(C,Hy),(acac) precursor have the same band
structure in the vco and vgpy regions as those formed from Rh(CO),(acac).

The Rh(C;H4)»/HY30 sample prepared from the Rh(C;H4),(acac) precursor was
exposed to CO pulses to form Rh(CO),/HY30, and then was treated with C,H4 to produce
Rh(CO)(C,H4)/HY30. The identity of the surface species formed at each preparation step
was characterized by FTIR, and since the spectra obtained were identical to those

4.4
reported elsewhere®*’

, we excluded these spectra for the sake of brevity. As expected,
when the Rh(CO)(C,H4)/HY30 sample thus prepared was further exposed to H; at 25°C
for 30 min, the vco and vrpy characteristic vibrations of the Rh(CO)(H)y complexes
appeared in the 2110-2070 cm™ and 2170-2120 cm’ regions of the spectrum,
respectively (Fig. 1.6). However, a comparison of this spectrum with that shown in Fig.
1.1 for Rh(CO)(H)/HY30 prepared from the Rh(CO),(acac) precursor reveals substantial
differences between the surface species formed in each case. For example, the vco region
of the spectrum shown in Fig. 1.6A includes bands at 2091, 2085, and 2079 cm™' with
relative fractions of approximately 34, 56, and 10%, respectively (Table 1.1). Only two
of these bands (i.e., at 2091 and 2085 cm') are present in the spectrum of the sample

prepared from the Rh(CO),(acac) precursor (Fig. 1.1A). This result is not entirely

unexpected in the light of previous findings.
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Fig. 1.6 FTIR spectrum in the vco (A) and verpg (B) regions of Rh(CO)(H)/HY30
formed from the Rh(C,Hy4),(acac) precursor (solid line) and corresponding deconvolution
results (dashed line).

Thus, the spectrum of Rh(CO)(H)x complexes prepared from Rh(C,H4),(acac) does
not include the vco band at 2096 cm‘l, but it includes a new vco band at 2079 cml. In
contrast, the vgyy region of this spectrum (Fig. 1.6B) includes four bands at positions very
similar to those of the vgyy bands shown in Fig. 1.1B. In this case, however, it is obvious
that the band at 2144 cm”' dominates in the spectrum (66%), while the overall
contribution of the remaining bands (i.e., 2164, 2159, and 2127 cm™) is approximately
34% (Table 1.1).

Therefore, the changes observed in the vco region of Rh(CO)(H), complexes prepared
from the Rh(C,Hy),(acac) precursor did not affect the number of vgyy bands. However,
the relative intensities of these bands are substantially different (Table 1.1). Interestingly
enough, the sum of the relative fractions of the vco bands at 2085 and 2079 cm’!

(approximately 66%) is exactly the same as the relative fraction of the 2144 cm™ band in
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the vgrpy region. Likewise, the relative fraction of the vco band at 2091 cm’! (34%)
corresponds to the sum of the relative fractions of the vgyy bands at 2164, 2159, and 2127
cm’! (Table 1.1). While this could be coincidental, it may also indicate the formation of
several types of Rh(CO)(H)y species with overlapping characteristic vco and vgryy bands,
and explain the complex band structure of these regions. The examples described so far
further suggest that the contribution of each type of Rh(CO)(H)x species to the overall

spectrum depends on the preparation route and the Si/Al ratio of the zeolite used.
1.3.4 Synthesis of Supported Rh(CO)(H), from Rh(NO), Species

Recently, we have examined the reactivity of HY30 zeolite-supported Rh(CO)(H)y
species with CO, Nj, and C,H4 molecules 3 To further expand the reactivity pattern for
these species, the interactions of Rh(CO)(H),/HY30 with NO were monitored by FTIR,
and results are shown in Figs. 1.7 and 1.8. Upon exposure of Rh(CO)H,/HY30 prepared
from the Rh(CO);(acac) precursor to pulses of a 1% NO/He mixture, significant changes
were observed in the infrared spectra. Difference spectra shown in Fig. 1.7 indicate that
the majority of the vco and vgnn bands originating from the Rh(CO)(H)x species
disappeared after a 1 min pulse of NO at room temperature. Simultaneously, two strong
vco bands corresponding to Rh(CO), complexes appeared at 2117 and 2052 cm” together
with a weak band at 2021 cm™. Most likely, the latter band originates from
coordinatively unsaturated Rh(CO) species *  the fraction of which is evidently small. In
addition, two strong vno bands assigned to Rh(NO), species appeared immediately at
1855 and 1779 cm™' These bands are similar to the vno bands of Rh(NO), complexes (i.e.,

at 1862 and 1785 cm'l) in ZSM-35 zeolites *°°. The Vco bands originating from Rh(CO),

and Rh(CO) surface species decreased in intensity during subsequent NO pulse.
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Fig. 1.7 Difference FTIR spectra illustrating changes in the vrhg and vco regions after
exposure of the Rh(CO)(H),/HY30 sample to a 1% NO/He pulse for: (1) 1 min, (2) 3
min, (3) 5 min, and (4) 11 min.

They disappeared from the spectra after approximately 11 min of NO exposure, while
the development of the vno bands assigned to the Rh(NO), complexes was completed at

that point. Unfortunately, these results do not allow us to determine whether hydride

ligands in the surface species reacted with NO or were simply displaced by NO
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molecules, as no new bands associated with possible reaction products were observed in

other regions of the spectra (Fig. 1.8)
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Fig. 1.8 Difference FTIR spectra of the Rh(CO)(H)/HY30 sample following exposure to
a 1% NO/He pulse for: (1) 1 min, (2) 3 min, (3) 5 min, (4) 11 min, and (5) He flow 12 h.
However, they indicate that Rh(CO), species play an intermediate role in the
conversion of Rh(CO)(H)x complexes into square planar Rh(NO), species.
The treatment of the Rh(NO),/HY30 sample thus formed with H, at room

temperature does not change the infrared spectra obtained. Similar to the case of



Rh(CO),/HY30, this result shows that zeolite-supported Rh(NO), complexes are not
capable of activating H, at room temperature. While this result is predictable based on the
similarities of structural and electronic properties of CO and NO as ligands, the behavior
of Rh(NO), toward C,H, is completely different, since in this case treatment with C,H,4 at
room temperature does not lead to the displacement of a NO ligand. Therefore, even the
subtle electronic differences of the CO and NO ligands appear to have a significant effect
on the reactivity of Rh(CO), and Rh(NO), complexes with C,Hy.

However, when the Rh(NO), species were exposed to a pulse of CO, NO appeared in
the gas phase, and Rh(CO), species with characteristic vco bands at 2117 and 2053 cm’
were formed on the surface. This transformation is completely reversible, as the Rh(NO),
species are formed again after a pulse of NO is introduced. Furthermore, the Rh(NO),-
Rh(CO), transformation cycle can be repeated several times without any loss of infrared
band intensities in the vco and vno regions, suggesting that facile substitution of CO/NO
ligands indeed takes place and this process goes to completion.

Since the FTIR experiments described above indicate that the coordination
environment of Rh sites in the Rh(CO),/HY30 sample can be reversibly changed, an
opportunity has emerged to determine if this process affects the chemical properties of
the Rh sites. Consequently, the Rh(CO),/HY30 sample prepared from the Rh(CO);(acac)
precursor was exposed to several pulses of NO to yield Rh(NO),/HY30 that was further
treated with several pulses of CO to reform the original Rh(CO),/HY30. The sample thus
formed was exposed to C,H, with the goal of determining if any changes in the reactivity
of carbonyl ligands can be detected and how this affects the formation of Rh(CO)(C,H,)

surface complexes and their conversion to Rh(CO)(H)y species.
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The results obtained show that the sequential CO-NO-CO replacement of ligands in
HY30 zeolite-supported Rh(CO), complexes does not substantially change the reactivity
of carbonyl ligands toward C,H4, as the Rh(CO)(C,H,4) species are once again quickly
formed upon exposure of the ligand exchanged Rh(CO),/HY30 sample to C,H..
Characteristic infrared bands of these species were found to be identical to those reported
elsewhere **** for similar complexes formed in the case of the original Rh(CO),/HY30
sample. Since our previous report shows that the Rh(CO)(C,H4) complexes quickly react
with pure H,, the Rh(CO)(C,H4)/HY30 sample thus formed was further exposed to a
10%H,/He mixture to generate Rh(CO)(H)y surface species at a lower rate. The FTIR
spectra (Fig. 1.9 A and B) demonstrate the development of characteristic vco and Vrau
bands, respectively, of the Rh(CO)(H)x complexes as a function of time on stream. From
these spectra, it is evident that the vco band at 2096 cm’! and the vgpy bands at 2157 and
2141 cm™ appear first in the spectrum, and the intensity of these bands continues to
increase in a similar fashion with time on stream. After approximately 30 min of
exposure, new vco bands at 2091 and 2084 cm™! and Vrpy bands at 2164 and 2146 cm’!
appear in the spectrum as shoulders, all of which become more prominent with time of
exposure. After approximately 70 min on stream, no more changes were observed in the
spectra, which were deconvoluted at that point to estimate the relative contribution of
each band. Deconvolution results are shown in Figs. 1.10A and 1.10B for the vco and
VRhu regions, respectively, and are summarized in Table 1.1. A comparison of these
results with those shown in Fig. 1.1 and Table 1.1 for the original Rh(CO),/HY30 sample

indicates that the sequential CO-NO-CO replacement of ligands does not inhibit the
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formation of Rh(CO)(H)x complexes, but the infrared signature of the complexes formed

in this case is different.

2141
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Fig. 1.9 Difference FTIR spectra illustrating the development of vco (A) and vgrpy (B)
bands of Rh(CO)(H)x complexes formed on the surface of the Rh(CO),/HY30 sample
that was previously subjected to a series of CO/NO/CO substitution reactions.
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Fig. 1.10 Final FTIR spectrum (solid line) in the vco (A) and vgpp (B) regions of the
Rh(CO)(H)x species formed on the surface of the Rh(CO),/HY30 sample that was

subjected to a series of CO/NO/CO substitution reactions (solid line) and corresponding
deconvolution results (dashed line).

28



For example, the vco region includes virtually the same set of bands, but the
contribution of the vco band at 2096 cm™ to the overall spectrum is higher at the expense
of the other two bands. More significant differences were observed in the vgyy region.
This region continues to include the vgpy bands at 2164, 2157, and 2141 cm’! with the last
two contributing 97% to the overall spectrum. However, the vgyy band at 2129 cm’is no
longer present in the spectrum, while a new very weak vgyy band appears as a shoulder at

2146 cm™.
3.5. Molecular Modeling of Zeolite-Supported Rh Complexes.

The results described so far show that Rh(CO)(H)y surface complexes can be formed
from HY zeolite-supported Rh(CO), species regardless of the Si/Al ratio of the zeolites
used. As described above, they also can be formed on the surface of HY30 zeolite from
either a Rh(C,Hy), precursor or a Rh(CO), complex subjected to a sequence of CO-NO-
CO substitution reactions. However, the infrared spectra of the Rh(CO)(H)x species
formed in each case exhibit a complex band structure in the vco and vrpy regions with the
relative fraction of the bands present varying significantly from sample to sample. These
results suggest that different types of Rh(CO)(H)x complexes may be formed with the
relative concentration of each type varying from case to case. To further examine the
differences between these Rh(CO)(H)x complexes and to provide better assignments for
the infrared bands observed, periodic DFT calculations were performed. Such modeling
takes into account the whole zeolite framework and provides information on the local
structure and stability of the species formed in zeolite cavities o152

As we have reported elsewhere 3 the Rh*(CO), complex located in the cavity of the

highly dealuminated faujasite structure can be potentially attached to three different pairs
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of oxygen atoms located at the AlO4 tetrahedron, all of which are accessible from the
supercage. To distinguish between these three oxygen pairs involved in the anchoring of
the Rh species, the supported Rh(CO), complexes are denoted as Rh(CO),_a,
Rh(CO),_b, and Rh(CO),_c. In the case of Rh(CO),_a complexes, the oxygen atoms are
from two different but coupled four-membered rings, while in the case of Rh(CO),_b and
Rh(CO),_c complexes, both oxygen atoms belong to the same four- and six-membered
ring, respectively. Based on binding energies of the ligands calculated for these
complexes, it was possible to conclude that the stability of supported Rh dicarbonyl
species declines in the Rh(CO),_a > Rh(CO),_c > Rh(CO),_b order. The DFT
calculations further predict that it is not possible to separate the Rh(CO),_a and
Rh(CO),_c complexes in experimental FTIR spectra due to the overlap of their
fingerprints in the vco region. These predictions are consistent with the detection of two
pairs of vco bands in the FTIR spectra of Rh(CO),/HY samples at 2117/2053 and
2110/2043 cm™, allowing us to conclude that the Rh(CO), complexes are attached to the
zeolite framework in the Rh(CO),/HY samples in several configurations.

DFT results summarized in Table 1.2 further show that the binding energy of CO in
faujasite-supported monocarbonyl Rh*(CO)_a,b,c species varies between -255 and -221
kJ/mol, suggesting that the stability of these species also follows the Rh(CO)_a >
Rh(CO)_c > Rh(CO)_b pattern. In this case, however, binding energy values are only
slightly lower than the average binding energy per one CO molecule in the corresponding
dicarbonyl complexes (i.e., from -257 to -237 kJ/mol), but are in agreement with earlier
results for Rh™ complexes in mordenite >3 This finding is not surprising since the

Rh*(CO), complex belongs to the special type of the supported bi-ligand species,
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assigned by Hadjiivanov et al. 49:54.35

to the complex-specific dicarbonyls, as their
formation is determined by the electronic properties of the metal cation but not by its

coordination unsaturation on the specific support.

Table 1.2 Calculated binding energies and vibrational frequencies of faujasite-supported

rhodium complexes.
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Consistent with the previous reports **, the calculated vco frequencies in the modeled
Rh*(CO)_a,b,c monocarbonyl complexes fall in the 2031-2028 cm™ range, and thus,
should appear in experimental spectra at substantially lower frequencies than both vco
stretching modes of the Rh(CO), complexes. Based on this prediction, the vco band at
2021 cm’ observed in the spectra of Fig. 1.7 most likely originates from Rh*(CO)
species, as its position reasonably agrees with the range of calculated values.

The addition of hydrogen ligands to faujasite-supported Rh*(CO) species signifies the
formation of Rh carbonyl hydride complexes. Therefore, we modelled six such

complexes among which the Rh(CO)(H),_a, Rh(CO)(H),_b, and Rh(CO)(H),_c surface
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species incorporate dissociated H; as a ligand, while the Rh(CO)(H;)_a, Rh(CO)(H,)_b,
and Rh(CO)(H,)_c surface species include molecular H, with elongated but not broken
H-H bond as a ligand. Optimized structures of all these species are shown in Fig. 1.11,

and selected structural parameters of all complexes are summarized in Table 1.3.

Fig. 1.11. Optimized local structures of faujasite-supported (a) Rh(CO)(H),_a, (b)
Rh(CO)(H),_b, (¢) Rh(CO)(H),_c, (d) Rh(CO)(Hy)_a, (e) Rh(CO)(H,)_b, and (f)
Rh(CO)(H,)_c complexes; (g) Location of the complexes in the cavity of the faujasite
structure represented by Rh*(CO) for simplicity; (h) Notation of different O atoms around
the Al center. In the complexes “a”, “b” and “c”, the Rh™ cation is coordinated to zeolite
O atoms denoted as shown in the panel h: “a” - 1 and 2; “b” - 2 and 3; “a”, “c” - and 3.
Color coding: Si — gray, O —red, Al — green, Rh — light blue, C — yellow.
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Table 1.3 Selected structural data for faujasite-supported Rh complexes.

g; Rh-C Rh-H Rh-O C-0 H-H OAIO ORhO CRhC
Complex
(pm) (pm) (pm) (pm) (pm) (pm) degrees degrees degrees
Rh(CO)_a 262 181 211, 217 116.4 93.7 754
Rh(CO)_b 265 181 216,219 116.4 954 74.8
Rh(CO)_c 260 181 215,216 116.4 93.5 74.3
159,
Rh(CO)(H,)_a 258 183 159 212,215 116.0 108 91.8 74.5
162,
Rh(CO)(H,)_b 259 182 162 215,220 115.9 99 92.3 73.2
159,
Rh(CO)(H,)_c 259 182 160 214,218 115.8 105 92.7 73.6
b
Rh(CO)(H),_a 261 181 11551’ 2212:; 115.7 191 93.6 73.8 86.1¢
b
Rh(CO)(H),_b 266 182 11551 22233; 115.6 191 96.7 71.1 81.3¢
b
Rh(CO)(H),_ ¢ 261 182 115525’ 2212‘;; 115.7 197 94.6 72.3 84.3¢
2127, d
Rh(CO)(H)_a 261 184 155 295° 115.6 93.6 73.3 85.2
212°, d
Rh(CO)(H)_b 266 184 155 241¢ 115.6 96.7 71.6 80.2
214, 4
Rh(CO)(H)_c 262 184 155 220° 115.7 94.8 72.3 83.3
Rh(CO)(N,) 260 183, 209, 15.8; 92.3 75.7 88.1¢
V-2 190¢ 214 112.5¢ : : :
180,
Rh(CO)(C,H,)_a 263 213" 217,218 116.3 94.6 74.6
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A comparison of binding energies reported in Table 2 for these two sets of complexes
once again shows that the type “a” species in each set are the most stable ones.
Interestingly, the Rh(CO)(H;)_a and Rh(CO)(H),_a complexes are nearly isoenergetic
with binding energy values of -405 and -402 kJ/mol, respectively. When the type “b”
and “c” species are compared in these two sets, it becomes evident that the complexes
incorporating dissociated H, as a ligand are more stable (i.e., by 22 and 12 kJ/mol,
respectively) than the corresponding complexes with undissociated H,.

Computational results further show that the Rh(CO)(H),_a, Rh(CO)(H),_b, and
Rh(CO)(H),_c complexes with dissociated H, have one C-O vibrational frequency at
2105, 2097, and 2097 cm’', respectively (Table 1.2). Since these calculated frequencies
are only 6-9 cm’ higher than the vco bands experimentally observed in our spectra at
2096 and 2091 cm‘l, we can assign the latter two vco bands with confidence to the
Rh(CO)(H); species. In addition, the Rh(CO)(H),_a,b,c complexes also have asymmetric
and symmetric Rh—H vibrations in the 2132-2166 ecm™ and 2200-2228 cm’ regions,
respectively. Since the intensity of the symmetric vgyn vibration is close to zero in all
complexes examined, these bands cannot be observed experimentally and are therefore
omitted from Table 2 for brevity.

In contrast, asymmetric vgny vibrations predicted for Rh(CO)(H),_a, Rh(CO)(H),_b,
and Rh(CO)(H),_c complexes at 2143, 2166, and 2132 cm™, respectively, are notably
more intense (~40 km/mol) and should be visible in the experimental spectra. Based on
these computational results, we can further conclude that the vgny bands experimentally
observed in FTIR spectra of Rh(CO)(H),/HY samples at 2164, 2143, and 2129 cm’

clearly originate from Rh(CO)(H), surface species differently attached to the zeolite
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framework, as the difference in positions of experimental and calculated bands does not
exceed 4 cm™ in this case. Comparison of infrared bands calculated for Rh(CO)(D),_a,
Rh(CO)(D),_b, and Rh(CO)(D),_c complexes (i.e., 1544, 1560, and 1536 cm’™,
respectively) with those experimentally observed in Fig. 2 at 1541, 1559, and 1532 cm™
provides additional evidence for the formation of Rh(CO)(H), surface species, strongly
reinforcing our previous conclusion. Furthermore, the calculated intensities of the vco
bands assigned to Rh(CO)(H), complexes were found to be more than one order of
magnitude higher (i.e., 516-713 km/mol) than those of vgyy vibrations, which is also in
agreement with the difference in intensity of the vco and vgyy bands observed in
experimental spectra.

The Rh(CO)(H;)_a, Rh(CO)(H;)_b, and Rh(CO)(H;)_c complexes with undissociated
H, are expected to have three vibrational frequencies (i.e., C-O, H-H, and Rh-(H)))
related to the ligands. Since the stability of the Rh(CO)(H;)_b complex is significantly
lower (i.e., by 47 kJ/mol) than that of the most stable Rh(CO)(H;)_a structure, the former
species are omitted from the following discussion. Calculation results summarized in
Table 2 suggest that Rh(CO)(H;)_a and Rh(CO)(H;) ¢ complexes have the vco
vibrational bands at 2071 and 2083 cm™, respectively. In fact, the vco band
experimentally observed at 2086 cm™' in the FTIR spectra of all samples examined
provides a close match for the calculated vco frequency of Rh(CO)(H;)_c species,
suggesting that such complexes are likely formed on the surface of all dealuminated
zeolites. While the calculated vco vibration of the most stable Rh(CO)(H;)_a complex
(i.e., 2071 cm']) is 15 cm™' lower than the lowest Vvco band position (i.e., 2086 cm'l)

observed in the experimental spectra shown in Figs. 1.1A, 1.3A, and 1.4A, there is a

35



possibility that it may be contributing to the latter band. The calculated frequency of
such species is closer to the experimental spectrum of the Rh(CO)(H),/HY30 sample
prepared from the Rh(C,H4),(acac) precursor, as evidenced by the vco band at 2079 cm’?
(Fig. 6A) that provides a close match (within 8 cm™) to the calculated vco frequency of
the Rh(CO)(H;)_a species.

The Rh—(H;) vibration of Rh(CO)(H,) is expected to appear in the 2093-1995 cm’!
region with essentially zero intensity, and therefore cannot be observed in experimental
FTIR spectra. In contrast, the vyy vibrations of Rh(CO)(H,)_a and Rh(CO)(H;)_c
complexes are expected to appear at 2157 and 2168 cm™, respectively (Table 1.2), and
this prediction corroborates well (within 4 cm™) with two of the experimentally observed
Rh-H (H-H) vibrational frequencies at approximately 2164 and 2156 cm™. Since
fingerprints of both Rh(CO)(H;)_a and Rh(CO)(H;)_c complexes are clearly evident in
this region for all samples examined (Table 1), we can further suggest that the vco band
experimentally observed at 2086 cm’ could also be assigned to the Rh(CO)(H,)_a
species, although the difference between experimental and calculated frequencies is
relatively large (i.e., 15 cm™).

In addition, the data of Table 2 also show that Rh(CO)(H)_a, Rh(CO)(H)_b, and
Rh(CO)(H)_c surface complexes with one H atom as a ligand and the optimized
structures shown in Fig. 1.12 have binding energies of the ligands varying from -321 to -
302 kJ/mol with respect to CO and 1/2H; in the gas phase. Once again, Rh(CO)(H)_a
complexes appeared to be the most stable in this set. Calculated vco frequencies for these

three complexes are 2088, 2087, and 2090 cm’™, respectively. Since the split between
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these three bands is small (i.e., 1-3 cm™), they are expected to overlap in experimental

spectra, complicating the identification of the specific species formed.

Fig. 1.12 Optimized local structures of faujasite-supported (a) Rh(CO)(H)_a, (b)
Rh(CO)(H)_b, and (c) Rh(CO)(H)_c complexes. Color coding: Si — yellow, O —red, Al
— dark blue, Rh — silver, C — brown.

However, all these calculated frequencies corroborate well (within 4 cm’™) with the
experimentally observed vco band at 2086 cm™', suggesting that the latter band is in fact a
composition band that most likely originates from both Rh(CO)(H) and Rh(CO)(H>)
complexes. Corresponding vryy vibrations for Rh(CO)(H) complexes are expected to
appear at 2097, 2107, and 2096 cm™' (Table 1.2) but cannot be visualized in experimental
spectra due to the overlap with significantly more intense vco bands originating from
Rh(CO)(H), Rh(CO)(H),, and Rh(CO)(H;) complexes that appear in the 2105-2071 cm’!
region. However, if we consider Rh(CO)(D) instead of Rh(CO)(H) complexes, the
former species have characteristic vgyp vibrations in the 1518-1510 cm’! region, which is
free of any vco bands (Table 1.2). Consistent with this prediction, the spectrum of

Rh(CO)(H)/HY30 exposed to D, pulses includes two vgpp bands at 1524 and 1510 cm’!
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(Fig. 1.2) both of which corroborate reasonably well with calculated vgyp frequencies,
indicating that various Rh(CO)(H) species are also formed on the surface of this material.

Finally, as the hydride ligands in Rh(CO)(H) surface complexes can be replaced by
N, to form Rh(CO)(N,) species with an end-on N, coordination®* and since
Rh(CO)(C,H4) surface complexes are precursors for rhodium carbonyl hydride species,
the most stable Rh(CO)(N;)_a and Rh(CO)(C,H4)_a species were also modeled to make
the series of surface species more complete.

The Rh(CO)(N;)_a complex is iso-structural to the most stable Rh(CO),_a complex.
The binding energy of the two ligands is -395 kJ/mol, which is 119 kJ/mol lower than the
binding energy of the two CO ligands in Rh(CO),_a due to significantly weaker
adsorption of N, on the Rh* site (Table 1.2). Using the monocarbonyl complex
Rh(CO)_a as a reference, one can calculate that the binding energy of N, in the mixed
Rh(CO)(Ny)_a complex is only -140 kJ/mol. Calculated vco and vnn frequencies of
Rh(CO)(N,)_a are 2070 and 2208 cm™, respectively. While the former band corroborates
quite reasonably (within 8 cm™) with the vco vibration experimentally observed at 2062
cm™ for such complexes, the position of the latter band is by 43 cm™ lower as compared
to the vny vibration (i.e., 2251 cm™) observed experimentally. Most likely, additional
corrections should be applied to the reference vy frequency to minimize the discrepancy
in calculated and experimental values observed for this band *°.

The results obtained for the Rh(CO)(C;H4)_a complex indicate that the binding
energy of the CO and ethylene ligands is -466 kJ/mol (Table 1.2). Once again, using the
monocarbonyl complex Rh(CO)_a as a reference, one can estimate that the binding

energy of C;Hy in the mixed Rh(CO)(C,;H4)_a complex is -211 kJ/mol, which is higher
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than the binding energy of N, by 71 kJ/mol, but lower than the binding energy of CO by
44 kJ/mol. Similar to the majority of other complexes described above, the calculated
vco Vvibrational frequency of Rh(CO)(C,Hy)_a is 2051 cm'l, which is in good agreement

with the experimental value of 2053 cm™ reported elsewhere **.
1.3.6 Combination of Experimental and Modeling Results

The combination of experimental and DFT calculation results described above
provides strong evidence for the formation of Rh(CO)(H;), Rh(CO)(H),, and Rh(CO)(H)
complexes on the surface of dealuminated HY zeolites. Since three different pairs of
oxygen atoms in the zeolite framework are capable of accommodating each of these
species, nine individual complexes attached differently to the zeolite framework and
characterized by a specific set of infrared bands in the vco and vryg regions coexist on the
surface. The overlap of the infrared bands of these complexes further explains the
complex band structure observed in the vco and vrny regions of experimental spectra.
Unfortunately, it is not possible to identify all nine specific complexes in the vco region
of experimental spectra either because the difference in calculated vco frequencies (even
for the same type of species) is at or below the spectral resolution, or because the vco
bands originating from different type complexes have positions which are too close to be
resolved. Three bands experimentally observed in the vco region are evidently
combination bands that represent all nine carbonyl hydride complexes formed, and only
tentative assignments for them can be suggested. The Rh(CO)(H), complexes with
dissociated hydrogen are primarily responsible for the vco band at 2096 cm™ and may
contribute to the 2091 cm™ band, while the Rh(CO)(H,) species with undissociated

hydrogen are mainly responsible for the vco band at 2086 cm™. The Rh(CO)(H)
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complexes with one H atom as a ligand partially contribute to both the vco bands at 2091
and 2086 cm.

Similar analysis can be applied to the vgyy (vun) region. In this case, however,
differences in the position of bands characterizing various types of surface species are
larger and, therefore, more bands are typically observed in this region. DFT calculations
further show that Rh(CO)(H) species do not have characteristic vibrations in the 2180-
2120 cm™' region, indicating that the experimental spectra shown in Figs. 1.1B, 1.3B,
1.4B, 1.6B, and 1.11B only include bands from Rh(CO)(H;) and Rh(CO)(H), type
complexes. While the majority of vgyy and vyy vibrations in these two types of
complexes are well resolved, the vgpy and vyy bands characterizing Rh(CO)(H),_b and
Rh(CO)(H,)_c complexes, respectively, are located too close to each other, suggesting
that the band experimentally observed at 2164 cm™ is the combination band that
represents both of these species. The band at approximately 2155 cm™ can be assigned to
Rh(CO)(H,) complexes, while those in the 2145-2129 cm’! region to Rh(CO)(H);
complexes with dissociated hydrogen. The formation of Rh(CO)(H;) and Rh(CO)(H),
type complexes is further confirmed by H,/D, exchange experiments, as a good
agreement between calculated and experimental vgyp and vpp frequencies of Rh(CO)(D),
and Rh(CO)(D;) complexes, respectively, was observed.

The formation of Rh(CO)(H) complexes with one atomic H ligand under the
experimental conditions used cannot be confidently confirmed from the spectra shown in
Figs. 1.1A, 1.3A, 1.4A, 1.6A, and 1.11A because relatively weak vgny bands of these
complexes are screened by the far more intensive vco vibrations and, therefore, cannot be

observed experimentally. However, the corresponding vgpp vibrational bands of such
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complexes should appear in the 1518-1510 cm™ region, and could be observed in the
experiments with deuterium. In fact, the vgyp bands experimentally observed at 1524 and
1510 cm™ in spectra of Rh(CO)(H),/HY30 exposed to D, match well the calculated vrnp
frequencies, and their presence provides unambiguous evidence for the formation of

Rh(CO)(H) complexes.
1.4 Conclusions

Rh(CO), complexes were used as precursors for the surface mediated synthesis of
Rh(CO)(H)y species. The carbonyl ligands of these complexes react with gas phase C,Hy
to form Rh(CO)(C,H,4) species and subsequently well-defined Rh(CO)(H)x complexes
when the former are exposed to H, at room temperature. The Si/Al ratio of the zeolite
used has no effect on this two-step synthetic pathway. Zeolite-supported Rh(C,H4), and
Rh(NO), can also be used as precursors, but both complexes must be converted into
Rh(CO);, first to allow the formation of Rh(CO)(H)x species. The Rh(CO)(H) species
thus formed are characterized by a set of well-defined vco and vgpy bands in their FTIR
spectra. However, the relative intensities of these bands are affected by the Si/Al ratio of
zeolites and the nature of the precursor used. DFT calculation results provide strong
evidence for the formation a family of Rh(CO)(H;), Rh(CO)(H),, and Rh(CO)(H)
complexes on the surface of dealuminated HY zeolites. Since three different pairs of
oxygen atoms in the zeolite framework are capable of accommodating each of these
species, nine individual complexes attached differently to the zeolite framework and
characterized by a specific set of infrared bands in the vco and vryy (Vag) regions coexist
on the surface. It is not possible to identify all nine specific complexes in the

experimental spectra either because the difference in calculated frequencies is at or below

41



the spectral resolution, or because the vco and vryy (vgm) bands originating from
different type complexes have positions which are too close to be resolved. Therefore,
the overlap of the infrared bands of these complexes explains the complex band structure
observed in the vco and vray (van) regions of experimental spectra. Finally, it appears
that the fraction of each individual complex formed varies substantially with the Si/Al
ratio of zeolites and the nature of the precursor used, and therefore, has an effect on the
number of infrared bands experimentally observed and the overall shape of infrared

spectra
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CHAPTER 2. CATALYTIC ETHYLENE HYDROGENATION AND DIMERIZATION BY
HY ZEOLITE SUPPORTED RHODIUM DICARBONYL, RHODIUM CARBONYL
ETHYLENE AND RHODIUM CARBONYL HYDRIDE SINGLE-SITE COMPLEXES

2.1 Introduction

Supported transition-metal complexes have been attracting a lot of attention lately
due to their potential of having possibly comparable catalytic activity and selectivity as
their homogeneous analogues.'™ Since the single-site nature of these complexes renders
them molecular in nature, it is sometimes possible to observe similar reactivity towards
specific substrates as their precursors in solution. Due to the absence of intrinsic
difficulties associated with formation of particles of multiple sizes/different reactive sites,
it becomes possible to have a certain degree of control over a specific reaction on a truly
molecular level.*® Such control is widely implemented in homogeneous catalysis where
steric and electronic effects induced by ligands of an organometallic complex have
marked influence on activity.”°

It has been shown for certain anchored complexes that not only their molecular
nature remains preserved but their reactivity towards certain molecules drastically

11-13

changes. In this case, the influence of support could be a crucial factor determining

the activity.”'* Under very specific conditions, the support could also
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15,16 :
316 For such reactions, the

provide additional active sites — Bronsted or Lewis acid sites.
way to improve the performance of a molecular heterogeneous catalyst would be to
determine particular pathways of interaction between the support and the catalyst during
catalysis.

Olefin hydrogenation by transition-metal molecular complexes is one of the most
widely studied reactions. Wilkinson started a revolution in organometallic chemistry
when he showed that RhCI(PPhs); could be used as a catalyst for olefin hydrogenation in
liquid phase.'” Afterwards, when the viability of the organometallic route has been
largely established, numerous attempts have been undertaken to create single-site

18,1 . - 1
8,19 alumina, zeolites, ?

hydrogenation catalysts by immobilizing Rh complexes on silica,
and polymers.*’

Gates et all demonstrated that HY zeolite supported Rh(C;H4), complexes exhibit
activity in ethylene hydrogenation to ethane and dimerization to n-butenes.”° It was
speculated that the selectivity for ethane hydrogenation compared to dimerization could
be markedly increased by converting Rh complexes into small Rh clusters prior to
reaction or, alternatively, by supporting Rh(C,Hs), species on a surface with enhanced
electron donating properties such as MgO.** It was proposed that the mechanism of
butenes formation involves ethylene interaction with both the rhodium centre and the
acidic Si-OH-Al sites.

We have demonstrated before that HY zeolite-supported Rh(CO), species are also
active in ethylene hydrogenation probably due to the formation of rhodium carbonyl
23,24

hydride Rh(CO)(H)x complexes under sequential ethylene/hydrogen treatment

Herein, we further explore the catalytic activity of HY-supported Rh(CO), species for
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both ethylene hydrogenation and dimerization reactions and show the exact

cooperative/non-innocent role of the zeolite support in these catalytic processes.

2.2 Experimental Methods

2.2.1 Reagents and Materials

Dicarbonylacetylacetonato rhodium (I) Rh(CO),(acac) (acac = CsH;0,) (Strem, 98%
purity) was used as supplied. n-Pentane (Aldrich, 99% purity) and Tetrahydrofuran
(Aldrich, >99.9 %) were refluxed under N, in the presence of Na/benzophenone ketyl to
remove traces of moisture and deoxygenated by sparging of dry N, prior to use. All
glassware used in preparation steps was previously dried at 120°C. He, H, and C,H4
(Airgas, all UHP grade) were additionally purified to their use by passage through
oxygen/moisture traps (Agilent) capable of removing traces of O, and water to 15 and 25
ppb, respectively. CBV760, CBV720, and CBV600 dealuminated HY zeolites (Zeolyst
International) with Si/Al atomic ratios of 30, 15, and 2.6, respectively, were calcined in
flowing O, at 300°C for 3 h and then evacuated at 10 Torr and 300°C for 16 h. For
simplicity, these zeolite supports are further denoted as HY30, HY15, and HY2.6,
respectively. All treated supports were stored and handled in a glovebox (MBraun) filled
with dry N,. The residual water and O, concentrations in the glovebox were kept below
0.1 ppm. Potassium dicyanoaurate (Strem, 99 % purity), Chlorotrimethylsilane (Aldrich,
> 99.9 % purity) were used as supplied (Strem). Ethanol anhydrous (Aldrich, > 99.5 %

purity) was also used as received.

45



2.2.2 Preparation of Supported Samples

The syntheses and sample transfers were performed with exclusion of air and
moisture on a double-manifold Schlenk line and in a Nj-filled MBraun glove box.
Supported samples were prepared by slurrying the Rh(CO),(acac) precursor with a
corresponding powder support in n-pentane under N, for 24 h at room temperature,
followed by overnight evacuation at 25°C to remove the solvent. In each case, the
Rh(CO);(acac) precursor was added in the amount needed to yield samples containing 1
wt% Rh. The Rh weight loading was verified by inductively coupled plasma-mass
spectrometry (ICP-MS) analysis (Galbraith Laboratories Inc.).

Reaction between Si(CH);Cl in pentane solution and HY30 complexes was performed
in Schlenk flask with exclusion of air and moisture prior to anchoring Rh(CO),Acac. The
solid was dried under the vacuum and transferred into a glovebox. All prepared samples
were stored and handled in a glovebox filled with N, to prevent possible contamination

and decomposition of supported species.

2.2.3 FTIR Spectroscopy

A Nicolet Nexus 470 spectrometer equipped with a MCT-B detector cooled by liquid
nitrogen was used to collect spectra with a resolution of 2 cm™, averaging 64 scans per
spectrum. Each powder sample was pressed into a self-supported wafer with a density of

approximately 20 mg/cm”® and mounted in a home-made cell connected to a gas
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distribution manifold. The cell design allowed for the treatment of samples at different

temperatures, while various gases flowed through the cell.

2.2.4 X-Ray Photoelectron Spectroscopy Measurements

XPS measurements were conducted using a Kratos AXIS Ultra DLD XPS system
equipped with a monochromatic Al Ka source. The binding energy is calibrated using an
Ag foil with Ag3ds,, set at 368.21 £ 0.025 eV for the monochromatic Al X-ray source.
The monochromatic Al Ka source was operated at 15 keV and 120 W. The pass energy
was fixed at 40 eV for the detailed scans. A charge neutralizer (CN) was used to
compensate for the surface charge. The powder samples (approximately 5 mg) were
loaded into the air-tight cell in the N,-filled glovebox. The sample was then transferred
without air exposure into the UHV chamber for the XPS analysis. The Cls signal with a
binding energy of 285.0 eV was used as an internal reference for calibration of the Rh
3ds;, and Rh 3ds; binding energy values. All binding energies reported in this work were
measured with a precision of £0.1 Ev. XPS data were analyzed by nonlinear curve fitting
using the XPSPEAK software version 4.1. In all cases, a linear-type background was
subtracted from the spectra and a curve fit was performed using the minimum number of
G/L-type peaks that provides a good fit. In each case the fitting routine was completed

when the coefficient of determination (Rz) value was 0.98 or higher.
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2.3 Results and Discussion

2.3.1 Activity of HY Zeolites in Ethylene Hydrogenation

In order to investigate the activity of site-isolated rhodium complexes supported on
HY zeolites, it is important to gain insight into catalytic properties of the support (HY 30,
15, 2.6) in ethylene hydrogenation/dimerization that would serve as a base-line for the
supported rhodium complexes.

It was previously demonstrated that La, Y, Cr, Nd, Gd-containing Y-type zeolites
show some activity in ethylene hydrogen21tion25’26 In these studies, several adsorbed
forms of C,H,4 and H;, were detected on zeolites and oxides, and the catalytic activity
went through a maximum with the increase of the M content in zeolite.

Van BokHoven”’ et al explored adsorption of ethylene on HY?2.6 at different
temperatures using in situ Al K edge EXAFS analysis. Obtained EXAFS data are
consistent with the presence of a few intermediates on the surface: at lower temperature
weakly adsorbed form of ethylene exists on Bronsted acid H-sites associated with oxygen
bridges between Al and Si which are proposed to be catalytically relevant sites for
various reactions; at room and higher temperature alkoxy intermediates start to form;
further increase in temperature leads to oligomerization and coke formation.

We performed ethylene hydrogenation at RT on HY 30, 15 and 2.6. In all cases,
formation of ethane was observed. Only trace amounts of butenes were formed, and their
exact amounts could not be measured due to limitations of GC. Obviously, HY 30, 15

and 2.6 all catalyze ethane formation at room temperature, although TOF are quite small.
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The ethane TOF strongly depends on Si/Al ration in the zeolite. Plotting TOF against

Si/Al ratio reveals a linear dependence on dealumination (Fig. 2.1)

10'°xC,H, formation rate, mol/g-s
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Fig. 2.1 Hydrogenation activity of dealuminated HY zeolites as a function of Si/Al ratio.
(Reaction conditions: 25°C; GHSV= 12000 ml/g-h; feed composition: 76 Torr C,H4/608

Torr Hy/He balance).

The total amount of surface silanol groups in all zeolites is the same. The amount of

stronger Bronsted acid sites is the highest in HY 2.6 but it has the lowest activity of all.

The dealumination degree correlates with the strength of a Bronsted acid site®®, which

leads to stronger adsorption of ethylene Thus, catalytic activity of HY zeolites increases

with the increase in the strength of Bronsted acid sites.
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2.3.2 Hydrogenation of Ethylene Ligands in HY Supported Rh(C,H,), and
Rh(CO)(C,H,) Complexes

Synthesis of Rh(C,H4),/HY30 complexes was previously described”’. Its interaction
with ethylene at room temperature leads to hydrogenation of ethylene ligands and
formation ethane in the gas phase (confirmed by mass-spectroscopy) as well as
agglomeration of rhodium into small clusters, according to the EXAFS data reported
elsewhere®”~" Experiments to monitor the amount of ethane formed during interaction
woth H, were carried out in order to quantify the total amount of pi-bonded ethylene. The
molar ratio of ethane formed to the total ratio of rhodium present in the sample was 2.4
which is very close to initial ratio of ethylene and rhodium in the single-site

Rh(C;H4)»/HY 30 complex (Fig. 2.2).
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Fig. 2.2 Formation of C,Hg as a function of time during treatment of Rh(C,H4),/HY30
with H, at 25°C.
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This means that reaction is irreversible and proceeds with 100% yield. Also, it
corroborates the expected stoichiometry and structure of the synthesized Rh(C,Ha),
supported on HY30.

Our group and Gates et al***" demonstrated that the reaction of Rh(CO),/HY
complexes with ethylene leads to the formation of site isolated Rh(CO)(C,H4)/HY
complexes. Since Rh(C,;H4); and Rh(CO)(C,H,) are structurally similar and both contain
pi-bonded ethylene ligands that react with hydrogen to form ethane in the gas phaseM,
and zeolite-supported mixed rhodium carbonyl hydride, it was important to establish the
same correlations for such complexes.

The reaction was performed in-situ: Rh(CO),/HY30 was loaded into the reactor,
reacted with C,Hy, purged with N for an hour, then reacted with hydrogen. During all
these treatments, products were continuously analyzed with online GC. Formation of 1,3-
butadiene and n-butenes was evident during C,H4 reaction with Rh(CO),. The initial TOF
for butadiene at ca 0.3 s™ drops to 0.08 s-' during 1 hour whereas the TOF for butenes
steadily increases (Figs. 2.3 and 2.4). Note that for HY zeolites, treatment with ethylene
or C,H4/H; does not lead to any measurable C4 products formation. Therefore, this
catalytic effect can be attributed to the presence of site-isolated rhodium complexes in
HY zeolites. Moreover, these complexes are capable of catalyzing formation of butadiene
and isomeric n-butenes. It is known that the only product of reaction between Rh(CO),
and ethylene is Rh(CO)(C,Hy) (Fig. 2.5). Hydrogenation of Rh(CO)(C,Hy) leads to the
selective formation of rhodium carbonyl-hydride complexes and evolution of ethane in

the gas phase.
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Fig. 2.3 Formation of 1,3-butadiene as a function of time during treatment of
Rh(CO),/HY30 with C,H, at 25°C.
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Fig. 2.4 TOF for isomeric n-butenes formation during ethylene treatment of
Rh(CO),/HY30.
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Fig. 2.5 Schematic representation of catalytic butene formation during ethylene treatment

of Rh(CO),/HY30.

Ethane formation is fast and irreversible. After 10 min there is virtually no ethane

formed which is similar to the beahvior of the supported Rh(C,H4),/HY30 complex

(Fig.2.6).
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Fig. 2.6. Formation of C;Hg as a function of time during treatment of
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Ethane to rhodium ratio in the samples is summarized in Table 2.1:

Table 2.1 Ethane/Rh ratio during H; treatment of in-situ prepared Rh(CO)(C,H,4) on

various zeolites.

Sample Pre-treatment used Surface species C,H¢/Rh molar
formed ratio
Rh(C2H4)2/HY3O none Rh(C2H4)2 2.4
Rh(CO),/HY30 C,Hy at 25 °C for 1 Rh(CO)(C,H.) 49.0
h followed by He
for 1 h
Rh(CO),/HY15 C,Hy at 25 °C for 1 Rh(CO)(C,H,) 81.0
h followed by He
for 1 h
Rh(CO),/HY2.6 C,Hy at 25 °C for 1 Rh(CO)(C,H.) 132.0
h followed by He
for 1 h

Unlike for the supported Rh(C;H4),/HY complex, the numbers are not stoichiometric.
The ratio in all cases is significantly higher than allowed by stoichiometry of the formed
Rh(CO)(C,H4)/HY complexes. This leads us to the conclusion that the process is
catalytic in its essence. So where does additional ethylene come from when we flow only
H,? At this point, it becomes apparent that the surface during ethylene treatment retains
ethylene. This adsorption of ethylene is not surprising and has been investigated>".
Furthermore, this adsorbed ethylene gets hydrogenated during Rh(CO)H, and
h(CO)(C,Hy) interaction with gas-phase H, which implies either the high mobility of the
adsorbed ethylene (in this case ethylene moves across the surface until it encounters
activated hydrogen and gets hydrogenated) or the hydrogen spills over onto the surface
via Rh assisted pathways and it is mobile on the surface and capable of hydrogenating the

adsorbed ethylene species. Mobility of the alkylcarbenium cations formed via interaction
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of an olefin with a Bronsted acid site of zeolites is implied in zeolite-assisted

isomerization and polymerization of olefins®*. On the other hand, Gates et al implied

reverse hydrogen spill over from Rh onto the surface™. At this stage, it remains unclear

what the exact hydrogenation pathway is, although one might argue that the surface

mobility of spilled over hydrogen should be greater than carbenium ions due to simple
2,36

size comparison and ability to “hop”™.

C,H¢/Rh ratio plotted against dealumination degree reveals almost a perfect linear fit
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Fig. 2.7 Ethane/Rhodium ratio depending on Si/Al ratio (zeolite) used.
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In this case, however, it is different than hydrogenation activity for HY zeolites with
no Rh: hydrogenation activity decreases with dealumination degree, i.e. the number of
Bronsted acid sites.

This confirms that the cause of this discrepancy is most likely the different
hydrogenation mechanisms on HY and Rh/HY catalysts. For HY zeolites the strength of
the Bronsted acid site is the crucial factor for hydrogenation.

For Rh-assisted hydrogenation of pre-adsorbed C,H4, the number of Bronsted acid
sites capable of keeping ethylene on the surface is important. It does not allow us to
distinguish between the likelihood of these two possible mechanistic pathways: the one in
which adsorbed ethylene comes to the rhodium site to be hydrogenated, or the hydrogen
spills over onto the surface. Although we noted that from a simplistic “steric size” point
of view, mobility of H should be greater on the surface, we speculate that the H that is a
hydride ligand on rhodium and forms a Rh-H bond with an approximate energy of 60
kcal/mole®” — the breaking of this bond with the following coordination of the hydride
ligand to the surface which requires the energy to break the Rh-H bond and then create a
kind of H-relay on zeolite capable of operating only by successive bond breaking-bond

formation events, is less likely.

2.3.3 Rh(CO), Supported on HY30, 15 and 2.6 Zeolites in Ethylene
Hydrogenation and Dimerization

Site-isolated rhodium dicarbonyl complexes supported on HY zeolites are active in

ethylene hydrogenation, with a typical TOF/Time on stream plot presented in Fig. 2.8.
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Fig. 2.8 Comparison C,H4 hydrogenation activity of Rh(CO), complexes on different HY
zeolites as a function of time on stream. (Reaction conditions: 25°C; GHSV= 60000
ml/g-h; feed composition: 76 Torr C,H4/608 Torr Hy/He balance; total C,H4 conversion
below 5%).

Based on these data, it is clear that all Rh(CO),/HY complexes are active catalysts for
ethane formation. The initial activities follow the range HY2.6>HY15>HY30. After
approximately 10 hours, all three catalysts reach steady state with significant TOF drops
for Rh(CO), on HY 15 and 2.6 while for Rh(CO),/HY30 there is no drop, and even after
20 h on stream it remains stable and has higher activity than Rh(CO), on HY 15 and 2.6
samples. Such a rapid drop in hydrogenation activity could be indicative of poisoning of

active sites: it is well-known that the higher the amount of Bronsted acid sites, the higher
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the rate of formation of carbonaceous and condensed aromatics in the zeolite pore[ that
act as a catalytic poison by blocking catalytically active sites.

Ethane is not the only product formed. Isomeric n-butenes are also produced in a gas
phase revealing unique activity of rhodium carbonyl complexes for ethylene
dimerization. Results of the typical experiment performed at 608 Torr of H, and 76 Torr
of C,H4 under ambient conditions show rates of ethane, butene-1, cis-2-butene and trans-

2-butene formation with time on stream (TOS) (Figs. 2.9, 2.10 and 2.11).
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Fig. 2.9 Dimerization activity of Rh(CO),/HY30 as a function of time on stream.

(Reaction conditions: 25°C; GHSV= 60000 ml/g-h; feed composition: 76 Torr C,H4/608
Torr Ho/He balance; total C;H4 conversion below 5%).
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Fig. 2.10 Dimerization activity of Rh(CO),/HY15 as a function of time on stream.
(Reaction conditions: 25°C; GHSV= 60000 ml/g-h; feed composition: 76 Torr C,H4/608
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Fig. 2.11 Dimerization activity of Rh(CO),/HY?2.6 as a function of time on stream.
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Although ability of HY zeolite-supported Rh(C,H,4), complexes to promote ethylene
hydrogenation and ethylene dimerization was described in literature *"**, the fact that
Rh(CO), species are capable of facilitating similar transformation is somewhat
unexpected. More specifically, it was reported that poisoning of Rh sites with CO results
in complete catalyst deactivation. >

Ethylene dimerization activity is unusual. Only molecular Rh-complexes promoted
with HHalogen were active in ethylene dimerization in solution as was described by
Cramer™®. In his study, the catalytic cycle involving the catalytically active highly-
reactive C,HsRh(III)Cl,(C,H,) anionic intermediate was deduced.

Based on a series of precise kinetic and NMR measurements, the lability of Hal
ligand as well as presence of protons in the solution were the absolute requirement for
this reaction. Moreover, the first-order coordination between the rate of butane-1
formation and concentrations of [H'] was discovered.

Based on these data, the following tentative mechanism for ethylene dimerization on
HY supported carbonyl complexes could be deduced: one of the CO ligands in Rh(CO),
complex is substituted with ethylene yielding Rh'(CO)(C,H,) species. The following
transformation implies oxidative addition of hydrogen and formation of formally 18-
electron Rh™(CO)(C,H,)(H), complexes which rapidly undergo hydride ligand migration
giving Rh"(CO)(C,Hs)(H) structures. The subsequent reductive elimination of ethane
from such surface species yields coordinatively unsaturated and highly reactive 14-
electron Rh'(CO) complexes which immediately coordinate ethylene from a gas phase
closing up the catalytic cycle. In contrast to hydrogenation, the mechanistic aspects of

ethylene dimerization involving rhodium dicarbonyls are not obvious and have not been

60



discussed. The closest analogue to such species reported in literature with substantial
activity in butenes formation are HY zeolite-supported Rh(C,H4), complexes which are
proposed to operate via bifunctional mechanism which involve Rh sites and Brgnsted
acid sites of the zeolite support. 2

Comparison of activities and selectivies for C;Hy4 hydrogenation/dimerization for

various zeolites is summarized in Table 2.2.

Table 2.2 Catalytic properties of HY zeolite-supported Rh(CO), complexes in conversion
of C,H,4 at maximum activity.

Sample TOF (s 1) Product selectivity (mol %)*
C,Hs Cy4 C,Hs Cy
Rh(CO)»/HY30 5.69 x 107 12.82x 10° 31 69
Rh(CO),/HY 15 29.04 x 107 42.44 x 107 40 60
Rh(CO)»/HY2.6 | 79.88 x 10~ 73.98 x 107 55 45

2.3.4 Comparison of Catalytic Activities of HY and Alumina-Supported Rh
complexes

The possibility of the support to play a role of the macroligand affecting properties

39-44
d.

and reactivity of supported complexes has been discusse It is of merit to mention

that support effect are magnified when atomically dispersed metals or small metal
clusters are anchored on the support.42’45

It was shown, for instance, that temperature of CO ligand hydrogenation when using

immobilized Rh(CO), species as catalysts depends on the support and it decreases in the
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following order NaX < Al,O3 < NaY < TiO, which is consistent with decreasing electron
accepting properties of supports.42 It is remarkable, that when highly dispersed Rh
clusters were used, CO hydrogenation activity varied over 200-fold dependent upon the
support (SiO,, A1,03, MgO, CeO, and TiO, were used).41 In another work it was
demonstrated that activity of low nuclearity supported Rh clusters (2-4 atoms in size) in
1,3-butadiene hydrogenation is biased to electronic properties of the support and
exceptional selectivity to 1-butene was obtained on MgO which possesses of significantly
higher electron-donating properties than zeolite Y.’

In order to understand if the support has some effect on catalytic properties of
supported Rh(CO), complexes, the catalytic performance of Al,O3 and HY30 supported
Rh(CO), complexes was compared. It is implied that the key intermediates responsible
for catalytic activity of HY zeolite-supported Rh(CO), species in ethylene hydrogenation
could potentially be Rh(CO)(H)x complexes which can be synthesized selectively on
zeolite surface via sequence of C,Hs-H; reactions.”* Interestingly, similar
transformations performed with Al,Os-supported Rh(CO), complexes does not result in
the formation of Rh(CO)(H)y species.

FTIR spectra in CO stretching region of the initial Rh(CO),/Al,O3 sample exhibits
two bands at 2090 cm” and 2014 cm™ characterizing symmetric and asymmetric
vibrations of CO ligands, respectively, with an average FWHM of approximately 24 cm”
! The infrared peaks of HY30-supported Rh(CO), species are extremely narrow with
FWHM of about 6 cm™ suggesting their high structural uniformity with v(CO) bands
located at 2117 cm™ and 2051 cm™. We note that EXAFS measurements confirmed the

presence of site-isolated Rh(CO), species on both supports*®. Such a significant
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difference in positions of v(CO) peaks is a first indication of quite different properties of
ALO3; and HY zeoltie as ligands and, more specifically, it reveals stronger electron-

accepting properties of zeolite oxygen atoms (Fig. 2.12).
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Fig. 2.12 FTIR spectra in the CO region of Rh(CO),/Al,03 (A) in He (B) after exposure
to C,Hy for 10 h (C) after exposure to H, for 30 min.

When Rh(CO),/Al,O3; sample was exposed to stream of ethylene for 10 hours
(followed by helium purge), the band at 2090 cm™ lost about 90 % of its initial intensity
and shifted to 2083 cm™ while the band at 2014 cm™ broadened and slightly blue-shifted
to 2018 cm™'. Simultaneously, weak features appeared at 3075, 3057, 3010, and 2978 cm’
! characterizing v(CH) vibrations of ethylene n bonded to Rh center. In contrast, in case if
Rh(CO),/HY30 sample ethylene pulse of only 3 minutes was sufficient to remove 97 %

of 2117 cm™ band intensity and no shift of the v,5(CO) peak at 2052 cm™ was detected.
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Consistent with the presence of ethylene ligand on Rh, the bands in v(C—H) region
were also identified although at slightly different positions: 3094, 3070, 3021, and 2986
cm”. These data suggest that ethylene exposure to Rh(CO), species results in its
coordination on Rh site yielding Rh(CO)(C,H4) complexes. We note that for both
supports C,H4/CO substitution was reversible, i.e. pulse of CO led to immediate
reappearance of bands characterizing initial Rh(CO), complexes indicating that CO
affinity to Rh is very high regardless of the support.

It is known that Rh(CO)(C,;H4) complexes can be converted into stable Rh(CO)(H)y
species in hydrogen flow.** More specifically, this transformation is accompanied by
evolution of a strong band at 2091 cm™ and weak features at 2170-2120 cm™ region in
FTIR spectrum characterizing v(CO) and v(Rh-H) vibrations in the rhodium carbonyl
hydride complexes, respectively. In contrast, exposure of Al,Os-supported
Rh(CO),(C,Hy4) species to hydrogen for 60 minutes led to the appearance of bands at
2056 cm” and 1815 cm™ with no peaks evolving in 2100-2200 cm’! region.
Simultaneously, weak features in v(CH) region disappeared from the spectrum and
ethane was detected in a gas phase with mass-spectrometry suggesting that observed
changes are associated with hydrogenation of ethylene ligands into ethane. This result
clearly indicates that unlike in case of zeolite-supported sample, rhodium hydrides
species are not formed. The bands at 2050-2070 cm™ and 1800-1900 cm’ region were
previously reported in literature and are normally assigned to carbonyl groups linearly

4749 We also note that

and bridged bound to metallic rhodium species, respectively.
similar bands evolved in the spectrum when Al,Os-supported Rh(CO), complexes were

heated in H, to 100 °C (2053 cm™, 1830 cm™) . We propose that at this temperature
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rhodium dicarbonyls become mobile and aggregate into rhodium particles (but
temperature is not high enough for carbonyls to fully react).

We exclude formation of Rhy(CO);, and Rh(CO);6 clusters under given conditions
(after C,H4-H, sequence) for several reasons. First, FTIR signatures of these species
supported on alumina have four bands with at least one band located in 2080 cm™ region:
2083s, 2060ms, 2004s, and 1802w (Rhs(CO),6/Al,03) and 2383s, 2058ms, 2032s, and
2002w cm” (Rh4(CO)12/AL03).”° Secondly, Rh/CO ratios in Rhe(CO);6 and Rhy(CO);,
complexes are 0.375 and 0.333, respectively, which is lower than in Rh(CO),/Al,0O;
sample indicating that there are not enough CO molecules on the surface to form Rhy4 or
Rhg carbonyl clusters. Finally, formation of small metallic rhodium aggregates (not Rh4
or Rh6 clusters) from alumina supported Rh(CO), species was reported by Wovchko et al
when they investigated transformations of these complexes in hydrogen atmosphere
under the UV light.5 ! Therefore, we infer that, unlike in case of HY zeolite, alumina
facilitates aggregation of Rh species upon consecutive exposure of Rh(CO), complexes
to C;Hs and H,. However, it can be suggested that transient formation of alumina-
supported Rh(CO)(H)y species occur since ethylene hydrogenation into ethane could only
proceed via intermediate formation of hydrides but the former complexes are not
stabilized by the support and immediately recombine into Rh aggregates.

We propose that among key factors contributing to different surface chemistry of
rhodium species on alumina and HY zeolite are metal oxidation state in supported
complexes and structure of the support surface. FTIR data and XPS measurements show
that Rh formally more electron positive when supported on HY zeolite than on alumina.

As a result, we expect less backdonation (donation of electron density from filled d
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orbitals of Rh to empty antibonding orbitals of CO) occurring in case of zeolite-supported
Rh(CO), species and, consequently, weaker Rh-C bond (more liable) if compared to
AlyOs-anchored rhodium carbonyl complexes. Besides, we propose that remarkable
stability of HY zeolite-supported Rh(CO)(H)x complexes could be related to Si/Al ratio
in the framework. More specifically, it is known that excess negative charge around
isolated Al sites of the zeolite framework is the primary reason for the coordination of
Rh(CO), fragment to such sites.*® These sites do not exist on alumina where surface is
relatively energetically homogeneous favoring Rh migration under the reducing
conditions.

Such different surface chemistry of rhodium complexes on alumina and dealuminated
zeolite has drastic impact on catalytic performance of these materials. Fig. 2.13
demonstrates activity of HY30 and Al,Os supported samples in ethylene hydrogenation
with time on stream (TOS). HY30-supported sample has an induction period of about 6
hours associated with C,H4/CO exchange with TOF reaching about 0.04 s after that
period. In contrast, Al,Os-supported sample exhibits virtually no activity with TOF being
nearly 0.003 s™ after 20 h on stream. This result confirms the key role of Y zeolite-
supported Rh(CO)(H)x complexes in ethylene hydrogenation suggesting that these
species are intermediates in this reaction.

Moreover, this result points at the unique nanoenvironment inside the pores of
dealuminated Y zeolites. This environment not only stabilizes the isolated mononuclear
rhodium dicarbonyl species through the direct chemical interaction with the framework
oxygens associated with the aluminium atom, but it also serves as a very unusual ligand

(macroligand) that renders them catalytically active.
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Fig. 2.13 Rates (Turn Over Frequencies) for Ethane formation with Time on Stream
(TOS) for (A) Rh(CO),/HY 15 and (m)Rh(CO),/Al,O5 at 76 Torr of C,H4 608 Torr of
H,.

2.3.6 Kinetics and Ethylene Hydrogenation and Dimerization on HY30
Supported Rh(CO), Complexes

It was demonstrated that HY30 zeolite-supported Rh(C,H4), complexes active not
only in ethylene hydrogenation but also have significant activity in ethylene dimerization

35

into n-butenes.™ It was also noted that poisoning of Rh sites with CO results in almost

complete catalyst deactivation towards formation of butenes as well hydrogenation.3 >
However, since we demonstrated that HY zeolite-supported Rh(CO), species are active in
ethylene hydrogenation, it is of particular interest to understand weather same complexes
could promote ethylene dimerization. In order to explore activity of HY zeolite-supported

Rh(CO), in these reactions we performed the set of experiments with varying partial

pressures of H, and C,Ha. In the first series of experiments C,H, partial pressure was kept
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at 76 Torr while H, partial pressure was varied in the 76-608 Torr range. Results
presented herein (Table 2.3) clearly demonstrate significant increase in a rate of ethane

formation (TOF) with H; partial pressure.

Table 2.3 Kinetic Data for C, and C4products for the reaction on Rh(CO),/HY30.

Sample Product Order in H, Order in C,Hy
Rh(CO),/HY30 Ethane 0.7 0.4
n-butane 1.0 0.4
Trans-2-butene 0.8 1.2
Cis-2-butene 0.7 1.1
1-butene 0.4 1.3

Linearization of these data with respect to steady-state TOF yields the 0.7 order
dependence towards partial pressure of H, Many examples of kinetic data published on
alkene hydrogenation catalyzed by homogeneous complexes of rhodium show the first

52,53 .
In our case, however, the number is

order dependence on hydrogenation pressure.
lower. The rate-dependence of ethane formation on ethylene partial pressure under given
conditions is about 0.4. Coupled with dependence on hydrogen partial pressure, this
result is the typical example of competitive adsorption of hydrogen and ethylene on one

rhodium center. Indeed, our combined FTIR and catalytic results demonstrate the unique

reaction network, characteristic of these particular complexes:
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Rh(CO), + C,Hs = Rh(CO)(C,H.)
Rh(CO)(C;H4) + H, = Rh(CO)(H), + C,Hg
Rh(CO)(H;) + C,Hs = Rh(CO) + C,Hg
Rh(CO) + H, = Rh(CO)(H),

Rh(CO) + (C,H4) = Rh(CO)(C,H,)

Therefore, the kinetics of ethane formation are somewhat more complex than for
typical homogeneous systems. The rates of butene (trans-2-butene, cis-2-butene, 1-
butene) and butane formation are also dependent on H;, and ethylene partial pressures
(Table 2.3).

Rate dependence on ethylene partial pressure for all butenes is close to 1, which is
higher than for ethane formation. This result is not surprising taking into account the fact
that two ethylene molecules have to come in contact to form the C-C bond, and is
consistent with the formidable rate dependence for dimerization reactions. For n-butane
which is a minor product, the rate of formation and dependence on ethylene pressure is
the same as for ethane (the major alkane formed in complete hydrogenation). This
suggests similar pathway for complete hydrogenation of both ethylene and butenes. The
dependence of butene formation on hydrogen partial pressure is an interesting result since
no hydrogen is consumed in dimerization reaction according to chemical stoichiometry.
Yet it clearly demonstrates that hydrogen are involved in this reaction as well, and it is
not a simple metallocycle type mechanism observed for ethylene oligomerization on
various complexes in liquid phase.”* It is also a clear analogy for our heterogeneous
system with Cramer’s findings in the homogeneous system™®, for dependence of butene-1

rate formation on proton concentration — in which protons become hydrides during the
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initial oxidative addition step, and then form butane-1 during beta-hydride elimination
from the Rh-Butyl intermediate.
As it was previously mentioned, during catalysis a mixture of butenes is formed. For
a typical mechanism, involving only the organometallic Rh-Butyl intermediate, butene-1
should always be the major kinetic product due to steric considerations. It is exactly what
was observed by Cramer during the liquid phase dimerization of ethylene on Rh-C,H4
complexes. In our case, however, the acidic groups of zeolite might play an important
role in this process. Zeolites are known to catalyze isomerization of butene-1. As Domen
and coworkers showed™, this process does not even necessarily involve the carbenium
intermediates and might be a unique feature of the solid zeolite material with unique
acidic properties and internal pore structure.
Interestingly, for liquid phase reactions catalyzed by protons the equilibrium ratio
between cis and trans-butenes is about 1:3. That ratio is finely preserved in all catalytic
results at steady-state. Therefore, we can tentatively conclude that butene-1 is formed on

the Rh center, and then it undergoes isomerization on the acidic zeolite sites.

2.3.7 Kinetic Isotope Effect in Ethylene Hydrogenation

KIE in a useful tool in assessing feasibility of various mechanisms for various
reactions, including alkene hydrogenation reactions™. Replacement of hydrogen with
deuterium at steady state and measurement of the change in reaction rate often aids in
elucidating the nature of intermediates involved in rate-determining step (or steps). The

summary for all the performed measurements is presented below:
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H, is replaced with D,
CoHs+H, » C,He+Cy > CzHG,XDX+C4(D)
Rh(CO),/HY30

For C;Hs  Kyy/K(0=0.75

ForC,  Ku/Kp)=0.81
Fig. 2.14 Tllustration of Kinetic Isotope Effect (KIE) measurement for Rh(CO),/HY30
during ethylene hydrogenation and dimerization.

Normally, the kinetic isotope effect values are expected to be 1 or greater than 1. In
our case, however, there is a clear inverse kinetic isotope effect.

For ethane formation, the kinetic isotope effect value is 0.75. For the formation of
isomeric butenes the observed kinetic isotope effect value is 0.81.

It is known®’ that the majority of R—H vs R-D reductive elimination reactions are
characterized by inverse KIEs, due to the increased thermodynamic stability of the Rh-D
vs Rh-H agostic intermediates, thus effectively lowering the transition state energy and
leading to higher reaction rates. Brookhart et al’ 8, for example, invoked the formation of
complexes with alpha-agostic interactions in Co-assisted polymerization of ethylene in
liquid phase.

The formation of such intermediates with Rh-H and Rh-D interactions in our case is
the reason for the observed values that are below 1.

The observed KIE directly demonstrates involvement of reductive elimination steps
with agnostic intermediates in the rate determining step for ethylene hydrogenation as

well as dimerization.

71



2.3.8 Possible Mechanisms of Ethylene Hydrogenation and Dimerization by
HY Supported Rhodium Complexes

Ethylene dimerization over zeolites has been described.”® The mechanism is
believed to involve Bronsted or Lewis acid sites and generally considered as sequence of
the following elementary steps: coordination of olefin to the active site, protonation of
olefin and formation of alkylcarbenium ion, addition of second olefin (chain propagation)
to alkylcarbenium ion, and deprotonation.59 Two types of mechanisms were proposed
which consider formation of either carbenium ion of alkoxy structure.”” However, our
experiments as well as literature reports suggest that at ambient conditions HY zeolites
have negligible activity in this reaction. Thus, observed activity should be ascribed either
to rhodium complexes alone or a joint action of rhodium complexes and acidic active
sites on zeolite surface. The oligomerization of olefins using metal complexes in solution
also received significant attention.®’ The commercial process of ethylene dimerization
into butene-1 currently utilizes a combination of triethylaluminum and titanium or
zirconium alkoxides Ti(OAr)4/AlEt; catalyst functioning trough the metallacyclic
mechanism which does not require external source of protons.(’z’63 Rhodium compounds
are also known to promote this reaction with most focus of the research in this direction
being on rhodium halide complexes.” It is suggested that bis(ethylene) complex of
monovalent thodium (i.e. Rh,Cl,(C;Hy4), or Rh(C;Hy),(acac)) is converted by reaction
with HCI into an ethylrhodium(III) which further coordinates second ethylene molecule
yielding a butyl fragment.*®

It was proposed by Serna et al, while investigating mechanism of ethylene

dimerization over HY-supported Rh(C,H,), species, that only one of ethylene ligands on
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Rh centre is engaged in reaction while another ligand is converted into ethyl group and
present as spectaltor.64 The second ethylene that participates in a reaction is proposed to
coordinate to -OH group associated with Al atom (bridging —OH groups) in the vicinity
of Rh site. It is important to note that this mechanism does not imply formation of
carbenium ions (i.e. protonation of either of two participating ethylenes) and hydrogen is
thought to spill on a surface to replenish protons in —OH groups of Al-OH-Si moieties
removed upon complex immobilization which involved in a catalytic cycle as a binding
sites for second ethylene molecule (one is activated on Rh center).** The role and type of
these Al sites that give rise to acidic —OH groups involved in a reaction are not clear.
Author suggested that Al-OH-Si moiety could be the same as one responsible for
complex binding or originate from neighboring Al sites.

We note that our catalytic system is structurally very similar to one described by
Serna et al with the only difference that CO ligand instead of ethyl group is present as a
spectator. This inference is evidenced by very similar reaction rates found in this work
and reported by Serna et al. However, such a strong dependence of dimerization kinetics
on hydrogen partial pressure raises the question regarding the role of hydrogen in this
process. More specifically, it is not clear weather its role is limited to interaction with
surface hydroxyls (spillover) or it is needed to produce rhodium ethyl species which
could further be converted into ethane (hydrogenation pathway) or interact with second
ethylene molecule to yield C4 chain (dimerization pathway). As we pointed out above,
the closest analog to our supported catalyst are rhodium ethylene halide complexes which
require proton source to operate.”® In fact, the catalytically active species

[Rh(C;H4),(Cl),] are isoelectronic (i.e. also 16 electron species) to Rh(C,Hy),(acac) and
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to supported Rh(C,H4) complexes (since zeolite surface is considered as 3 electron donor
in this case) indicating electronic and structural similarity between supported and
unsupported complexes. Considering significant dependence of C4 olefins formation rate
on partial pressure of hydrogen and the fact that dimerization according to beta-hydrogen
transfer route (with participation of hydride ligand) is known for rhodium complexes in
solution, ** we could assume similar mechanism for supported complexes.

This alternative mechanism which we have to consider does not involve participation
of ethylene molecule adsorbed on acid —OH group in dimerization catalysis but implies
coordination of additional ethylene ligand to Rh center. In this case the complex has to
retain 16 electrons configuration in order for dissociative addition of hydrogen to occur.
We note that zeolite surface is regarded as 3 electron donor implying that metal interacts
with one frame oxygen atom via covalent bond (contributing 1 electron to total electron
count) and with —OH group via dative bond (contributing 2 electrons to total electron
count). The dative bond is originating from the donation of lone electrons pair on oxygen
of the —OH group to Rh and considered to be labile. According to the proposed pathway,
additional ethylene molecule enters Rh coordination environment and essentially
occupies coordination space which previously has been filled by the —OH group. At the
next step dissociative addition of hydrogen occurs yielding Rh"™(CO)(C,H,),(H) species
and raising the total electron count up to 18 electrons. The following migration of hydride
leads to the formation of ethyl group giving 16-electron Rhm(CO)(Csz)(CzH4)(H)
complex. Formation of C4 chain occurs via insertion of ethylene into Rh-C,Hs bond
resulting in formation of Rhm(CO)(C4H7)(H) species. Since ethylene ligand is now

converted vacating a coordination space on Rh and the formal electron count dropped to
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14 electrons (which is nonstable electron configuration), we propose that at this stage —
OH group recoordinates to metal raising the total electron count to 16 electrons. Finally,
beta-elimination of hydrogen from butyl ligand yields butene-1 coordinated to Rh center
in = mode which subsequently evolves in a gas phase leaving Rh'™ (CO)(H), complexes.
We note that this is a tentative mechanism which is alternative to one proposed by
Serna et al and it does not involve surface —OH groups as active sites for dimerization
catalysis. In order to clarify the reaction mechanism and, in particular, role of -OH groups
we performed experiments when amount of acidic hydroxyls exposed to gas phase
ethylene was varied. This can be done in two ways: either by using HY zeolites with
different Si/Al ratios (which automatically implies different hydroxyls coverage) at
constant Rh loading (1 wt %) or use same HY zeolite (HY30) and immobilize different
amount of Rh(CO), complexes (anchoring mechanism implies consumption of one acidic

—OH group per one Rh(CO);,(acac) molecule reacted).

2.3.9 Ethylene Hydrogenation and Dimerization With HY 15 and HY?2.6
Supported Rhodium Complexes

Characterization of samples obtained after interaction of Rh(CO),(acac) with zeolites
having Si/Al ratio of 2.6 (HY2.6) and 15 (HY15) reported elsewhere® reveals that
although supported Rh(CO), complexes are structurally identical, two types of binding
sites for Rh(CO), species are present which were suggested to be due to different Al
types/Al distribution in these zeolites. Catalytic tests were performed at 608 Torr of H»
and 76 Torr of C,Hs under ambient conditions and demonstrated significant variation of

catalytic activity with the HY family. Fig. 2.8 HY2.6 supported sample exhibited a sharp
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spike in ethane and n-butenes formation rates with a maximum at approximately 30
minutes TOS followed by a rapid decline in activity. In case of HY 15 supported sample
the TOF maximum appeared at about 2.2 hours with a following moderate decline. We
note that at maximum activity HY2.6 and HY15 supported rhodium species showed
reaction rates 7.2 and 3.2 times higher than HY30 supported, respectively.

It is peculiar that the activity towards the formation of n-butenes follows the same
trends as formation of ethane suggesting that both reactions could probably involve the
same active site and both are likely affected by same factors. (Figures 2.9, 2.10 and 2.11)
Consistent with our previous observations, butenes composition close to equilibrium
achieved only at early stages of the reaction, namely, before maximum activity is reached
and deactivation started to prevail. FTIR spectra in v(C-H) region collected on used
samples show substantial difference in amount of accumulated hydrocarbons. (Fig. 2.15)
More specifically, the integrated intensities of v(C-H) bands in case of HY2.6-based
samples is significantly higher than on HY 15, HY30-supported materials suggesting that
Al rich zeolite promotes formation of oligomers which is consistent with observed
deactivation pattern.

Such a significant difference in activities of HY zeolite-supported Rh(CO),
complexes exhibited in the initial period of the reaction is of particular interest. Since
experimental conditions and metal loading were kept the same in these experiments, the
observed difference in activity should be associated with different amount of —OH
groups. The alternative explanation of this effect could be a change of active site
structure (possible reduction of rhodium and formation of rhodium clusters or

nanoparticles). However, rhodium clustering was not observed (vide infra).
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Fig. 2.15 FTIR spectra in the CH region of Rh(CO),/HY30(A), Rh(CO),/HY15(B),
Rh(CO),/HY?2.6 after reaction: 608 Torr of H, and 76 Torr of C,H, for 20 h.

In order to understand whether rhodium aggregation is responsible for a boost in
HY2.6 and HY 15 based catalysts activity, XPS characterization of samples before and
after reaction was performed. XPS results for fresh Rh(CO), complexes supported on
HY30, HY15, and HY2.6 indicated Rh 3d binding energy of 308.8 eV, 308.8 eV, and
308.5 eV, respectively, corresponding to rhodium in +1 oxidation state which is

66,67

consistent with most literature reports. XPS data on samples after reaction showed no

evidence of Rh species with binding energy below 308.3 eV suggesting that rhodium
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clustering is unlikely. Although we admit that formation of Rhg or Rhy clusters on HY
supports could be a possibility (especially in case of Al reach supports such HY2.6),
literature data suggest that the drop in the Rh 3d binding energy a of approximately 0.7
eV should be expected for Rh(CO), to Rhs/Rhg transformation.®® Additionally, exposure
of a used samples to a pulse of CO results in immediate reappearance of v(CO) bands
with same integrated intensity as initial Rh(CO), complexes regardless of a support
indicating that structurally Rh sites remained unaltered. Although we do recognize that
oxidative disruption of small Rh clusters with CO could occur, experiments with CO
adsorption on Y zeolite-supported Rh clusters characterized by Nrprn = 4.6 revealed no

evidence of this process taking place to a measurable extend.

Table 2.4 XPS data characterizing Rh(CO), species supported on HY30, HY 15, and
HY?2.6 zeolties after reaction in 608 Torr H,, 76 Torr C,H,4 for 20 h.

Sample Rh 3dsp, eV | FWHM, eV | Rh 3d;;, eV | FWHM, eV
Rh(CO),/HY30 308.4 2.1 313.1 2.1
Rh(CO),/HY15 308.5 1.8 313.2 1.8
Rh(CO),/HY2.6 308.7 22 3134 2.2

Thus, increase activity of HY15 and HY?2.6 based materials should be attributed to
the influence of the support. We note the striking similarities between plots showing rates
of ethane formation (as well as trans- and cis-2-butene) in experiments with HY30
supported rhodium complexes performed at 607 Torr of H, and different C,H,4 partial
pressures (38 -152 Torr) and experiments carried out at 607 Torr of Hyo/76 C,Hs with

HY 15 and HY2.6 supported samples. One of the possible explanations for these data
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could be a purely kinetic factor of surface concentration of ethylene. Interaction of
ethylene with Bronsted acid sites of zeolites is known and often reported as first step in
ethylene dimerization mechanism over zeolties. Thus, one can assume that concentration
of ethylene on the surface could be varied by either changing partial pressure of ethylene
in a gas phase or by changing number of surface binding sites — hydroxyl groups.

If ethylene coverage at giving experimental conditions is not full (and we assume that
at low partial pressure of ethylene this holds true) than the reaction rate (dimerization)
should be defined by proximity of acid sites to Rh centers (-OH groups density) and
partial pressure of ethylene in a gas phase. In case of HY30 zeolite, there is only about 1
Al atom and, therefore, only 1 —OH group per supercage.” The Rh loading of 1 wt%
allows only for 1 Rh per 8 supercages making the probability of close location of Rh to a
—OH group in case of HY30 small. In case of HY15 and HY2.6 materials, there are
approximately 2 and 6 Al atoms per supercage69, respectively, making the likehood of
close proximity of Rh and Brgnsted acid site higher.

Finally, we have to acknowledge the possible effect of extraframework Al species
(EFAL). It is proposed that up to 50 % of Al atoms in HY2.6 zeolite are nonframework
and exist as EFAL species ® which could serve as binding sites for supported Rh(CO),
complexes. Although the exact role of EFAL species in catalytic performance of
supported Rh complexes in hydrogenation and/or dimerization reaction is not clear, it is
reported that Y zeolites with high EFAL content greatly enhance hydrogen transfer

reactions (H/D exchange etc) at elevated temperatures.”>’

One of the proposed
explanations attributes this effect to so called “superacidity” of bridging Al-OH-Si

hydroxyls due to close proximity of these sites to the the extraframework AIOH species
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(Lewis acid sites).72 However, since all our experiments were conducted under ambient
conditions, we consider such effects negligible.

One of the possible ways to elucidate whether Brgnsted —OH groups are responsible
for enhanced activity of HY?2.6 supported sample would be to make them inaccessible for
ethylene molecules, i.e. to block them with another more strongly binding molecule. This
can be done by using water as it was reported that water and ethylene compete for
Bronsted acid sites and physisorbed water prevents the adsorption of the olefin.” The
ultimate condition that has to be met in this case is that water must not interact with Rh
sites and we showed previously that, unless water is present in a gas phase, it does not
coordinate to Rh species.65 In order to prepare samples with different water content, the
HY2.6 zeolite was subject to pretreatments at deferent calcination temperatures before
Rh(CO), complexes were immobilized on its surface (100, 200, 300 and 400 °C). FTIR
spectrum characterizing sample treated at 100°C revealed the presence substantial
amounts of water as evidenced by infrared bands at approximately 3500 and 1630 cm’™
assigned to stretching and bending vibrations, respectively, of H,O molecules hydrogen-
bonded to zeolite —OH groups. (Fig. 2.16 and 2.17) The sample treated at 200°C showed
significant decline in intensity of bands characterizing H,O while new features emerged
at 3630 and 3565 cm™ designating acidic hydroxyls. Finally, samples after thermal
treatments in the 300-400°C temperature range revealed no evidence of surface-bound
H,0. Catalytic performance of those materials measured. These data indicate that there is
about 30 % drop in ethane formation rate at maximum activity for sample treated at 100
°C if compared to samples calcined 200 °C, 300 °C, and 400 °C and deactivation patterns

for all four samples are very similar.
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Fig. 2.16 FTIR spectra in the OH region of Rh(CO),/HY?2.6 sample obtained by reaction

of Rh(CO),(acac) with HY?2.6 zeolite calcined at 400 °C (A), 300 °C (B), 200 °C (C), and
100 °C (D).
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Fig. 2.17 FTIR spectra in the H>O region of Rh(CO),/HY2.6 sample obtained by reaction

of Rh(CO),(acac) with HY2.6 zeolite calcined at 100 °C (A), 200 °C (B), 300 °C (C), and
400 °C (D).
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There is also a relatively small decrease in activity towards trans-2-butene and cis-2-
butene formation (Catalytic results are presented in Figs .2.18, 2.19 and 2.20) and
virtually no change in TOF of butene-1 formation for H>O rich sample (100 °C calcined).
(Fig. 2.21) These catalytic results certainly suggest that blocking Bronsted acid sites with
water does indeed influence the catalyst activity in both ethylene hydrogenation and

dimerization reactions although the magnitude of the observed effect is not huge.

350

= 300 200, 300, 400 °C

*

e

T 550

o

£ 100°C

2 200

N

S

S 150 A

€

=

2 100

L

o

= 5
Ol! T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Time, h
Fig. 2.18 Turn Over Frequencies (TOF) for ethane formation with Time on Stream (TOS)

for Rh(CO),/HY2.6 sample with HY2.6 zeolite calcined at 100 °C (e), 200 °C (m), 300 °C
(A), and 400 °C (#).
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Fig. 2.19 Turn Over Frequencies (TOF) for Trans-2-butene formation with Time on
Stream (TOS) for Rh(CO),/HY2.6 sample with HY2.6 zeolite calcined at 100 °C (e), 200
°C (m), 300 °C (a), and 400 °C (#).
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Fig. 2.20 Turn Over Frequencies for cis-2-butene formation with Time on Stream (TOS)
for Rh(CO),/HY2.6 sample with HY2.6 zeolite calcined at 100 °C (@), 200 °C (m), 300 °C
(a), and 400 °C ().
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Fig.2.21 Turn Over Frequencies of Butene-1 formation with Time on Stream (TOS) for
Rh(CO),/HY2.6 sample with HY2.6 zeolite calcined at 100 °C (@), 200 °C (m), 300 °C
(a), and 400 °C (#).
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2.3.10 Catalytic Ethylene Hydrogenation and Dimerization on HY30
Zeolite-Supported Rhodium Dicarbonyl Complexes with Variable Rhodium
Loadings

The alternative way to vary amount of acidic hydroxyls that could serve as binding
sites for ethylene molecules and participate in dimerization catalysis would be to
immobilize different amount of Rh(CO),(acac) complexes. We note that protonation of
the acetylacetonate ligand by the bridging —OH group is the only expected and known
pathway for complex immobilization. It means that each zeolite has only a certain
number of sites capable of accommodating Rh complexes. In order to reveal the
maximum Rh uptake when complexes are still chemically bound to the oxygens around
aluminium atom, FTIR measurements of samples prepared by interaction of HY zeolite
with different amount of Rh(CO),(acac) were conducted. We used zeolite with the lowest
Al content in a framework (HY30) where limiting chemisorption capacity is expected at
reasonably low Rh loadings.

FTIR spectra in v(CO) region for samples with 1, 2, 3 and 4 % wt of Rh are presented
in Fig 2.22. For samples with 1 and 2 % wt of Rh only bands at 2117 and 2053 cm™" are
observed suggesting the presence of anchored Rh(CO), species. As Rh loading was
increased to 3 and then to 4 % wt, two new band pairs appeared in spectra. More
specifically, for the sample with 3 % wt of Rh the bands at 2107, 2039 cm™ and 2093,
2025 cm” were detected indicating partially reacted and unreacted Rh(CO);,(acac)
complexes. Similar features were observed for the sample with 4 % wt loading (2105,
2038 cm™! and 2090, 2024 cm'l), in this case however intensities of bands at 2090 and

2024 cm’' characterizing physisorbed Rh(CO)1(acac) complexes are increased.
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Fig.2.22 FTIR spectra of the CO region of Rh(CO),/HY30 at different Rh loading: 1,
2,3,and 4 %wt.

The above mentioned results suggest that the maximum capacity of HY30 zeolite
towards chemisorption of precursor complexes is somewhere between 2 and 3 % wt and,
therefore, the following catalytic testing was performed for the sample with 2 % wt Rh
loading. Catalyst activity in both ethylene hydrogenation and ethylene dimerization was
evaluated at 76 Torr of C,H4 and 608 Torr of H, under ambient conditions (as described
before). Fig 2.23 compares activities of HY30 supported Rh(CO), species at 1 % and 2 %
wt Rh loadings and indicates that the rate of ethane formation experienced about 50 %
drop as Rh loading increased from 1 to 2 % wt. Similar pattern was observed for the rate

of n-butenes formation (butene-1, trans-2-butene and cis-2-butene),
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Fig.2.23 Rates (Turn Over Frequencies) of ethane formation with Time on Stream (TOS)
for Rh(CO),/HY30 with 1 % wt Rh(e), 2% wt Rh(m).

140 -
2 490
K
o
© 100 -
E
=
T 80
3]
g 60
gt
o
- -
T 40
o
'—
20
0 : : : : : : : : :
0 2 4 6 8 10 12 14 16 18 20

TOS, h

Fig.2.24 Rates (Turn Over Frequencies) of Butenes (Trans-2-butene, Cis-2-butene,
Butene-1) formation with Time on Stream (TOS) for Rh(CO),/HY30 with 1 % wt Rh(e),
2% wt Rh(m).
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These data imply that both processes follow the same trend, confirming our
conclusion that they probably through very similar intermediates. We note that the
observed behavior is consistent with activities detected for Rh(CO), complexes supported
on HY zeolites with different Si/Al ratios but, in fact, demonstrates the reverse trend -
decrease in the rate of dimerization and hydrogenation with decrease of acidic hydroxyls
coverage. Such a strong dependence of the dimerization rate on the amount of surface —
OH groups points out to the key role of these sites in dimerization catalysis.

To explore this further, we plotted the hydrogenation and dimerization activity of
Rh(CO), supported on HY 30, 15 and 2.6 against the Si/Al ration (which is essentially
inversely proportional to the total number of Bronsted acid sites in the zeolite). These
results are summarized in Figs. 2.25 and 2.26.

These results fully confirm and strengthen our previous findings. They show almost
perfect linear dependence of the dimerization activity on the amount of Bronsted acid
groups which is in line with the results obtained by Cramer for ethylene dimerizarion on
the rhodium complex in solution in the presence of acid. This is the direct analogy of the
supported sample to the organometallic complex in solution. Also, there is clearly a
straightforward dependence of the hydrogenation pathway on the amount of Bronsted
acid sites.

In summary, we can conclude that ethylene dimerization and hydrogenation involves

both Rh complexes and —OH groups of the zeolite as active sites.
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Fig. 2.25 Hydrogenation activity of HY zeolite-supported Rh(CO), complexes as a
function of Si/Al ratio. (Reaction conditions: 25°C; GHSV= 60000 ml/g-h; feed
composition: 76 Torr C,H4/608 Torr H,.
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Fig. 2.26 Dimerization activity of HY zeolite-supported Rh(CO), complexes as a
function of Si/Al ratio. (Reaction conditions: 25°C; GHSV= 60000 ml/g-h; feed
composition: 76 Torr C,H4/608 Torr Ho/He balance; total C,H4 conversion below 5%).
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2.3.11 Tuning Selectivity of Ethylene Dimerization Pathway on Rh(CO),
HY30 Supported Complexes

Tuning the selectivity of a chemical reaction promoted by homogeneous catalyst is
normally achieved by modifying electronic and/or steric properties of a metal
complex.”*” This implies detailed understanding of a reaction mechanism and reactivity
of modified catalyst. The mechanism of ethylene dimerization discussed above suggests
cooperative action of Rh complex and neighboring —OH group implying that both sites
have to be located in close proximity to each other.

One of the more selective approaches to modifying the selectivity to the dimerization
pathway would be to “switch off” —OH groups. This can be done using
trimethylchlorosilane which is known to selectively react with —OH groups of the surface
to form —Si(CH3); groups on the surface with a quantitative yield:

S-OH + Si(CH3);Cl = S-O-Si(CHj); + HCl

Three samples were produced, in which the desired amount of —OH functionalities
was switched off prior to the reaction (with respect to 1% Rh amount): 20, 80 and 100
percent respectively. The selectivity trends are summarized in Table 2.5.

The selectivity trend suggests that we have been able to progressively turn off the
dimerization pathway by blocking the -OH Bronsted acid groups and achieved 100%
selectivity to ethane when all —OH groups were blocked. It finally sets the record clear
and proves the dimerization pathway proceeds only in the presence of —OH groups on the
surface while ethane dimerization proceeds with and/or Bronsted acidic surface
hydroxyls. Further clarification of the question pertaining to ethane formation in the

presence or absence of OH groups is provided in the next chapter.
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Table 2.5 Selectivity at steady-state for C, and C4 products on Rh(CO),/HY30.

%-OH group Ethane, C4 products, Ethane C4 Products

switched off | TOF*10° s™ TOF*10°s™ Selectivity, % | Selectivity, %

0 5.6 12.8 31 69
20 6.8 1.7 80 20
80 5.0 1.4 80 20
100 6.8 0 100 trace

2.3.12 Revised Mechanism of Ethylene Hydrogenation and Dimerization by
HY Zeolite-Supported Rh(CO), Complexes

STEM imaging of Rh(CO)2/HY30 catalysts after catalysis shows lack of rhodium
segregation/clustering after catalysis (Fig. 2.27). The mononuclear nature of the catalytic
center is finely preserved during catalysis.

Also, the comparison of the ethylene hydrogenation catalytic activity for the HY30
Supported Rh(CO),, Rh(CO)(C,H4) and Rh(CO)Hy catalysts is presented in Fig. 2.28.
These data reveal that despite the initially variable ligand environment around the metal
center, at steady state the ethane related activity for all the catalysts is the same. It means
that eventually the same intermediates are present on the surface, most likely Rh(CO) or
Rh(CO)(C;H4). The initial rapid hydrogenation of ethylene on Rh(CO)Hy catalyst
clarifies the ability of Rh hydrides to quickly hydrogenate gas phase ethylene and form
ethane, this is probably how ethylene can be hydrogenated in the absence of acidic

protons on the surface (when we switch off all protons).
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Fig. 2.27 High-angle annular dark-field (Z-contrast) STEM image of Rh(CO),/HY30
after 20 h catalysis. The image shows only individual Rh atoms and no Rh clusters.
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Fig. 2.28 Hydrogenation activity of different HY30 zeolite-supported Rh complexes as a

function of time on stream. (Reaction conditions: 25°C; GHSV= 60000 ml/g-h; feed
composition: 76 Torr C,H4/608 Torr Hy).
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Knowing this and all the previous collected data, a revised mechanism displaying the

network of reactions for ethylene hydrogenation/dimerization can be drawn (Fig. 2.29)

CgH,g CcO /FH:‘CH:‘
Rh(CO),/HY30 D A ———
PR |
o] o] H
N °
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|

Fig. 2.29 The catalytic ethylene hydrogenation and dimerization network on Rh(CO),/HY
complexes. C4 products form only via surface assisted pathway. Ethane forms on single
Rh site (via reduction elimination route) as well as on the Rh/Surface cooperative site.

2.4 Conclusions

HY zeolite-grafted rhodium dicarbonyl, carbonyl ethylene and carbonyl hydride
complexes are active in both ethylene hydrogenation and dimerization under ambient
conditions. The Bronsted acidic groups of support are of crucial importance in defining
catalytic functions of supported rhodium carbonyl complexes for the dimerization

pathway, and partially, for the hydrogenation one. More specifically, HY zeolite and
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Al Os-supported rhodium species exhibit very different surface chemistry and, as a result,
different catalytic properties which are proposed to be due substantially different electron
withdrawing properties of these supports. Activity measurements revealed that Al,Os-
anchored Rh(CO), complexes are inactive in ethylene hydrogenation and dimerization.
Kinetic data acquired on HY zeolite-supported catalyst indicate that ethane and C4
formation rates depend on partial pressure both hydrogen and ethylene of suggesting that
probably both reactions involve Rh-H species as active intermediates. Inverse Kinetic
Isotope effect value for both C, and C4 products confirms this conclusion. The role of the
support in dimerization mechanism was investigated in experiments where amount of
acidic —OH groups available for ethylene adsorption was varied. These results
conclusively demonstrated that zeolite surface is involved in the C-C bond formation
reaction and revealed the bifunctional nature of HY zeolite-supported rhodium species in
ethylene dimerization. Finally, we demonstrated that catalytic activity of HY zeolite-
supported Rh(CO), complexes can be tuned by modifying the amount of acidic —-OH

groups and the dimerization pathway can be switched off completely.
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF HY ZEOLITE SUPPORTED
RuoODIUM DINITROSYL COMPLEXES AND THEIR USE AS CATALYSTS FOR
ETHYLENE HYDROGENATION AND DIMERIZATION

3.1 Preface

HY Zeolite-supported mononuclear Rh(NO), complexes can be selectively formed
upon exposure of Rh(CO),/HY to the gas phase NO/He. They are structurally similar to
Rh(CO),/HY with Rh(I) retaining square planar geometry and nitrosyl ligands adopting a
linear configuration. N-Rh-N angle on average is slightly larger than the C-Rh-C angle
for analogous rhodium carbonyl complexes. Two types of species are formed on the
support as evidenced by deconvolution of the FTIR vno region.

The ratio between type I and type II species depends on Si/Al ratio, although not as
drastically as for Rh(CO),/HY. Rh(NO),/HY30 is active in ethylene hydrogenation and
ethylene dimerization under ambient conditions. This is the first unprecedented example
of supported transition-metal nitrosyl complex capable of performing a catalytic reaction.
Moreover, this is the first example of a site-isolated Rh complex with ligands other than
ethylene or carbonyl, which can catalyze both ethylene hydrogenation and dimerization.
Unlike its dicarbonyl counterpart, dinitrosyl rhodium complex has a uniquely different

reactivity
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towards ethylene and hydrogen, that is, it activates hydrogen without hydride formation
(and ethylene weakly bonds to it).

At steady state, it shows higher activity (0.01 vs 0.0056 s™) and selectivity (60% vs
32%) towards ethane formation. The zeolite support appears to play an important role for
both dicarbonyl and dinitrosyl Rh species. Activity measurements performed on HY
zeolite-supported catalyst at 76-608 Torr of H, and 38-152 Torr of C,H4 uncover
dependence of both hydrogenation and dimerization pathways on partial pressure of
hydrogen while the dimerization pathway shows a greater dependence on the partial
pressure of ethylene.

The mononuclear site-isolated nature of the Rh species is preserved even after 20
hours of continuous catalysis as evidenced by FTIR data and HAADF-STEM images of
the used catalyst. .That is, for the first time, the precise variation of the ligand (and
therefore electronic) environment around a single metal center anchored to the support
(the concept ubiquitous in solution organometallic chemistry) has been achieved on a
single site scale in heterogeneous catalysis and its effects on structure-catalytic property

relationships have been unambiguously studied for Rh(CO),/HY30 and Rh(NO),/HY30 .

3.2 Introduction

The idea of having a mononuclear single-site catalyst that retains its integrity during
catalysis is very attractive'™®. Indeed, multiple liquid phase catalytic processes with
organometallic complexes are known, such as methanol carbonylation (the so-called

Monsanto process)’ on single-site [Rh(CO),I,]” complexes and hydroformylation (which
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remains the largest homogeneous catalytic process in the world with more than 15 billion
tons of aldehydes and alcohols produced on yearly basis) on various single-site Co and
Rh hydride cornplexes6’7. Such processes with 100% dispersion of essentially molecular
metal species offer remarkable activity and selectivity but have a few drawbacks:
catalysts often suffer fast deactivation, and the separation of reagents and products can be
very trickyg. Heterogeneous catalysts, on the other hand, often demonstrate improved
stability and ease of product/catalyst separation. Therefore, significant effort has been
invested into preparation of heterogeneous analogues of molecular complexes: such
species are considered molecular in nature often allowing for similar reactivity patterns as
exhibited by their molecular precursors in solution’"'. Pioneered by Basset and Gates,
this approach proved fruitful for some areas like alkane and olefin methathesis, olefin
hydrogenation and polymerization. For instance, Gates and coworkers were the first to
demonstrate that HY-zeolite supported Rh(C,Hs), and Ir(C;H4), complexes exhibit
activity not only in ethylene hydrogenation but also in ethylene dimerization to a mix n-

12,1
butenes.'>!?

Activity of supported single-site Rh and Ir complexes in ethylene
dimerization in absence of halides and presence of hydrogen is a truly unique feature,
since the only known Rh complex to run this reaction is Rh(C,H4),Cl dimer'.

We showed earlier that the whole family of RhL,/HY complexes (Rh(CO),,
Rh(CO)(C,H4), Rh(CO)Hy) was also capable of catalyzing ethylene hydrogenation and
dimerization. Moreover, despite the initially different ligand environment around the

metal center, all these catalysts had exactly the same activity patterns at steady-state due

to the common nature of intermediates formed'™>'®.
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CO and C,Hy4 ligands are quite ubiquitous in organometallic catalysis”'19 in solution.

Since we already explored their influence on reactivity in the heterogeneous gas phase

15,16

catalysis ™", we decided to shift our focus to ligands not so common such as NO

(nitrosyl). NO binding to metal sites on extended metal surfaces®®?'

and in a large
number of organometallic compounds®*>* has been a well-studied topic. Any kind of
catalysis by organometallic complexes with NO ligands in liquid phase, however,
remains a very obscure field. Only few examples exist in the literature of successfully
employing Rh(NO), complexes in catalysis. One of them is cyclohexene hydrogenation
with  100%  hydrogen in  dichloromethane at room temperature by
tris(triphenylphosphine)nitrosyl rhodium® The other one is CO, hydrogenation at 50 °C
and 3 bar with equimolar CO,/H, by a Rh(NO) complex with a chelating tridentate
phosphine ligand®. The mechanism of these transformations is poorly understood,
although in the latter case it is believed to involve Rh(NO) hydride intermediates?®.

For the first time, we demonstrate the pathway to selectively prepare the family of
supported square planar Rh(NO), complexes supported on HY 30, 15 and 2.6 and show
that two different types of rhodium dinitrosyl species form on all supports; the ratio
between type I and type II rhodium dinitrosyl species mildly depends on the degree of
dealumination.

Also, we show the first of its kind unprecedented activity of single-site
Rh(NO),/HY30 complexes in ethylene hydrogenation and dimerization. Activity in
ethylene hydrogenation/dimerization and selectivity to products therefore can be tuned by
subtly modifying coordination environment of supported Rh(XO), species exemplifying

the validity of truly molecular engineering approach to heterogeneous catalysis.
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3.3 Experimental Methods

3.3.1 Reagents and Materials

Dicarbonylacetylacetonato rhodium (I) Rh(CO),(acac) (acac = CsH;0,) (Strem, 98%
purity) was used as supplied. n-Pentane (Aldrich, 99% purity) and tetrahydrofuran
(Aldrich, >99.9 %) were refluxed under N, in the presence of Na/benzophenone ketyl to
remove traces of moisture and deoxygenated by sparging of dry N, prior to use. All
glassware used in preparation steps was previously dried at 120°C. He, NO, H, and C,H4
(Airgas, all UHP grade) were additionally purified to their use by passage through
oxygen/moisture traps (Agilent) capable of removing traces of O, and water to 15 and 25
ppb, respectively. CBV760, CBV720, and CBV600 dealuminated HY zeolites (Zeolyst
International) with Si/Al atomic ratios of 30, 15, and 2.6, respectively, were calcined in
flowing O, at 400°C for 5 h and then evacuated at 10~ Torr and 400°C for 16 h. For
simplicity, these zeolite supports are further denoted as HY30, HY15, and HY2.6,
respectively. All treated supports were stored and handled in a glovebox (MBraun) filled
with dry N,. The residual water and O, concentrations in the glovebox were kept below

0.1 ppm.
3.3.2 Preparation of Supported Samples

The syntheses and sample transfers were performed with exclusion of air and
moisture on a double-manifold Schlenk line and in a Nj-filled MBraun glove box.

Supported samples were prepared by slurrying the Rh(CO),(acac) precursor with a
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corresponding powder support in n-pentane under N, for 24 h at room temperature,
followed by overnight evacuation at 25°C to remove the solvent. In each case, the
Rh(CO);,(acac) precursor was added in the amount needed to yield samples containing 1
wt% Rh. The Rh weight loading was verified by inductively coupled plasma-mass
spectrometry (ICP-MS) analysis (Galbraith Laboratories Inc.).

Reaction between NO and HY30-supported Rh(CO), complexes was performed in
plug-flow pyrex reactor. All prepared samples were stored and handled in a glovebox

filled with N, to prevent possible contamination and decomposition of supported species.

3.3.3 FTIR Spectroscopy

A Nicolet Nexus 470 spectrometer equipped with a MCT-B detector cooled by liquid
nitrogen was used to collect spectra with a resolution of 2 cm™, averaging 64 scans per
spectrum. Each powder sample was pressed into a self-supported wafer with a density of
approximately 20 mg/cm® and mounted in a home-made cell connected to a gas
distribution manifold. The cell design allowed for the treatment of samples at different

temperatures, while various gases flowed through the cell.

3.3.4 Mass-Spectrometry Measurements

Mass spectrometry (MS) measurements were used to monitor ligand exchange

reactions between surface species and different gases and to identify
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the products released during such reactions. In a typical experiment, approximately 100
mg of the sample was loaded into a plug-flow micro reactor in a glovebox and the reactor
was sealed to avoid air exposure. The reactor was subsequently connected to a gas
distribution system equipped with mass flow controllers and an online Inficon
Transpector 2 residual gas analyzer operating in a multi-ion detection mode. Before each
experiment, the reactor was purged with He (100 ml/min) at 25 °C and atmospheric
pressure for 1 h to stabilize the baseline mass spectrometer signal. When this procedure
was completed, various feeds (as specified in the text) were introduced into the reactor at
25 °C and a flow rate of 100 ml/min. The feed and effluent compositions were routinely
monitored with time on stream to detect CO (m/z= 28) and NO (m/z= 30).

The m/z values shown in brackets and listed in increasing order of their relative
intensities and correspond to the most abundant lines in the fragmentation pattern of each

species.

3.3.5 Catalytic Tests

Catalytic activity measurements of C2H4 hydrogenation were performed in a quartz
single-pass fixed-bed reactor at atmospheric pressure and room temperature. The
temperature inside the reactor was monitored by a thermocouple inside the reactor
touching the catalyst bed. Samples in powder form (0.1 g) were loaded in a glovebox and
the reactor was sealed to avoid air exposure. The total volumetric flow rate of the reactant
mixture (608 Torr H2/ 76 Torr C2H4/balance N2) was held at 100 ml/min (1atm, 25°C),

yielding a corresponding Gas Hourly Space Velocity (GHSV) of 6,000 h™'. The feed and
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the reaction products were analyzed with an on-line gas chromatograph (HP 7890 A,
Agilent) equipped with TCD and FID detectors and two capillary columns. A Rt-
Alumina column (50m, 0.53 mm ID, Restek) was used for the analysis of hydrocarbons,
while a Carboxen 1010 Plot column (30m, 0.53 mm ID, Supelco) was used for the
analysis of hydrogen. In the absence of a catalyst, there was no measurable conversion of

CoHa.

3.4 Results and Discussion

3.4.1 Selective Synthesis and Characterization of Well Isolated Single-Site
Rhodium Dinitrosyl Complexes Supported on HY Zeolite Supports

Exposure of Rh(CO),/HY30 prepared from the Rh(CO),(acac) precursor to pulses of
a 1% NO/He mixture, significant changes were observed in the infrared spectra.
Difference spectra shown in Fig. 3.1 demonstrate that the symmetric and asymmetric vco
bands (2117 and 2053 respectively) originating from the Rh(CO), started to disappear
after the first pulse of NO at room temperature:

Simultaneously, two strong bands at 1855 and 1779 cm™ started to grow. It is
obvious, that the growth of the latter two bands happens at the expense of the v¢o bands
of Rh(CO),/HY30. The vco bands originating from Rh(CO), surface species decreased in
intensity during subsequent NO pulses and disappeared from the spectra after
approximately 3 NO pulses, while the development of the 1855 and 1779 cm™ bands was

essentially complete at this point.
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Fig. 3.1 Difference FTIR spectra illustrating changes in the vco and vno regions after (1)
a pulse of NO over the Rh(CO),/HY30 sample (2) a subsequent pulse of CO.

CO and NO" ligands are known to be structurally similar’?. A few literature
examples from organometallic chemistry are known in which CO ligands of transition-
metal organometallic complexes can be replaced with NO*"*. Therefore, the assumption
that the disappearance of CO ligands on single-site Rh(CO),/HY30 took place because
the CO ligands were replaced with NO ligands would be quite logical. Indeed, most
known metal nitrosyl complexes demonstrate the IR vibrational signature in the 1525-
1900 cm’™ region24. The newly formed 1855 and 1779 cm'l, thus, can be assigned to some

Rh nitrosyl complex or complexes formed in place of Rh(CO),/HY30.
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The striking similarity between the signature of vco and vno bands, namely the
higher-frequency band corresponding to the symmetric X-O bond vibration with the
lower frequency counterpart corresponding to the asymmetric X-O vibration, leads to the
conclusion that the Rh nitrosyl complex that was formed is structurally similar to the
initial Rh(CO),/HY30 and can be denoted as Rh(NO),/JHY30. The reaction that takes
place is the complete ligand exchange reaction, well-described for organometallic

molecular precursors:

Rh(CO),/HY30 + 2 NO -> Rh(NO),/HY30 + 2 CO

Two different types of transition metal nitrosyl complexes are known™"*": the one

with linear NO in which the angle between N and O does not deviate significantly from
180° and the one with bent NO in which the significant deviation from 180° is observed.
The former type complexes typically have the IR signature in the 1650-1900 cm™ region,
whereas the latter ones have the IR signature in the 1525-1690 cm™ region.

This allows us to conclude with confidence that the Rh(NO),/HY30 complexes that
are formed after NO exposure, have two essentially linear nitrosyl ligands coordinated to
the square-planar rhodium atom. Moreover, these bands are similar to the previously
described vno bands of Rh(NO), complexes (i.e., at 1862 and 1785 cm‘]) in ZSM-5

. 1,32
zeolites.>!”

It strengthens and confirms the observation that the exposure of the
mononuclear site-isolated Rh(CO),/HY30 complexes to gas-phase NO leads to the

selective formation of Rh(NO),/HY30.
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3.4.2 Reversibility of CO-NO Exchange for HY Zeolite Supported Single-
Site Rhodium Complexes

Since the Rh(NO),/HY30 species were formed by CO/NO ligand exchange, it was
interesting to see if the NO ligands could be further replaced with CO.

FTIR data (Figure 3.1) indicate that upon the first pulse of 1% CO/He gas mixture,
the intensity of vno bands immediately goes down concomitantly with the appearance
and growth of two vco bands of the supported Rh(CO),/HY30 species. The vno bands
disappear completely after approximately 3 minute of 1% CO/He pulses, and that is when
the vco bands of the supported Rh(CO),/HY30 species stop growing. Obviously, the

following reaction takes place:
Rh(NO)»/HY30 + 2 NO -> Rh(CO)»/HY30 + 2 NO

This exchange was also monitored using Mass Spectroscopy. Pulses of 1% CO/He
were interspersed with 1% NO/He pulses. The results obtained are presented in Figure
3.2. Pulse of NO on Rh(CO)»/HY30 leads to a sharp spike CO (m/e=28) in the gas-phase.
However, when the Rh(NO), species were exposed to a pulse of CO, NO (m/e=30)
appeared in the gas phase. As inferred from FTIR data, the Rh(CO), species with
characteristic vco bands at 2117 and 2053 cm’! were formed on the surface. Furthermore,
the Rh(NO),-Rh(CO), transformation cycle can be repeated several times without regions
as evidenced by the absence of significant changes in the area and intensity of
corresponding CO and NO Mass Spectroscopy peaks, suggesting that the facile
substitution of CO/NO ligands is fully reversible and this process reaches completion

fairly quickly.
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Fig. 3.2 Mass Spec experiment; 1%NO/He/1%CO pulses on Rh(CO),/HY30.

3.4.3 Formation of Rhodium Dinitrosyl Complexes on HY Zeolites with
Different Si/Al Ratio

Since the Rh(CO),/HY30 produced Rh(NO),/HY30 in quantitative yield, it was of
great interest to understand whether the same well-isolated single-site Rh(NO),
complexes could be selectively synthesized on HY zeolites high lower Si/Al ratio.

Exposure of Rh(CO), supported on HY15 and HY2.6 to pulses of 1% NO/He in the
FTIR cell led to the gradual decrease and disappearance of vco bands of Rh(CO),
complexes (i.e., at 2117 and 2053 cm’l) with concomitant growth of vno bands of

Rh(NO), complexes (i.e. at 1862 and 1785 cm™). The disappearance of the CO bands
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and growth of the NO bands happen pretty quickly, and in all three cases are complete
after a few minutes. Evidently, the Rh(NO), complexes that are produced on HY15 and
HY2.6 supports have the same NO bands (1862 and 1785 cm"l) as Rh(NO),/HY30. It
proves identical rhodium dinitrosyl complexes with similar properties form in
quantitative yield on three different zeolites upon reaction of Rh(CO),/HY with gas-
phase NO.

It was previously shown by our group in the combined FTIR and DFT study that in
fact, two different types of Rh(CO), species with different vco bands FTIR signatures and
reactivity towards carbonyl ligand displacement with ethylene are present on the
surface™. These two carbonyl types were denoted as type I (more reactive, 2117 and
2053 cm’! vco bands) and II (less reactive, 2113 and 2048 cm’! Vco bands), the majority of
species on HY30 being type I carbonyl, the relative fraction of type II species increasing
with the degree of dealumination up to 50% on H2.6. The only difference between type 1
and II Rh(CO), HY-supported species is the different types of oxygens in the vicinity of
tetrahedral Al site that Rh coordinates to™.

In an attempt to understand the nature of the formed Rh(NO), species, deconvolution
of the vno region of those species on three different supports was undertaken . The
resulting spectra are presented below (Figures 3.5, 3.6 and 3.7): Analogously, for
Rh(NO), supported on HY 30, 15 and 2.6 type I and II species can be found for Rh(NO),
species as well. Moreover, the N-Rh-N angle for Rh(NO), square planar complexes can

also be estimated for type I and II complexes on the basis of Isym/I asymm vyo ratio:

Liym/Lusymm=ctg(a’/2) where a is the N-Rh-N angle

108



Absorbance (a.u.)

- e —~ ~ __ ~—

1900 1850 1800 1750 1700

Wavenumbers, cm’

Fig. 3.3 Room-temperature FTIR spectra in the vno region of (A) Rh(NO),/HY30 (solid
line) and deconvolution results (dashed lines).
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Fig. 3.4 Room-temperature FTIR spectra in the vno region of (B) Rh(NO),/HY 15 (solid
line) and deconvolution results (dashed lines).
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Fig. 3.5 Room-temperature FTIR spectra in the vno region of (C) Rh(NO),/HY2.6 (solid
line) and deconvolution results (dashed lines).

The summary of the results for the Rh(NO), complexes formed on three different

zeolites is presented in Table 3.1.

The relative amount of Type II species for Rh(NO), increases with decreasing Si/Al

ratio but not as drastically as for Rh(CO),.

On average, the angle between two NO ligands for Rh(NO),/HY is slightly larger

(105°) than the corresponding angle between two CO ligands for Rh(CO), (96°).
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Table 3.1. Deconvolution parameters of vno bands observed in FTIR spectra of various

samples.
Sample Band FWHM, Split N-Rh-N Relative
position, r angle, deg | fraction,
cm (Vs_Vas)aa
cm'l crn'1 %
Rh(NO)»/HY30 1855 13.6 76 104 91
1779 19.0
1845 10.0 76 106 9
1769 17.2
Rh(NO),/HY15 1855 12.4 76 104 85
1779 18.0
1846 10.2 77 106 15
1769 16.8
Rh(NO),/HY2.6 1856 17.4 76 104 82
1780 21.1
1846 23.2 88 106 18
1758 242
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3.4.5 Interactions of Rh(NO),/HY30 with Hydrogen, Ethylene and
Ethylene/Hydrogen Gas Mixtures

As reported elsewhere, Rh(CO)215 does not interact with hydrogen at room
temperature. Nitrosyl ligand NO" is isoelectronic with CO, and it is expected to behave in
a similar manner. Indeed, pulses of 100% H, over Rh(NO),/HY30 do not lead to any
changes in the spectra. Like Rh(CO),/HY30, Rh(NO),/HY30 does not interact with H,

under ambient conditions (Figure 3.6).
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Fig. 3.6 FTIR spectra of Rh(NO),/HY30 exposed to (1) H, flow at 25°C for 1 min,
(2) H, flow at 25°C for 5 min, (3) 45 psi of H, at 25°C, and (4) H, flow at 90°C.
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Interaction of Rh(CO),/HY30 with gas-phase ethylene leads to the fast replacement
of one CO ligand and formation of Rh(CO)(C,H4)/HY30 complex which is capable of
activating H, at room temperature to produce Rh(CO)H,/HY30. The perceived structural
similarity of Rh(CO),/HY30 and Rh(NO),/HY30 prompted us to investigate the chemical
interaction between Rh(NO),/HY 30 and C,H,.

Upon exposure to gas phase C,Hy, significant changes in the vno region were

observed (Figure 3.7).
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Fig. 3.7 FTIR spectra in the vno region of Rh(NO),/HY30 recorded after sequential
exposure to flows of (1) He, (2) C,Hy4, and (3) He at 25°C for 15 min.
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The 1862 and 1785 cm™ corresponding to the symmetric and asymmetric vno shifted
to 1810 and 1716 cm™ respectively. Interestingly, as soon as CoHy flow was stopped and
replaced with ethylene, the 1862 and 1785 cm™ bands of the Rh(NO),/HY30 starting
complex reappeared immediately, with intensities closely matching the intensities of the
Rh(NO),/HY30 that was reacted with gas phase ethylene.

There is a profound difference in reactivity of Rh(NO),/HY30 and Rh(CO),/HY30
towards ethylene. In the latter case, one of the two carbonyl ligands gets selectively
replaced with ethylene. Rh(NO),/HY30, however, demonstrates a completely different
behavior towards ethylene. This is a clear example of the subtle electronic differences of
CO and NO ligands. Although they are isoelectronic and often considered similar in
chemical behavior, analogous Rh(NO),/HY30 complex does not react with ethylene by
replacing one of the NO ligands with ethylene. Instead, some complex with a different set
of vNo bands is formed while ethylene is present in the gas phase. As soon as ethylene is
replaced with He, the bands corresponding to well-defined Rh(NO),/HY30 of similar
intensity return, indicating weak coordination of ethylene to Rh(NO),/HY30. This is
quite characteristic of ethylene n-complexes>*. Moreover, n-coordination of ethylene with
its electron-donating properties is expected to shift vyo bands to lower wavenumbers due
to the increase in backdonation from rhodium into the n* orbital of NO™. FTIR region
characteristic for zeolite-supported rhodium-ethylene m-complexes is 3000 cm™ and
above. Removal of ethylene from the gas phase immediately restores Rh(NO),/HY30.
The CH-stretch region 3000 cm™' can be seen in difference spectra in Fig 3.8. Appearance

of the 3015 cm™ could mean pi-coordination of ethylene on rhodium.
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Fig. 3.8 Difference FTIR spectrum illustrating changes in the vcy region after exposure of
Rh(NO),/HY30 to a C,H,4 flow at 25°C for 15 min.

Taking into account the fact that Rh(NO),/HY30 is formally a 16-electron complex, it
can coordinate one more 2-electron ligand (such as ethylene in the m-binding mode).
Obviously, ethylene coordination is pretty weak, and flushing with inert gas immediately
restores Rh(NO),/HY30.

The observed unusual behavior towards ethylene prompted us to investigate the
possibility of ethylene hydrogenation by adding H, to the C,Hs+/He mix. There are a few
literature examples that indicate that certain transition metal nitrosyl complexes can be

used as liquid-phase hydrogenation catalysts. For example, Morris® et all demonstrated
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that tris(triphenylphosphine)nitrosyl rhodium can catalyze cyclohexene hydrogenation by
1 atm of 100% hydrogen in dichloromethane at room temperature. The mechanism of this
reaction was not studied. Jiang et al’® used Rh(NO)(dcpe) complex with bent NO and
chelating diphosphine for CO; hydrogenation at 50 C and 3 bar CO»/H; mixture pressure.
It showed moderate activity towards formic acid with a calculated TON 106 after 16
hours.

We added H, to the C,H; flow and collected FTIR spectra in time for
Rh(NO),/HY30. Significant changed were immediately noticeable upon addition of H,

(Figure 3.9).

Absorbance (a.u.)

1850 1800 1750 1700 1650 1600

Wavenumbers, cm™

Fig. 3.9 FTIR spectra in the vNo region of Rh(NO),/HY30 after exposure to flows of (1)
C,H,4 and a 75%H,/25%C,H, mixture at 25°C for (2) 1 min, (3) 5 min, (4) 9 min, and (5)
60 min.
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Peaks characteristic of Rh(NO),(C,H4)/HY30 started to decrease in intensity with the
simultaneous appearance of two new peaks (shoulders) at 1795 and 1702 cm™. After
approximately 60 minutes of reaction (flowing H,/C,H4 mix), the intensity of the 1810
and 1715 cm™ bands was close to zero while 1795 and 1702 cm™ bands remained in the

> above 2100 cm were

spectra. Interestingly, no Rh-H bands expected to appear’
observed during the reaction. Unlike Rh(CO),/HY30, Rh(NO),/HY30 does not form
hydrides during C,H4/H, treatment. This once again signifies the general picture in
which, despite a lot of similarity between CO and NO ligands, even such subtle electronic
changes around the zeolite-anchored single rhodium site dramatically change the
reactivity of this single site and pathways to activation of simple molecules like C,H4 and
H,.

The subsequent flow of He does not significantly affect the 1795 and 1702 cm™
bands. Additionally, during the first few minutes of He flow after the reaction, a weak
band at 3015 cm™ is visible in the spectra. One possible explanation for the observed
3015 band is that during the reaction, ethylene might be weakly pi-coordinated to
rhodium with the subsequent flow of He removing it**.

The shift of vyo bands to lower frequencies during and after the reaction is indicative
of presence of an electron-donating group or groups either on rhodium or NO ligand.
Activation of hydrogen without formation of Rh-H can be understood in terms of
hydrogen activation by NO ligand(s), as well as possible formation of Rh(NO),(C,Hs),
species:

Rh(NO), + H, > Rh(NOH),

Rh(NOH) + C,H; = Rh(C,H,)(NOH) = Rh(NO)(C,Hs)
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Indeed, there is spectroscopic evidence for the formation of surface ethyl species
during reaction. Comparison of FTIR spectra during the reaction undoubtedly shows
continuous formation of ethyl/alkyl species with characteristic vcy stretching frequencies:
2965, 2935, 2878, 2862**. To confirm the single-site nature of Rh/lack of clusterization
after catalysis, pulses of 1%CO/He were administered onto the sample. These pulses led
to immediate restoration of 2117 and 2053 cm’! vco bands of the Rh(CO),/HY?30. These
bands are uniquely sharp indicating the structural uniformity and lack of Rh aggregation

during catalysis (see the following chapter).

3.4.6 Catalytic Ethylene Hydrogenation and Dimerization by HY30
Supported Single-Site Rh(NO), Complex

As we demonstrated in previous chapters, Rh(CO),/HY30 is capable of performing
continuous gas-phase catalysis, namely ethylene dimerization and hydrogenation at room
temperature and total 1 atm pressure. In the view of FTIR results for Rh(NO),/HY30,
proving unique reactivity towards C,H4/H,, it was of great interest to determine whether
the stable site-isolated HY30 supported Rh(NO), complexes could catalyze ethylene
hydrogenation (and possibly dimerization) in the gas phase at room temperature. We
tested them in ethylene hydrogenation under similar conditions, and discovered they do
in fact catalyze ethylene hydrogenation, with TOF higher than Rh(CO),/HY30 (at steady
state TOF for ethane are 0.010 and 0.006 s™' respectively) . It is the first unprecedented
example of the supported transition metal complex with NO ligands capable of doing any

kind of catalysis (Fig 3.10).
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Fig. 3.10 Rates (TOF) for ethane formation with Time On Stream (TOS) for
Rh(NO),/HY30 at 76 Torr of C;H4 and 608 Torr H, under ambient conditions.

Based on these data, it is clear that Rh(NO),/HY30 complexes are active catalysts for
ethane production. After approximately 20 hours, the catalyst reaches steady state with no
significant TOF drop afterwards. Surprisingly, ethane is one of a few products formed.
Various n-butenes are also produced during catalysis, revealing intrinsic activity of
rhodium dinitrosyl complexes for ethylene dimerization. Results of a typical catalytic
experiment performed at 608 Torr of H, and 76 Torr of C,H, at ambient conditions show

rates of ethane, butene-1, cis-2-butene and trans-2-butene formation (Figure 3.11).
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Fig. 3.11 Formation of C4 hydrocarbons as a function of time over a Rh(NO),/HY30
catalyst. (Reaction temperature 25°C; feed composition: 76 Torr C,H4/608 Torr Ho/He

balance).

The summary of selectivity and TOF for all products formed after 20 hours on stream
is summarized in Table 3.2.
At steady state, the selectivity for ethane is 60%, whereas the selectivity sum for all

C4 products is 40%.

120



Table 3.2 Turn Over Frequencies (TOF) and Selectivity to C, and C4 products after 20 h
on stream.

Sample C,Hg, C,Hg, Cy, n- 1- Cis-2- Trans-2- | Total
TOF* 103, % TOF*1 03, butane, | butene, | butene, | butene,% Cy,
s s % % % %
Rh(NO),/HY30 10,0 60 6.7 1 6 9 24 40

Comparison with Rh(CO),/HY30, for which selectivity to ethane at steady-state is
about 32% with n-butenes being the major species produced, reveals significant
differences between these two structurally similar supported site-isolated molecular
rhodium complexes. The origin of this difference most likely stems from different
mechanisms of ethylene and hydrogen activation as was observed with FTIR
spectroscopy.

Kinetic data and reaction orders were determined for both Rh(CO),/HY30 and
Rh(NO),/HY30. These kinetic data indicate competitive adsorption of ethylene and
hydrogen on a single site for ethane formation. The dependence on H; partial pressure for
Rh(NO),/JHY30 is somewhat lower compared to Rh(CO)/HY30 (0.45 and 0.7
respectively). Butene formation for both catalysts is highly dependent on ethylene partial
pressure (about 1 in both cases). It is not surprising considering that in order to form a C-
C bond, two ethylene molecules in one activated form or another have to come in
proximity. The anomalously low ethylene partial pressure dependence for both catalysts
for saturated n-butane formation means butenes that are formed, are further hydrogenated

to butane via the similar mechanism as ethylene to ethane (hence identical orders).

121



Table 3.3 Reaction Orders in H, and C,H,4 with respect to C, and C4 products.

Sample Product Order H, Order C,Hy

Rh(NO),/HY30 Ethane 0.69 0.43
n-butane 1.07 0.39
Trans-2-butene 0.80 1.19
1-butene 0.38 1.28
Cis-2-butene 0.64 1.13

Rh(NO),/HY30 Ethane 0.45 0.39
n-butane 0.64 0.39
Trans-2-butene 0.63 0.88
1-butene 0.29 1.18
Cis-2-butene 0.48 0.86

In previous chapters the mechanism of ethylene hydrogenation and dimerization on
Rh(CO),/HY30 was described in detail. Surface-assisted dimerization and hydrogenation
pathways apparently play a very important part in catalysis. The role of the support is to
activate ethylene, while the role of metal on the surface is to activate hydrogen as well as
ethylene, and then bring these species in proximity via various pathways. Unambiguous

similarity of kinetic data for Rh(CO),/HY30 and Rh(NO),/HY30 points at the very
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important similar roles of zeolite support in these catalytic properties (despite different
mechanisms of ethylene and hydrogen activation by those complexes). The studies are
now underway to further clarify this phenomenon.

Additionally, in order to confirm the lack of Rh reduction/aggregation during

catalysis, STEM images were collected on the Rh(NO),/HY30 after 20 hours of catalysis.

The images are presented in Figures 3.12 and 3.13.

Fig. 3.12 High-angle annular dark-field (Z-contrast) STEM image of Rh(NO),/HY30
after 20 h catalysis in zeolite [110] projection. The image shows only individual Rh
atoms as bright spots which are well dispersed and present in the absence of detectable
rhodium clusters.
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Fig. 3.13 High-angle annular dark-field (Z-contrast) STEM image of Rh(NO),/HY30
after 20 h catalysis. The image shows only individual Rh atoms as bright spots which are
well dispersed and present in the absence of detectable rhodium clusters.

These HAADF-STEM images serve as another proof that Rh retains its single-site

nature even after 20 hours catalysis and does not aggregate.

3.5 Conclusions

HY Zeolite-supported mononuclear Rh(NO), were selectively prepared by a ligand
exchange reaction of Rh(CO), complexes supported on HY30, 15 and 2.6 with gas phase

NO. These complexes display characteristic vxo bands at 1855 and 1779 cm™. Th CO/NO
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exchange is fully reversible and complete. Rh(NO),/HY30 showed activity in ethylene

hydrogenation and ethylene dimerization under ambient conditions. Compared to
Rh(CO),/HY30, TOF for ethane formation was 1.5 times higher.

Hydrogen and ethylene activation pathways on Rh(NO),/HY30 differ from those on
Rh(CO),/HY30. No spectroscopic evidence of Rh-H band presence was found. Rh

remained site-isolated before, during and after catalysis
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