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Magnetic resonance-based methods such as nuclear magnetic resonance (NMR) and magnetic resonance
imaging (MRI) are widely used to provide in situ/operando information of chemical reactions. However, the
low spin density and magnetic field inhomogeneities associated with heterogeneous catalytic systems
containing gaseous reactants complicate such studies. Hyperpolarization techniques, in particular para-
hydrogen-induced polarization (PHIP), increase significantly the NMR signal intensity. In this study, we test
16 glass tube reactors containing Pd, Pt, Rh or Ir nanoparticles dispersed on a thin layer of TiO,, CeO,,
SiO, or AlLOs for the hydrogenation of 1,3-butadiene using parahydrogen. The catalytic coatings of Ir and
Rh gave hydrogenation products with the highest nuclear spin polarization while the coatings of Pd are the
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DOI: 10.1039/c9¢y02100k most selective ones for the semihydrogenation of 1,3-butadiene to 1- and 2-butenes. Spatially resolved

NMR spectroscopy of the reagent and the product distribution along the reactor axis provided further
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Introduction

Development of efficient and selective heterogeneous catalysts
for hydrogenation of alkynes and dienes is an active research
field, motivated by diverse industrial applications ranging
from the removal of acetylene from ethylene streams for the
synthesis of polyethylene to the stereoselective synthesis of
Z-olefins in the fine chemicals sector.'"™ Advances in the un-
derstanding of heterogeneous catalysts with spatial visualiza-
tion of reagents and reaction products inside a working reac-
tor can be made using magnetic resonance imaging
(MRI).>** However, harnessing the full power of MRI to study
heterogeneous catalysts at work has a number of challenges.
In particular, in the case of gas-solid reactions the spin den-
sity of gaseous media is ca. 3 orders of magnitude lower than

“ International Tomography Center, SB RAS, 3 A Institutskaya St., Novosibirsk
630090, Russia. E-mail: kovtunov@tomo.nsc.ru

b Novosibirsk State University, 2 Pirogova St., Novosibirsk 630090, Russia

¢ Department of Chemistry and Applied Biosciences, ETH Ziirich, Vladimir-Prelog-
Weg 1-5, Ziirich, CH 8093, Switzerland

9 Boreskov Institute of Catalysis SB RAS, 5 Lavrenteva Pr, Novosibirsk 630090,
Russia

¢ Department of Mechanical and Process Engineering, ETH Ziirich,
Leonhardstrasse 21, Ziirich, CH 8092, Switzerland. E-mail: fedoroal@ethz.ch

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
€9¢y02100k

This journal is © The Royal Society of Chemistry 2020

mechanistic insight into the catalytic function of these reactive coatings under operando conditions.

that in the condensed phase, which reduces substantially the
signal intensity."* Therefore, MRI of the gas phase products
of heterogeneously catalyzed reactions remains a relatively un-
derdeveloped area despite insightful studies, for instance on
mapping the spatial distribution of gases and temperature in
ethylene hydrogenation in monolith reactors.’>'>™*”

A major improvement in gas imaging can be obtained by
exploiting hyperpolarized gases which can provide an up to
several orders of magnitude increase in signal intensity and
hence in the signal-to-noise ratio (SNR) in NMR experiments.
The hyperpolarization methods include, for instance, spin-
exchange optical pumping (SEOP),"**' dynamic nuclear po-
larization (DNP),>*** parahydrogen-induced polarization
(PHIP)***” and signal amplification by reversible exchange
(SABRE).>*° All these techniques are powerful, yet their ap-
plicability in catalysis research is limited. For instance, noble
gases hyperpolarized by SEOP**** are rather unreactive and
expensive; DNP has a broad range of applications but re-
quires complex and costly equipment.***> The SABRE ap-
proach transfers hyperpolarization to a substrate without
changing its structure,® making this method inappropriate
for studies of catalytic reactors at work. In contrast, the PHIP
method is based on the pairwise addition of parahydrogen
(p-H,), which is the singlet spin state isomer of hydrogen, to
a substrate in a catalytic hydrogenation reaction, forming
hyperpolarized products due to the transfer of the singlet
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Fig. 1 a) Schematic representation of the reactors with catalytic coatings made of TiO,, CeO,, SiO,, and Al,Oz containing Ir, Rh, Pt and Pd active
phases (16 compositions in total) investigated in heterogeneous catalytic hydrogenation of b) 1,3-butadiene with p-H, (1:4 ratio). Photographs of
reactive coatings with c) TiO,, d) CeO,, e) SiO,, and f) Al,Os with scale bars of 10, 1, 5 and 10 microns, respectively. Representative TEM images of
the g) Ir/SiO, h) Rh/SiO,, i) Pd/SiO,, and j) Pt/SiO, reactive coatings. Deconvolution of k) Ir4f, |) Rh3d, m) Pd3d and n) Pt4f photoelectron spectra
measured for silica-supported catalysts. *H NMR spectra obtained during hydrogenation of 1,3-butadiene at 130 °C using reactive coatings with o)
Rh, p) I, g) Pd and r) Pt. The gas flow rate was 3.8 mL s™ except for Rh/TiO, (5.1 mL s™%), Pd/SiO; (6.5 mL s™) and Pd/TiO; (5.1 mL s™).
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spin order from p-H,. Disruption of the magnetic equivalence
of the hydrogen nuclei leads to hyperpolarization of nuclear
spins. Thus, PHIP*® is the simplest method to produce
hyperpolarized gases.*”*® While hyperpolarization of nuclei
using PHIP can be observed in both homogeneous®>***° and
heterogeneous catalysts,*>*"** advantages of the latter in-
clude easier separation of the reaction products from the cat-
alyst, which is particularly important for biomedical MRI ap-
plications.**** Heterogeneous PHIP (HET-PHIP) studies have
often utilized the aforementioned increased spin density of
reagents and reaction products in the condensed phase
(aqueous media).>”**** In addition to the low spin density of
gases, challenges for operando studies of heterogeneous reac-
tions include perturbation of the magnetic field homogeneity
by solid catalyst bodies and the fast diffusion of gases; all
these factors decrease the intensity of the NMR signal of gas-
eous species.

We reported recently that model glass reactors with cata-
lytically active Rh/TiO, coatings can minimize the magnetic
field inhomogeneity over the reactor for the catalytic hydroge-
nation of propene to propane.*® Here, we extend the reactive
coating approach to TiO,, CeO,, SiO,, and Al,O; which are
used to support nanoparticles of Rh, Pt, Pd and Ir, giving a
total of 16 reactors with a thin layer of reactive coating
designed for NMR and MRI investigations of catalytic hydro-
genation reactions. We chose 1,3-butadiene as a substrate
with the objective of identifying selective semihydrogenation
catalysts, which are materials for the formation of 1- or 2-bu-
tenes from 1,3-butadiene, as well as identifying catalysts giv-
ing the highest polarization of the hydrogenation products.
We found that coatings containing Ir and Rh are the most ef-
ficient in transferring polarization to the hydrogenation prod-
ucts while coatings with Pd are the most selective for the
semihydrogenation of 1,3-butadiene to 1- and 2-butenes. In
addition, the distribution of the reagents and the products
inside the reactor was mapped. These maps and NMR spectra
provide mechanistic insight into the hydrogenation reactions
indicating, for instance, that butane is the secondary reaction
product in the hydrogenation of 1,3-butadiene with Ir/SiO,
and Rh/CeO, catalysts, but 2-butene is preferentially formed
from 1-butene over Rh/CeO, or directly from 1,3-butadiene
over Pd/CeO, and Pd/SiO,.

Results and discussion

We have described recently a convenient approach to ob-
tain glass tube reactors with Rh/TiO, coatings that allowed
for MRI visualization of the distribution of reagents and
products in the heterogeneous hydrogenation of propene to
propane.*® Here, we extend this approach to prepare reac-
tive coatings based on CeO,, SiO,, and Al,O; oxide supports
(Fig. 1a) with the aim of identifying and studying catalysts
for the selective semihydrogenation of 1,3-butadiene
(Fig. 1b). Towards this end, TiO,, CeO,, SiO,, and Al,0;
were coated via drop-casting on a spinning borosilicate
glass tube (10 cm height, 5 mm outer diameter, see the

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

ESIt for details). The coated layers had, after calcination,
thicknesses of ca. 10 micrometers for TiO,, SiO,, and Al,O;
and a significantly thinner layer, ca. 1 micrometer, for
CeO, (Fig. 1c-f). These coatings were subsequently
decorated with solutions of the respective molecular
precursors. For Rh and Ir, we used acetonitrile solutions of
chloro-1,5-cyclooctadiene iridium and rhodium dimers and
deposited ca. 0.5 pumol of these complexes onto each
coating.*® Since tris(dibenzylideneacetone)dipalladium and
tris(dibenzylideneacetone)platinum were less soluble in
acetonitrile than [(COD)RhCI], and [(COD)IrCl], complexes,
we used a 1:1 acetonitrile-DCM solvent mixture and
deposited ca. 0.4 pmol of Pd and Pt (on the metal basis) on
each reactor tube. Overall, 16 reactors were prepared using 4
oxide coatings and 4 metal precursors. Next, the reactors
were reduced in situ with H, (130 °C, 1 h, 1-1.2 mL s )
yielding metal oxide coatings decorated with catalytically
active metallic nanoparticles. According to transmission
electron microscopy (TEM) performed for H,-reduced
coatings of Rh, Ir, Pd, and Pt metals on silica, chosen as a
representative stable support (samples were exposed to
ambient air prior to TEM analysis), the formed nanoparticles
are small, with an average diameter of ca. 1.5-1.7 nm for Ir,
Rh and Pt nanoparticles (NPs), and are slightly larger for
Pd NPs (average diameter of 2.3 nm, Fig. 1g-j). Further
information about TEM analysis is provided in the ESL}

All 16 reactive coatings were investigated by XPS after (i)
reduction in H, and (ii) catalytic hydrogenation of 1,3-butadi-
ene (vide infra). Fig. 1k-n show the deconvolution of the Ir4f,
Rh3d, Pd3d and Pt4f spectra of the silica-supported catalysts
chosen as representative examples (other supports provide
qualitatively similar results). Reduced samples were handled
in air, therefore for all four metals, both metallic and oxide
states are observed, at lower and higher binding energies, re-
spectively. For all of the samples studied, the contribution of
a metallic state increases after the catalytic reaction, probably
owing to the lower oxidation tendencies of the active compo-
nent after exposure to hydrogenation conditions. However,
one should note that carburization of the metallic nano-
particles might occur during catalytic testing, yet the XPS sig-
natures of metal carbides of late transition metals are very
difficult to distinguish from the signatures of the metal
phase, as was recently demonstrated for a Rh/SiO, catalyst.*”
The atomic ratios of the metal to the support as calculated
from XPS data are presented in Table S1.f As expected from
the quantities of the metal precursors used (discussed
above), the metal loadings of Rh and Ir are higher than those
of Pd and Pt.

Turning now to the NMR characterization of all 16 sam-
ples, the "H NMR spectra acquired during 1,3-butadiene hy-
drogenation with p-H, under PASADENA conditions® are
presented in Fig. 1o-r. The highest signal intensities were ob-
served for coatings containing Rh and Ir. e.g., SNRs for Rh/
CeO, and Ir/SiO, are ca. 300 and 220, respectively
(Fig. 10 and p; see Table S21 for SNRs of all the catalysts).
The lowest signal intensities due to the hydrogenation

Catal. Sci. Technol., 2020, 10, 99-104 | 101
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products were observed for Pt-based catalysts (Fig. 1r,
Table S2t), at least partially owing to the lower loading of
the Pt metal. Interestingly, while Pd/Al,O; and Pd/TiO, did
not provide any polarization of the hydrogenation products,
Pd/CeO, and Pd/SiO, selectively formed hyperpolarized 1-bu-
tene without any detectable hyperpolarized 2-butene
(Fig. 1q), suggesting that 2-butene is not formed by the
isomerization of 1-butene. This means that 1-butene is, at
least partially, formed via pairwise hydrogen addition to
1,3-butadiene on Pd/CeO, and Pd/SiO, catalysts, in contrast
to 2-butene that reveals no pairwise p-H, addition. From a
mechanistic standpoint, this result suggests that 1-butene
and 2-butene are either formed on different Pd active sites
in Pd/CeO, and Pd/SiO, catalysts, or the formation of these
products proceeds via different reaction mechanisms. It
could be argued that the relaxation processes of the polar-
ized products may play a role leading to a fast decay of hy-
perpolarization during the isomerization of 1-butene to 2-bu-
tene; in this case the relaxation rate should be strongly
influenced by the strength of adsorption onto the surface of
the oxide support. However, hyperpolarized 2-butene is ob-
served clearly in the case of supported Rh, Ir, and Pt cata-
lysts (Fig. 1o, p and r), which confirms that the relaxation of
1-butene gas during its re-adsorption is not significant.
Hyperpolarized 2-butene cannot be formed via pairwise p-H,
addition to 1,3-butadiene in the 1,4-addition step because
this would form a symmetrical 2-butene molecule. However,
the observation of PHIP effects necessitates the formation of
a product molecule with asymmetrically added hydrogen
atoms. Therefore, hyperpolarized 2-butene can only be
formed via the isomerization of hyperpolarized 1-butene, as
observed for supported Rh, Ir, and Pt metal catalysts, in con-
trast to Pd/CeO, and Pd/SiO, catalysts. Clearly, insights pro-
vided by PHIP allow conclusions to be drawn on the hydro-
genation reaction pathways that are not easily accessible by
other experimental methods.
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Next, MRI experiments were performed with two selected
catalysts, Ir/SiO, and Rh/CeO,. These catalysts were chosen
because they provided the highest intensities and polariza-
tion levels of the hydrogenation products during 1,3-butadi-
ene hydrogenation with p-H,. A spin-echo pulse sequence
(45-180°-acquisition) was used to visualize the distribution of
reagents and products along the length of the reactor. In the
experiments using the Ir/SiO, catalyst, the reaction products
were distributed along the whole reactor indicating high reac-
tion rates (Fig. 2a). The concentration of 1-butene and 2-bu-
tene increases gradually along the reactor axis while there is
a sharp increase in the concentration of butane (x = 1 cm)
suggesting that butane is the secondary reaction product.

When the Rh/CeO, catalyst is subjected to the same condi-
tions, identical hydrogenation products are observed, but the
concentration of butane is constant over the entire length of
the reactor (Fig. 2b, right), while 1,3-butadiene is not detected
by MRI indicating its fast hydrogenation. At the same time,
the concentration of 1-butene decreased earlier than the con-
centration of 2-butene (1.2 cm vs. 1.5 cm, Fig. 2b). This is con-
sistent with the formation rate of butane being slightly faster
for the terminal olefin 1-butene than that for the internal
2-butene, in agreement with literature studies.*®

For comparison, MRI experiments were also performed
using Ir/SiO, or Rh/CeO, and normal hydrogen (n-H,). These
experiments reproduced the same trends as the ones ob-
served with p-H, (Fig. S71). For Rh/CeO,, MR imaging with n-
H, shows 1,3-butadiene at the bottom of the NMR tube and
the signal due to 1,3-butadiene decreases along the axis of
the reactor, while the signal intensities of 2-butene and bu-
tane increase along the reactor axis and stabilize at x = 1.5
cm (Fig. S7bf). Our next control experiment used a Teflon
tube placed at the bottom of an NMR tube (Fig. S81). No MRI
signal due to hydrogenation products was observed at the
bottom of the NMR tube, however, hydrogenation products
formed at the level at which catalytic Ir/SiO, or Rh/CeO,
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Fig. 2 Hydrogenation of 1,3-butadiene over a) Ir/SiO, and b) Rh/CeO, catalysts with parahydrogen (1,3-butadiene: p-H, ratio = 1:4, 5.1 mL s™*
flow rate, 130 °C) as followed by MRI. Top panels: distribution of intensities of MRI signals of the working reactor along its Z-axes. Bottom panels:
NMR spectra obtained under PASADENA conditions. Right panel: Plots of the distribution of the reaction products along the length of the reactor.
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coatings were placed, confirming that in the absence of a cat-
alytic coating there is no hydrogenation of 1,3-butadiene (Fig.
S8t). This experiment also showed that the constant gas feed
flow of 5.1 mL s* does not allow for a downward diffusion of
the hydrogenation products. Note that the apparent differ-
ence in the chemical shift of 1,3-butadiene between the areas
with and without the Teflon tube (ca. 0.3 ppm) is due to a
different local environment.

We performed additional experiments to obtain the spatial
distribution of 1,3-butadiene and its hydrogenation products
at high contact times using the Ir/SiO, catalyst and p-H,; in
the case of the more active Rh/CeO, catalyst, we used n-H,
(Fig. S9t). Both experiments were conducted at a low flow
rate of 1.3 mL s *. An increase in the contact time led, in the
case of Ir/SiO, (Fig. S9at), to the formation of only the sec-
ondary reaction product, butane. The same observation was
made for Rh/CeO, (Fig. S9bt), however, a small amount of
2-butene was still detected implying that Ir/SiO, has a higher
reaction rate compared to that of Rh/CeO, for the hydrogena-
tion of 1,3-butadiene.

Experimental

NMR and MRI experiments were performed on a Bruker
Avance 300 MHz NMR spectrometer. The experiments were
conducted using a commercial 10 mm RF probe utilizing a
'H channel. For PHIP experiments, hydrogen was enriched
with parahydrogen up to ~90% using a Bruker parahydrogen
generator BPHG 90. The feed gas mixture contained 1,3-buta-
diene and p-H, or n-H, at a 1:4 ratio. Hydrogenation was
performed in the 7.1 T magnetic field of the NMR spectrome-
ter at atmospheric pressure and 130 °C. The fabrication of
the catalytic reactors was similar to the procedure described
previously*® except that drop-casting on a spinning borosili-
cate glass tube was used instead of dip-coating. One of the
produced reactors was placed at the bottom of a 10 mm NMR
tube, and the gas mixture was supplied through a 1.6 mm
Teflon capillary placed concentrically along the reactor. For
control experiments, the Teflon tube was placed at the bot-
tom of the NMR tube, while the reactor was placed above it.
The gas flow rate was varied from 1.3 to 6.5 mL s * using an
Aalborg rotameter. "H NMR spectra were acquired using a
single 45° pulse. 'H MRI was performed using a spin-echo
pulse sequence®® with the first tip angle of 45° and using 32
phase encoding gradients. For the analysis, all 16 reactors
were cut in half using a diamond broach file (as shown in
Fig. S1+t for the Ir/SiO, catalyst).

Conclusions

In conclusion, we demonstrated an operando approach for
the visualization of the reagents and the product distribution
along the length of a working hydrogenation reactor. We
studied 16 different catalyst formulations using nanoparticles
of Pt, Pd, Rh, and Ir supported on CeO,, SiO,, Al,O; or TiO,.
This study allowed insights into the reaction mechanism of
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the 1,3-butadiene hydrogenation reaction on those catalysts
to be obtained. It was shown that the catalysts containing Pd
nanoparticles are the most selective ones towards butene,
while the catalysts containing Ir or Rh nanoparticles demon-
strate the highest polarization level in the products. The
mechanistic insight into the reaction was obtained by map-
ping the reagent and product distribution along the length of
the reactors. It was shown that 1-butene is formed via
pairwise hydrogen addition to 1,3-butadiene on Pd/CeO, and
Pd/SiO,, i.e. 1-butene and 2-butene are formed on different
Pd active sites of the catalysts or via different reaction mecha-
nisms. In addition, it was shown that during hydrogenation
over the Rh/CeO, catalyst butane is formed faster from 1-bu-
tene than from 2-butene.
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