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Porous organic polymers enable a novel approach to incorporate xantphos into a solid macroligand.

Immobilizing a ruthenium complex on the xantphos framework results in an excellent catalyst for the
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hydrogenation of CO, to formic acid. Recycling experiments indicate a minor partial degradation of the
heterogenous catalyst after a certain induction period, which is referred to its structural changes.

Intending the defossilization of the chemical industry, alternative carbon feedstocks need to be implemented into the chemical value chain. Beside biomass,

CO, offers a promising carbon source as prospectively captured and abundant C, building block. However, its kinetic inertness requires the development of
appropriate catalysts. This works aims an advanced understanding of this key technology, focusing on a heterogenized catalyst for the hydrogenation of CO, to

formic acid, which is discussed as a storage molecule for hydrogen as well as carbon monoxide and is an important chemical intermediate. Overall, we hope to
contribute with the present research to UN SDGs No. 9 (Industry, Innovation and Infrastructure) and No. 12 (Responsible Consumption and Production).

In the context of the ecological transformation of today's
economy, the concept of catalysis plays a pivotal role. It is
considered to be a “key technology for rapid introduction of
renewable energy”,"? a “workhorse” for the defossilization of
the energy system, a “primary tool for achieving all of the 12
principles of green chemistry”* and a “pillar of chemical
industry to reach the sustainability of the society”.* Beyond the
usual classification between heterogeneous and homogenous
catalysts, there is growing recognition of the vital link between
these two fields of research.®® The evolvement of the latter one,
the catalytic application of transition metal complexes, is
strongly accompanied by the evolution of diverse ligand types
and structures. In particular, soft and strongly ligating phos-
phines are the donor atoms of choice.’ The early work by Reppe
established triphenylphosphine as the prototypical phosphine
and initiated the exploration of the ligand sphere, crafting the
microenvironment of the metal center.”®* A remarkable

“Technical University of Darmstadt, Ernst-Berl-Institute of Technical and
Macromolecular Chemistry, Peter-Griinberg-StrafSe 8, 64287 Darmstadt, Germany.
E-mail: marcus.rose@tu-darmstadt.de

*Technical University of Darmstadt, Eduard-Zintl-Institute of Inorganic and Physical
Chemistry, Peter-Griinberg-StrafSe 8, 64287 Darmstadt, Germany

Surface Science Laboratory, Department of Materials and Earth Sciences, Technical
University of Darmstadt, Otto-Berndt-Strafie 3, 64287 Darmstadt, Germany

t Electronic  supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4su00164h. All data presented in this publication are
available open repository

(https://zenodo.org/doi/10.5281/zenodo.10805184).

from the access Zenodo

© 2024 The Author(s). Published by the Royal Society of Chemistry

example of this design process is xantphos, a bidentate
diphosphine ligand with a rigid backbone and a wide bite angle,
which has been addressed by recent reviews."** While xant-
phos was originally applied for hydroformylation catalysis,™ its
superior ligand properties also occur in hydrocyanation,** cross-
coupling reactions'® and C-H activation reactions forming C-C
and C-X bonds."” Due to its versatility, xantphos derivatives
have been the subject of various immobilization approaches,
which aim to transfer the molecular moiety into an easily
separable catalyst. These attempts include encapsulation,'®
anchoring on a silica surface'>" or polymer matrix,* immobi-
lization on a supported ionic liquid phase® or the radical
polymerization of vinyl functionalized xantphos species.**>®
However, all these approaches require several complex prepa-
ration steps, increasing the cost of immobilization.”” In our
work, we developed a simple and scalable design strategy for
a heterogenized xantphos-based ruthenium catalyst, where the
arising aluminum waste is less harmful and easily recyclable.
Based on the concept of hyper-crosslinked polymers (HCPs),*
we incorporated xantphos into a porous organic polymer and
investigated the ruthenium impregnated catalyst in the direct
hydrogenation of CO, to formic acid (FA). Herein, we present
the synthesis and characterization of the novel catalyst and
highlight its catalytic behavior, focusing on the stability and its
alterations during the catalytic process.

The Xantphos-based HCP (X-HCP) was prepared, following
an external knitting strategy (Fig. 1a).?® In accordance with Yang
et al.,, we employed AICl; as strong Lewis catalyst for the
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Fig. 1

(@) Synthetic route of X-HCP-Ru, consisting of a Friedel-Crafts-alkylation and a subsequent ligand exchange. L corresponds to

unspecified, coordinating ligands, remaining from the Ru precursor (in particular Cl™ ligands). (b) ATR-FTIR-spectra of the monomer xantphos
(orange), the crosslinker BCMBP (grey) and the X-HCP (blue). The intensities are normalized to the height of the most intense peak. (c) Nitrogen
physisorption of X-HCP at 77 K. Filled blue diamonds denote the adsorption, empty blue diamonds denote the desorption. (d) Water vapor
sorption of X-HCP at 293 K. Filled blue diamonds denote the adsorption, empty blue diamonds denote the desorption. (e) *'P-MAS-NMR-
spectrum of X-HCP-Ru. Spinning side bands are marked with an asterisk. (f) P2p XPS spectrum of X-HCP-Ru.

activation of the less reactive phosphine monomer.> The
successful crosslinking in the X-HCP skeleton was demon-
strated by Fourier-transform infrared spectroscopy (FTIR)
(Fig. 1b), where the characteristic band at 2911 cm ™" shows the
stretching vibration of the formed methylene bridges. The
vanishing of the C-CI vibration at 643 cm ' indicates the
substitution of chloride, whereas the broad band at 1611 cm™*
is assigned to the vibrations of the present aromatic units. The
presence of xantphos is clearly revealed by the preservation of
the bands at 2952 cm ™' (CH,), 1433 cm ™' (C-P) and 1232 cm ™
(C-0-C). The band at 1178 cm™ " suggests oxidation processes
of the phosphorus atoms during the synthesis. X-ray fluores-
cence spectroscopy (XRF) confirms the presence of phosphorus,
with additional small residues of aluminum and chloride
remaining inside the network (Table S1%). In comparison to an
ideal HCP with entirely crosslinked monomers, only one third
of the monomeric xantphos is incorporated in the final X-HCP.

2214 | RSC Sustainability, 2024, 2, 2213-2217

This difference is driven by the ability of the external crosslinker
to interconnect with itself, without involving Xantphos.** XRF
confirms the uptake of ruthenium (0.31 wt%) in X-HCP-Ru after
the ligand exchange (Fig. 1a).** The molar ratio of phosphorus
to ruthenium of 27:1 indicates that the donor centers of the
macroligand are either not all capable to coordinate or only
partially accessible for the metal species. This imbalance may
be caused by its topological conformation, which is character-
ized by a combination of HCP-typical amorphous as well as
crystalline domains (Fig. S1t).* Beside a non-ordered structure,
the sharp reflexes of X-HCP in X-ray powder diffraction
measurements coincide with those of the monomeric xantphos.
Thus, it seems that xantphos units in the X-HCP framework
arrange in a stacked manner, probably diminishing their
ligating ability. The X-HCP exhibits a porosity with a specific
surface area (BET) of 222 m® g ' (Fig. 1c). Nitrogen phys-
isorption reveals the presence of micropores and a broad

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distribution of mesopores. The pronounced hysteresis, which
does not close, is known for non-rigid materials and is attrib-
uted to capillary condensation, pore blocking and swelling
effects.’®* Water vapor sorption measurements refer to the
hydrophilic characteristics of the X-HCP. The gradual uptake is
related to a moderate hydrophobicity, but demonstrates
a wettability, which is of importance for catalytic application in
the aqueous phase (Fig. 1d). Thermogravimetric analysis (TGA)
indicates a mass loss of 7 wt% up to 350 °C, followed by a one-
step decomposition at 450 °C (Fig. S2t). Furthermore, the
morphology of the polydisperse particles was investigated by
scanning electron microscopy (SEM) (Fig. S31) and indicates
uniform particles with sizes between 200 and 500 um. The
absence of larger ruthenium nanoparticle clusters was proven
by transmission electron microscopy (TEM) (Fig. S41). Quanti-
tative *'P solid-state nuclear magnetic resonance spectroscopy
(*'P-MAS-NMR) of X-HCP-Ru (Fig. 1e) reveals the presence of
oxidized phosphorus atoms (6 = 22.4 ppm) accounting for 39%
of all phosphines. The majority of the phosphines (6 = —17.3
ppm) remain non-oxidized (61%), with the peak consisting of
a sharp one from the ordered domains and a broader part from
the less ordered domains. X-ray photoelectron spectroscopy
(XPS) emphasizes the partial oxidation of the phosphines and
suggests that 29% of the phosphines are oxidized. This quan-
tification is roughly in agreement with the NMR results,
considering that XPS measurements overrepresent near-surface
regions and not the entire bulk phase (Fig. 1f and S5b+). Due to
the low metal loading and the overlap with the dominant C1s
peak, XPS does not allow an unambiguous electronic specifi-
cation of the ruthenium species (Fig. S51).

The X-HCP-Ru catalyst was applied in the base-mediated CO,
hydrogenation reaction to formic acid, where an initial rate
(TOF) of 1249 molg, molg, h™" was obtained. In order to put the
catalytic performance in context, reference experiments were
carried out (Fig. 2a). The (Ru-)metal-free X-HCP was inactive.
Additionally, a comparable HCP framework without phosphine
units, which contains solely crosslinked BCMBP units, was
synthesized and subsequently impregnated with ruthenium by
ligand exchange (BCMBP-HCP-Ru). BCMBP-HCP-Ru showed
a negligible activity, which reveals the involvement of both
species, the phosphine microenvironment and the metal
center, in the catalytically active species of X-HCP-Ru. A low
activity was observed for the commercial Ru@C as an example
of a heterogenous catalyst and the homogeneous Ru(NO)(NO3)3
complex. Since the xantphos ligand is poorly soluble in the
aqueous phase, the reference reaction of the xantphos ruthe-
nium complex was carried out in DMSO with NEt; as a base. The
resulting initial rate (TOF) of 577 molg, molg, h™" lies in
a comparable range to other reported homogeneous diphos-
phine ruthenium complexes.***” These reference experiments
emphasize the remarkable performance of X-HCP-Ru. The
catalytic stability of X-HCP-Ru was investigated by recycling
experiments (Fig. 2b), where the reaction solution was
exchanged after each recycling step. During the first and second
runs, a continuous deactivation of the X-HCP-Ru is observed,
resulting in a significant drop in catalytic productivity after 5.5
hours. Since the hydrogenation reaction is far away from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Catalytic evaluation of X-HCP-Ru and reference experi-
ments for the CO, hydrogenation to formic acid. (b) Catalytic recycling
of X-HCP-Ru over four recycling steps. Kinetic curves of the 1st run
(squares), 2nd run (circles), 3rd run (triangles) and 4th run (diamonds).
(c) Hot leaching experiments of X-HCP-Ru. The catalyst was filtered
off after 2.5 h, the remaining filtrate was pressurized and heated up to
initial reaction conditions. Reaction conditions: 300 mL Hastelloy
autoclave, V(H,O) = 150 mL, n(NaHCOz) = 150 mmol, m(cat.) =
200 mg, p(CO,/H,) = 60 bar (1:1), T=110 °C, t = 5.5 h, 700 rpm. [i]
m(Ru@C) = 50 mg (5 wt%) [iil n(RUNO)(NOgz)3) = 15 umol [iii] V(DMSO)
= 150 mL, n(NEts) = 150 mmol, n([Ru(p-cymene)Cly],) = 0.5 umol,
n(Xantphos) = 0.5 pmol. [iv] Exposure of X-HCP-Ru to CO (5 bar),
which is released from the autoclave before the catalysis.

thermodynamic limitations, it can be associated to a gradual
degradation of the catalytic species. Starting from the third run,
a nearly linear slope with a slight decrease in productivity
occurs. Thus, after a certain induction period, the X-HCP-Ru
forms a stable catalyst, which coincides with findings about
comparable catalytic systems for the CO, hydrogenation reac-
tion to formic acid.*® In addition, the influence of storing the
prepared catalyst on the catalytic performance was examined
(Fig. S67). In comparison to the freshly prepared X-HCP-Ru, the
aged catalyst (stored for eight days after preparation) exhibits
lower productivities in the first run (75% after 5.5 h). Subse-
quently, the productivities of the fresh and aged catalysts
coincide in the following runs and form a similar steady-state
activity. In order to investigate the initial degradation, the

RSC Sustainability, 2024, 2, 2213-2217 | 2215
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retained X-HCP-Ru after four catalytic runs was further analyzed
and compared to the pristine X-HCP-Ru. *'P-MAS-NMR
(Fig. S7t) shows no significant increase in the proportion of
oxidized phosphines (from 39 to 43%). ATR-IR does not indicate
any structural changes of the network (Fig. S81). In TEM images
(Fig. S9t) no larger agglomeration of the dispersed metal
species was observed.* However, the formation of highly
dispersed nanoparticles cannot be fully excluded, as the
decomposition of single source precursors in the presence of
hydrogen is a known synthesis approach for very small ruthe-
nium nanoparticles.* Since these nanoparticles are active
catalysts for CO, methanation,** an occurring agglomeration
may imply a change in selectivity from formic acid to methane
in the recycling runs, which is subject to further investigation.
In contrast to previous works, leaching of active species into
solution could be excluded as the origin of the catalyst
degradation.*>** While the filtrate contains negligible amounts
of ruthenium (0.2 wt-ppm) and phosphorus (0.5 wt-ppm) (Table
S27), the hot leaching experiment clearly indicates no catalytic
conversion after the removal of X-HCP-Ru, proving its hetero-
geneous nature (Fig. 2¢). Kann et al. proposed the formation of
ligating carbon monoxide as a reason for the catalytic degra-
dation, whose retarding influence was mentioned by Jessop
et al. and confirmed in this work by catalytic experiments of the
CO-exposed X-HCP-Ru (Fig. 2a).*®** Neither CO nor CHy,
pointing towards the formation of Ru nanoparticles, could be
detected in the gas phase (Fig. S107) nor observed in the ATR-IR
spectrum (Fig. S81), which may also be caused by the low
density of metal sites. Regarding the topological changes,
nitrogen physisorption reveals the loss of pore volume under
the catalytic conditions (from 0.18 to 0.046 cm® g~ '), which can
affect the accessibility of catalytically active sites (Fig. S11 and
Table S31). However, the dynamic properties of porous poly-
mers and their ability to swell do not allow a definitive
conclusion about its porous state under solvated, catalytic
conditions.

In summary, we developed a novel heterogenized xantphos
macroligand, following a simple crosslinking approach.
Molecular ruthenium species were immobilized on the porous
framework and the catalyst was evaluated in the aqueous CO,
hydrogenation to formic acid. Reference experiments reveal its
heterogeneous nature and highlight its excellent activity. The
investigation of its recyclability suggests an initial deactivation
of the catalyst, leading to a slight decrease in catalytic produc-
tivity after a certain induction period. This alteration can be
presumably referred to changes in the topology of the porous
system and the metal coordination sphere.
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