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Abstract

This thesis investigates the photocatalytic reduction of CO, to CO, a key intermediate
in chemical production. Imidazolium-based ionic liquids (ILs), renowned for their CO,
physi- and chemisorption properties, were studied for their cooperative effects to im-
prove photocatalytic performance.

The work starts with a review of imidazolium-based ionic liquids for photocatalytic
CO, reduction, providing a comprehensive overview of the state-of-the-art develop-
ments in the field. This is followed by three major studies that progressively develop the
application of imidazolium-based ionic liquids, transitioning from homogeneous catal-
ysis to heterogeneous photocatalysis and gas-phase photoreductions.

First, in homogeneous photocatalysis, a benchmark system consisting of a Ru-based
photosensitizer and a Re-catalyst was investigated. The addition of imidazolium-based
ionic liquids, specifically 1-ethyl-3-methylimidazolium acetate in DMF, resulted in a
strong enhancement of CO formation, with up to 20-fold increase observed. Even small
amounts of ionic liquid were effective, and a clear -correlation between
anion basicity and CO, activation was demonstrated. However, stability limitations
necessitated further adaptations.

To further develop the system toward heterogeneous photocatalysis, the system was
immobilized within a polymerized ionic liquid matrix. Vinyl-functionalized photosensi-
tizer and catalyst components were co-polymerized with a vinyl-modified imidazolium
ionic liquid monomer. Characterization confirmed the preservation of catalyst oxida-
tion states and component integrity. This heterogeneous system extended operational
stability to 4 hours with sustained CO selectivity, a significant improvement over the
40-minute stability was observed in the homogeneous system. Mechanistic studies
confirmed light excitation of the Ru-sensitizer and subsequent electron transfer to the
Re-catalyst.

Subsequently, the approach was extended to porous UiO-67 metal-organic frame-
works (MOFs). The covalent incorporation of imidazolium groups was investigated to
transfer the CO,-activating properties of imidazolium functionalities to highly porous
materials.

Finally, a photocatalytic gas-phase reactor system was developed for both batch and
continuous flow conditions. Prototypes were designed to enable sampling and catalyst
testing, with the goal of scaling up heterogeneous materials such as supported ionic
liquid phase (SILP) catalysts and graphitic carbon nitride (gCN)-based photoactive sup-
ports.
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Zusammenfassung

Diese Dissertation untersucht die photokatalytische Reduktion von CO, zu CO, einem
wichtigen Zwischenprodukt in der chemischen Industrie. Imidazolium-basierte ionische
Fliissigkeiten (ILs), die CO, gut iiber Physi- und Chemisorption aktivieren konnen, wur-
den hinsichtlich ihrer kooperativen Effekte zur Verbesserung der photokatalytischen Re-
duktion untersucht.

Die Arbeit wird mit einem zusammenfassenden Artikel iiber die Anwendung
von Imidazolium-basierten ionischen Fliissigkeiten in der photokatalytischen CO,-
Reduktion eingeleitet. Der Artikel fasst wichtige und aktuelle Entwicklungen auf
diesem Gebiet zusammen. Darauf folgen drei aufeinander aufbauende Hauptstu-
dien, die die Anwendung von Imidazolium-basierten ionischen Fliissigkeiten in der
photokatalytischen Reduktion von CO, untersuchen - beginnend mit homogener
Katalyse iiber die heterogene Photokatalyse bis hin zu Gasphasen-Photoreduktionen.

Zunichst wurde ein homogenes photokatalytisches Referenzsystem untersucht,
das aus einem Ru-basierten Photosensibilisator und einem Re-Katalysator besteht.
Die Zugabe von Imidazolium-basierten ionischen Fliissigkeiten, speziell 1-Ethyl-3-
methylimidazoliumacetat in DMF, fiihrte zu einer starken Verbesserung der CO-Bildung,
wobei ein bis zu 20-facher Anstieg beobachtet wurde. Bereits geringe Mengen an ion-
ischer Fliissigkeit hatten einen stark positiven Einfluss, und es konnte eine Korrelation
zwischen der Basizitdt des Anions und der CO,-Aktivierung nachgewiesen werden. Die
begrenzte Langzeitstabilitit erforderte jedoch weitere Anpassungen.

Zur Weiterentwicklung des Systems in Richtung heterogener Photokatalyse wurden
die Katalysatoren in einer polymerisierten ionischen Fliissigkeitsmatrix immobilisiert.
Vinyl-funktionalisierte Photosensibilisator- und Katalysatorkomponenten wurden mit
einem vinylmodifizierten Imidazolium-Monomer copolymerisiert. Durch Charakter-
isierung konnten die Oxidationszustinde des Katalysators und die Integritit aller
Teilkomponenten verifiziert werden. Dieses heterogene System verbesserte die
Langzeitstabilitat auf vier Stunden mit anhaltend hoher Selektivitét fiir CO als Produkt,
was eine deutliche Verbesserung gegeniiber der 40-miniitigen Stabilitdt des homoge-
nen Systems darstellt. Mechanistische Studien bestitigten die Lichtanregung des
Ru-Photosensibilisators und den anschliefenden Elektronentransfer zum Re-
Katalysator.

In weiterer Folge wurde das Konzept auf pordse metallorganische Geriistverbindun-
gen ("metal-organic frameworks", MOFs) iibertragen. Die kovalente Einbindung von
Imidazolium-Gruppen in MOFs wurde untersucht, um die CO,-aktivierenden Eigen-
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schaften der Imidazolium-Gruppe auf hochporose Materialien zu iibertragen.
Abschlielend wurde ein photokatalytisches Reaktorsystem fiir Experimente in der
Gasphase unter Batch- und Durchflussbedingungen entwickelt. Prototypen wurden
entworfen, um Probenahme und Katalysatortests zu ermoglichen. Ziel ist es, hetero-
gene Materialien wie getrdgerte ionische Fliissigkeiten ("supported ionic liquid phases",
SILPs) und Katalysatoren mit Kohlenstoff-Nitrid (gCN)-basierten photoaktiven Trager-

materialien zu untersuchen.
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1. Introduction

1.1. Carbon Capture and Utilization

Facing the climate crisis, carbon dioxide (CO,) emissions pose a serious threat to plan-
etary health, demanding immediate and decisive action.! Achieving net-zero emissions
is essential and requires the rapid development of innovative technologies that both re-
duce emissions and capture and utilize CO,, supporting the establishment of a circular
economy. Combining renewable energy sources to reduce emissions with effective CO,
capture and recycling provides a sustainable pathway for the future (see Figure 1.1).%™

RENEWABLE ENERGY

L A

REDUCE / REMOVE

i{ X €O, VALORIZATION E
FUELS reEpsTOC 4_@ 7 \_ Y4 RECYCLE
FUELSTOCK i{/\'ﬁ)

§ 0

Figure 1.1. Schematic overview of the role of CO, valorisation toward carbon neutrality and
a circular economy. Thermochemical, biochemical, photochemical, and electrochemical CO,
valorisation strategies can be used to reuse emitted CO,, forming building blocks that serve as
intermediates for fuels and chemical feedstocks.

Carbon capture and utilization (CCU) technologies are vital for closing the carbon
cycle and aligning with circular economy principles. Through CO, valorization, car-
bon dioxide can be converted into valuable resources. CO, is captured, transported,
and finally transformed into small molecular building blocks through electrochemical,
photochemical, thermal, or biochemical techniques.®> Important C; products are carbon

13
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monoxide (CO), formic acid (HCOOH), formaldehyde (HCHO), methanol (CH;0OH),
and methane (CH,). Furthermore, multicarbon chemicals such as oxalic acid (H,C,04),
acetic acid (CH3COOH), acetaldehyde (CH;CHO), ethanol (CH;CH,OH), ethylene (C,Hy)
and ethane (C,Hg) play an important role.® These building blocks can then serve as
feedstocks for the chemical industry, enabling the sustainable production of chemical
goods or use as synthetic fuels.”

Integrating renewable energy with carbon capture and CO, valorization presents a
promising solution to both reduce emissions and generate valuable products, advancing

critical environmental and economic objectives.

1.1.1. Energy demand of conversion

Carbon dioxide (CO,) as end-product of combustion reactions represents the highest
oxidation state of carbon (+1V). Consequently, all transformations to value-added prod-
ucts involve the reduction of carbon. The linear structure of CO, is highly stable,
requiring significant energy to overcome the reaction barrier of injection of the first
electron. Reducing CO, by a single electron yields an angled radical anion (see Fig-
ure 1.2), an energetically unfavorable process, as it occurs at a very negative potential
(E° = -1.90 V vs. NHE at pH 7).89

Subsequently, reductions involving the transfer of 2, 4, 6, or 8 electrons, along with
concurrent proton transfer, occur at less negative potentials (see Table 1.1). The com-
plexity of the cascade necessary for multielectron reduction products comes at the cost
of kinetic limitations. The use of catalysts is essential to enable selective reactions
under mild conditions, especially given the high overpotentials and kinetic limitations

involved.1?

o ol
1.16 | ‘ +e 123/
c )180° ‘-_7"‘ «C 138°
| * N
o (o]

Figure 1.2. Structural description of CO, bond angle bending upon the injection of the first
electron.’

Table 1.1. Half-reactions of CO, reduction and their redox potentials at pH= 7.10

Product Reduction half-reaction Redox potential (V)
CO, CO; + 1le"— CO, -1.9
CcO CO; + 2~ + 2H' — CO + H,0 -0.52
HCOO~ CO; + 2e~ + H" — HCOO™ -0.41
HCHO CO, + 4e~ + 4H" — HCHO + H,0 -0.48
CH;OH CO; + 6e~ + 6H" — CH30H + H,O -0.38
CHy4 CO, + 8¢~ + 8H" — CH4 + 2H,0 -0.24

14
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1.1.2. The ERC project CARBOFLOW

Carbon monoxide (CO) is a crucial C; building block widely used in industrial processes
for synthesizing both bulk and fine chemicals. Examples of industrially significant ap-
plications include the utilization of CO in alkene carbonylation, hydroformylation pro-
cesses, and Fischer-Tropsch synthesis to produce alkanes and alkenes.!!'~1> However, the
bulk use of CO poses significant challenges due to its high toxicity, which raises safety
concerns and handling difficulties in industrial settings. An innovative approach to mit-
igate these issues is to utilize carbon dioxide (CO,) as a safer alternative feedstock,
with CO formed either in-situ or ex-situ as a reaction intermediate. By integrating CO,
reduction with carbonylation reactions, this approach aims to create a continuous flow-
based process that combines safety and efficiency while supporting sustainable chemical
production. The ERC project CARBOFLOW aims to develop efficient strategies to syn-
thesize carbonylation products from CO, feedstock by integrating in situ CO, reduction
with the synthesis of carbonylation products in a streamlined process (see Figure 1.3).
To establish environmentally benign reaction conditions, ionic liquids, and supercritical
CO; are combined to create a multifunctional reaction matrix that sequentially serves
as a CO, pre-activation catalyst, substrate, solvent, and extraction medium. The project

is structured around three main goals:

* Developing (photo-)catalytic CO, reduction systems selective for CO in ionic liquid

media.
* Advancing parallel carbonylation reactions with CO/CO, mixtures.

* Integrating the outcomes of the first two goals to establish a fully streamlined and
efficient process for high-value fine chemicals.

This thesis contributes to Goal 1, aiming at the development of photocatalytic CO,

reduction in ionic liquid media.

Goal 1: Photocatalytic reduction of CO, to CO ~Goal 2: Carbonylation reactions in scCO,

COin scCO
2 carbonylation

products

substrates

Goal 3: Towards a streamlined process for the formation of carbonyl compounds from CO,

Figure 1.3. Schematic description of the ERC project CARBOFLOW. Reproduced from [16].

15
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1.2. Photocatalytic CO, reduction

Photocatalysis presents a powerful method for overcoming high reaction barriers, en-
abling selective reactions. Unlike traditional thermochemical methods that require high
temperatures or pressures, photocatalysis can proceed under mild conditions, which re-
duces energy costs and environmental impact. Inspired by natural photosynthesis —
the essential process that supports life on earth by converting water and carbon dioxide
into oxygen and carbohydrates using sunlight — photocatalysis similarly harnesses so-
lar energy to transform CO; into valuable fuels and chemicals.!”

The fundamental principle of photocatalysis is based on the absorption of photons by
the photocatalyst, which generates reactive electron-hole pairs. These pairs, together
with proton transfer, facilitate the reduction of substrates. In general, homogeneous
and heterogeneous photocatalysis can be distinguished. Homogeneous photocatalysis
involves catalysts in the same phase as the reactants and is typically performed in a
solution. Advantages of this approach include uniform interaction with reactants and
high selectivity due to well-defined reactive sights. In contrast, heterogeneous pho-
tocatalysis uses catalysts in a different phase, typically solid catalysts with gaseous or
liquid reactants. Heterogeneous catalysis offers easier separation and recovery, as well
as increased stability under reaction conditions. However, it may have lower selectiv-
ity and slower reaction rates as a result of limited surface interactions compared to

homogeneous catalysis.'®

1.2.1. Homogeneous photocatalysis

Homogeneous photocatalytic CO, reduction is based on metal-organic catalysts typi-
cally dissolved in organic solvents or water. Electrons for the reduction reaction are
generated with metal-organic sensitizers or organic dyes by quenching the excited state.
Certain requirements need to be fulfilled for a catalyst to facilitate selective CO, reduc-
tion reaction (CO2RR) with high yields. Catalysts can lower the activation energy of
CO, transformation. This energy is defined by the overpotential of the electrochemical
reaction. In order to facilitate reactions the redox potential of the catalyst should be
close to the equilibrium potential of the reaction. As water reduction to H, is thermo-
dynamically more favorable than CO2RR, the catalyst should not interact or reduce Hj.
Furthermore, multiple electron reduction is facilitated by the accessibility of multiple
redox states of both the metal and the ligands.

Common catalysts are based on Ruthenium, Rhenium, and Iridium. The development
of metal-organic catalysts based on earth-abundant metals has emerged over the past
years with the goal of finding alternatives to expensive and rare noble metal catalysts.
Examples comprise, for example, Manganese, Nickel, and Iron complexes. Selected

examples of both, noble and non-noble metal-organic catalysts, are shown in Figure
1.4.19:20

16
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Figure 1.4. Catalysts selective for CO formation used in photocatalytic CO2RR.

The first step in the mechanism of photocatalytic CO2RR catalyzed by organometallic
catalysts is based on the reduction of the catalyst to a low-valent state with an unsatu-
rated binding site that can uptake CO,. In homogeneous photocatalysis, electrons for
the low-valent state are generated by the use of photosensitizers. The mechanism is
described in Figure 1.5. The sensitizer is excited by light. The excited state can be re-
ductively quenched by electron donors to form the one electron reduced state (OERS).
The OERS of the photosensitizer can relax under the transfer of electrons to the catalyst

initializing the catalysis mechanism.?°

D o

Cat red
\ /% Reduced
PS < )/ products

Figure 1.5. Principle of homogeneous photocatalytic CO2RR with photosensitizer and photo-
catalyst. Picture adapted from Kuramochi et al. [20].

The quenching by electron donors, also called sacrificial agents, resembles the ox-
idation counter-reaction to CO2RR. Alternatively to reductive quenching, the excited
state of the photosensitizer can be quenched via oxidative quenching.?! Both processes
are described in Figure 1.6. The oxidative quenching mechanism operating under the
direct transfer of electrons from the sensitizer to the catalyst and acceptance of holes
by sacrificial agents is only rarely known. This can be explained by the highly negative
reduction potentials that need to be battled with even higher reduction potentials of
the excited state of the photosensitizer. It is worth mentioning that CO2RR to CO is a
two-electron process, requiring the transfer of a second electron after the reduction of
the catalyst. This step is kinetically slow as it requires a second electron source like a
second sensitizer molecule or reduced catalyst undergoing a disproportion reaction.
This kinetic limitation is also a reason why the oxidative quenching mechanism is un-
likely to happen. The probability for quenching of the excited state by the abundantly

17
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available donor molecule is higher than the interaction of catalyst and sensitizer.2%-22-23

D A
D- PS* A
Pg red PS o
Y
A PS D
A D*

Figure 1.6. Mechanism of reductive and oxidative quenching of excited photosensitizer.
Adapted from Zhu et al. [21].

Common sacrificial agents used in CO2RR are aliphatic amine-based agents like tri-
ethylamine (TEA) and triethanolamine (TEOA). Aromatic amines are used as well, such
as benzyl dihydronicotinamide (BNAH) and dimethyl phenylbenzimidazoline (BIH).
Furthermore, agents such as ascorbic acid H,A, oxalate and thiols like benzylthiolate
(Benz-S) find application. Corresponding structures are shown in Figure 1.7.24

0
HO._~.\~~_-OH />(© WNHZ
SN N N
. H ©:N H @
\

CH
TEA TEOA BIH BNAH
HO = o o” o
@] o S
HO = o
HO ol o’
HoA Oxalate Benz-S

Figure 1.7. Sacrificial agents used in photocatalytic CO2RR.

Requirements for good photosensitizers are strong light absorption, enabling selec-
tive excitation of the sensitizer. Spectral overlaps with other components of the system
should be avoided at the chosen excitation wavelength. Light emission in the visible
light is beneficial as it allows for the utilization of sunlight. Furthermore, requirements
for efficient generation of electron charges and transfer of charges in the system need
to be fulfilled. The reactive excited state should be formed with a high yield, which

18
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is influenced by the intrinsic quantum yield as well as by absorption cross-section de-
pendent on molar absorptivity and molar concentration. Long excited-state lifetimes are
required to facilitate an efficient reductive quenching process. This process is influenced
by the diffusion kinetics of an excited sensitizer interacting with a donor molecule in a
bimolecular reaction. The excited and ground-state redox potentials of the photocata-
lyst must provide for an exothermic (or, at worst, weakly endothermic) reaction. Strong
oxidation power of the excited state is required to efficiently capture electrons from the
sacrificial donor. Additionally, high stability of the OERS is required to transfer elec-
trons to the catalyst. In terms of long-term stability, the reversibility of photophysical
processes plays an important role. The photocatalyst must exhibit reversible electrocat-
alytic behavior to prevent photodegradation in the absence of a quencher.?%-22-23

Common sensitizers are based on noble metals like Iridium, Ruthenium, and Osmium.
Alternatively, purely organic sensitizers emerged over the last years. Examples of or-
ganic sensitizers are structures based on anthracenes and cyanoarenes like 4CzIPN
and 9CNA.??2> Examples of metal-organic sensitizers as well as organic sensitizers are

shown in Figure 1.8.

Ir(PPY); Ru(bpy)s Os(5dmb);
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Figure 1.8. Sacrificial agents used in photocatalytic CO2RR.
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Catalysis with Ruthenium sensitizer and Rhenium catalyst

The system based on the Ruthenium sensitizer [Ru(bpy)3;]Cl, and the Rhenium catalysts
[Re(bpy) (CO)3Cl] was established over the past years as a well-investigated catalyst
pair for photocatalytic CO2RR (see Figure 1.9). The Ru-sensitizer was first character-
ized in 1954 as a complex by Brandt, who further described the luminescence properties
of the complex in 1968.26-28 In the early 1980s, Jean-Marie Lehn, Raymond Ziessel, and
Jeannot Hawecker pioneered the field of artificial photosynthesis investigating photo-
catalytic CO, reduction with metal-organic complexes. They studied [Re(bpy) (CO)3Cl]
in photo- and electrocatalytic CO, reduction and employed [Ru(bpy);]*" as a
sensitizer.22-32 The Re-catalyst is renowned for its high selectivity toward CO produc-
tion. Over the years, numerous applications in both photo- and photo-electrocatalysis
have been reported, and the catalyst has been incorporated into more sophisticated cat-
alytic systems, like supramolecular catalysts and organic-inorganic hybrid materials.33-36
More recent developments in the field of synthetic photo-organic chemistry underline
the relevance of [Ru(bpy);]>" as a sensitizer, which is now widely used in numerous
transformations.3” Groundbreaking work in this area was initiated by the groups of
MacMillan and Yoon, who both published pioneering studies in 2008 that combined
photocatalysis with organic synthesis. MacMillan developed photocatalyzed asymmet-
ric alkylations, while Yoon introduced photocatalyzed cycloadditions.3837

The sensitizing mechanism involving the Ru-sensitizer, as well as the mechanism of the
CO2RR reduction reaction, have been thoroughly investigated. These details will be

discussed further in the following chapter.

Ru(bpy);Cl, Re(bpy)(CO);CI

Figure 1.9. Photocatalytic system consisting of Ru-sensitizer and Re-catalyst investigated in this
work.

The Ru-based sensitizer [Ru(bpy)s]>* fulfils most of the above-mentioned criteria for
a good sensitizer providing high rates of excited state formation, long excited state life-
times, and reversible redox behavior. Furthermore, chemical modification of the ligands
allows for fine-tuning of photophysical properties of the complexes. The absorption in
the visible range around 450 nm can be assigned to the metal-to-ligand charge transfer
(MLCT) of the complex (see Figure 1.10a). The MLCT is obtained from the simultane-
ous reduction of the metal centre and oxidation of the ligand facilitated by the redistri-
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bution of electron charge within the complex, forming [Ru(bpy); ‘]*** as intermediate
(see Figure 1.10b).2340
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Figure 1.10. UV-Vis absorption of [Ru(bpy)3;]** with MLCT at around 450 nm (a) and schematic
description of internal charge separation upon excitation (b). Graphic taken from Arias-Rotondo
and McCusker [23].

The photophysics of the excited state can be best described with potential energy sur-
face diagrams (see Figure 1.11). The different processes are also described in equations
(1)-(4). Upon irradiation by hv,,, the sensitizer is excited to the 'MLCT state with a
spin multiplicity of 1 (see Equation (1)). This state is quickly relaxing by intersystem
crossing (ISC) to the triplet state MLCT (Equation (2)). The *MLCT can relax to the
ground state via phosphorescence or non-radiative pathways (Equations (3) and (4)).

21



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

=
5 SMLCT
[
w
b 3 P e 7
\\ \\ // I/
X 7 vibrational relaxation
, =
4
4

Maps

-
Nuclear Coordinate (AQ)

Figure 1.11. Mechanism of photocatalytic excitation described with potential well. Picture
taken from Arias-Rotondo and McCusker [23].

[Ru"(bpy)3]>* 22 [Ru™ (bpy ) (bpy)]1>** )
'[Ru™ (bpy ™) (bpy)21* 2 3 [Ru (bpy ™) (bpy)a1>+* 2)
3Ru™ (bpy ) (bpy)21* ™ [Ru" (bpy)s]** + hVem 3)
3RU™ (bpy ) (bpy)2]*H £ [Ru(bpy)s]2* + heat 4)

The radiative relaxation leads to an emission spectra with a maximum around 620 nm.
The as-described reactions illustrate steady-state emissions of the sensitizer. Building
upon these considerations, quenching excited state reactivity of the ' MLCT state is dis-
cussed.

The reactivity is based on the ability of the 'MLCT state to act as an electron acceptor
or an electron donor as described above in Figure 1.6 by single electron transfer (SET).
Furthermore, energy transfer can occur through Forster or Dexter energy transfer (see
Figure 1.12). Forster Energy Transfer, also known as Fluorescence Resonance Energy
Transfer (FRET), is based on a dipolar mechanism. This mechanism takes place through
space: Transition moment dipoles of donor and acceptor are coupled non-radiatively.
On the contrary, Dexter electron transfer is based on the orbital overlap and can be
described as energy transfer through bonds. Intramolecular Dexter Energy transfer is
required as well as orbital overlap, and therefore, collision of acceptor and donor is nec-
essary. Throughout the process, two electrons with opposite spin are exchanged.*! In
the case of the application of Ru-sensitizer with Re-catalyst energy transfer could lead
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to the formation of Re-excited states.?® In photocatalytic CO2RR the common mecha-
nism is reductive quenching. *Ru(bpy)3" functions as an oxidant, accepting an electron
from a sacrificial agent to give the reduced species Ru(bpy)7. This Ru(I) intermediate
is a good reductant (E,; /2 = —1.33V vs. SCE) and may donate an electron to an elec-
tron acceptor (Re) to afford the ground state species again.®” The transfer mechanism
is closely related to Dexter Energy transfer but with only one-electron transfer. The
process of SET can be described by Marcus-theory and has lower distance dependency

as dexter energy transfer, making SET more likely to occur.?342

Forster Energy Transfer

s
4
-

Dexter Energy Transfer

Figure 1.12. Schematic description of Forster and Dexter Energy Transfer. Scheme adapted
from Arias-Rotondo and McCusker [23].

Stern-Vollmer-Quenching is a technique to investigate the nature of the quenching
mechanism present. However, as the concentration of a quencher increases, *Ru(bpy)3"
undergoes additional deactivation through electron-transfer pathways, leading to a re-
duction in the observed emission intensity at 615 nm.3’

Photocatalytic CO, reduction with [Re(bpy)(CO);Cl] proceeds with high activity and
extremely high selectivity for CO,. The selectivity for CO, is maintained even in aque-
ous solutions. The reaction mechanism starting from the OERS of the Re-catalyst was
intensively investigated (Figure 1.13). The mechanism proceeds with the loss of CO or
Cl™ ligand. In-situ infrared spectroscopy showed that the elimination of halogen ligands
is dominating.3%*3 The loss of the ligand leads to an open binding site that can interact
with CO; or solvent. It is worth mentioning that the mechanism is strongly influenced
by the reaction conditions, including the use of different solvents and additives. De-
pending on the solvent, interactions with the Re catalytic center can be stronger or
weaker. Johnson et al. showed for example that MeCN can interact with the OERS of
the Re-complex and stabilize the OERS radical.*4
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Figure 1.13. Ligand exchange after electron transfer to the Re-catalyst. Picture adapted from
Kuramochi et al. [20].

Possible mechanisms starting from the solvent adduct of the OERS of the Re-complex
are shown in Figure 1.14. A mechanism proposed by Gibson et al. proceeds via
CO, coordination and proton-mediated dehydroxylation from the carboxylato com-
plex [Re(bpy(CO)3(COOH)].2%4> An alternative mechanism with CO, bridged Re-dimer

O

complex was proposed by Hayashi et. al.%®
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Figure 1.14. Mechanisms of photocatalytic CO2RR catalysed by Re complex. Graphic from
Kuramochi et al. [20]

Furthermore, interaction with sacrificial agents like TEOA was observed, forming
Re-CO,-TEOA as intermediates. Similar effects were also reported for comparable
complexes.*’—>0
A huge limitation of homogeneous photocatalysis lies in the deactivation of both cat-
alyst and sensitizer. The process of degradation can be photoinduced as in the case
of [Ru(bpy);]>" (see Figure 1.15). The OERS of the Ru-sensitizer is prone to the loss
of one bpy ligand. The free coordination sites can interact with solvents. It was shown
that the resulting complex can still catalyze CO2RR even in the absence of an additional

catalyst. This mechanism can lead to changed product distribution.?%->!
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Figure 1.15. Photoinduced ligand loss of [Ru(bpy)3]>". Picture adapted from Kuramochi et al.
[20].

A common deactivation mechanism for metal-organic catalysts is degradation under
the formation of dimers.>>> In the case of [Re(bpy)(CO);Cl], dimer formation was
observed in electrocatalytic experiments leading to the formation of Re’ dimer complex
[Re(bpy) (CO)3],.44>*

1.2.2. Heterogeneous photocatalysis

Opposite to homogeneous photocatalysis, relying on molecular sensitizers and catalysts,
classic heterogeneous catalysts are based on the use of inorganic semiconductor mate-
rials. The light-harvesting mechanism with semiconductors is based on the photoexci-
tation of electrons upon irradiation with light, transferring electrons from the valence
band to the conduction band of the semiconductor (see Figure 1.16). The excitation
is promoted by light with photon energies equal to or higher than the energy of the
bandgap. The promotion of electrons leads to the formation of holes in the valence
band of the semiconductor. The generated electron-hole pairs are transferred to the
surface of the catalyst, facilitating parallel oxidation and reduction reactions. Parallel
to CO2RR consuming the generated electrons, the oxidation of a reductant is promoted
by the generated holes. In the ideal case, water oxidation can work as an oxidation
counter-reaction,10-5%-56

In order to facilitate the reaction, thermodynamic criteria need to be fulfilled. The
reduction potential of the reduction half-reaction needs to be more positive than the
energy of the conduction band, and the potential of the oxidation half-reaction needs to
be more negative than the valence band. Catalytic sites on the surface of the semicon-
ductor for CO2RR are required to facilitate the process from a kinetic perspective.!%->”
Engineering of heterostructure catalysts is an efficient strategy to enhance charge sepa-
ration and spectral responses in a broad range. P-n junction and Z-scheme heterojunc-
tion catalysts can be distinguished as two main classes of heterostructure catalysts (see
Figure 1.16 a and b). In p-n heterojunction systems, electrons are transferred from the
conduction band of a semiconductor with a higher energy level to the conduction band
of a second semiconductor with a lower energy conduction band. Consecutively holes
are transferred from the valence band of the semiconductor with the lower energy va-
lence band to the valence band of the semiconductor valence band with more positive
energy in the opposite direction as the electrons (see Figure 1.16a).

In a Z-Scheme heterostructure catalyst electrons generated in the material with a lower
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valence band level are transferred from the conduction band to the valence band of
the second material with higher conduction and valence band levels (see Figure 1.16b).
Typical semiconductors are metal-oxides,>®°° metal sulfides,®® metal oxyhalides,®! lay-
ered double hydroxides®?as well as 2D structures like graphitic carbon nitride (gCN).53-64
Further important materials are metals®® and alloys®® as well as metal-organic

frameworks®®7 and covalent organic frameworks (COFs).58-69
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Figure 1.16. Principle of heterogeneous photocatalysis. Photocatalytic CO2RR in semicon-
ductors (a) and semiconductor heterostructures (b) and (c). The principle of CO2RR with P-n
heterojunction heterostructures (b) and Z-scheme heterojunctions (c) is described in detail. Pic-
ture adapted from Fang et al. [10].

Absorption of CO, on the surface of a heterogeneous catalyst is the first step to fa-
cilitate subsequent selective and efficient reduction (see Figure 1.17). The absorption
leads to a partially charged species through the interaction with the catalyst’s surface.
The lone pairs of the CO, oxygen can donate electrons to Lewis acid surface atoms,
and opposite Lewis basic surface atoms can donate electrons to the carbon atom of
CO,. The interaction leads to a change in bond angle, reducing the reaction barrier
for the introduction of further electrons due to the lowering of the LUMO level in the
bent molecule. The substrate can bind in different modes on the catalyst surface to
promote the reduction via different pathways. Engineering strategies can be employed
to enhance surface interactions and promote reactions. Examples are the increase of
surface area, surface defect engineering, the introduction of basic sites as well as the
introduction of co-catalysts.”?
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Figure 1.17. Possible coordination modes of *CO,. Picture adapted from Chang et al. [70].

Various mechanisms have been described leading to the formation of different
products.”’73 An example of a mechanism selective for the formation of CO that pro-
ceeds via a surface bond -COOH intermediate is shown in Figure 1.18.
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Figure 1.18. Example of a heterogeneous catalytic mechanism selective for CO. Picture adapted
from Sun et al. [72].

1.2.3. Hybrid systems

A further possibility for producing efficient photocatalytic systems is the development of
hybrid systems combining molecular catalysts with heterogeneous systems. Anchoring
the molecular catalysts allows for the pairing of positive properties of both homoge-
neous and heterogeneous photocatalysis.

A heterogeneous photoactive support is used for charge generation and separation
without the drawback of photodegradation that is known from organometallic molec-
ular catalysts or from organic dyes. The homogeneous catalyst is immobilized via a
linker and serves as an active-site reaction center with high selectivity.”# This concept
can be transferred to various supports such as gCN and TiO,.”>”77 Figure 1.19 illus-
trates exemplary the mechanism of a photocatalytic hybrid system consisting of gCN
heterogeneous photoactive support and a Re-complex with modified anchoring groups
described by Nguyen et al.”® forming a Z-scheme heterojunction. Furthermore, anchor-
ing on porous materials like metall organic frameworks (MOFs) and covalent organic

frameworks (COFs) is possible and increasingly investigated.>>7879
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Figure 1.19. Z-Scheme heterojunction hybrid system for photocatalytic CO2RR build from gCN
and Re-catalyst. Picture taken from Nguyen et al. [76].
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1.2.4 Photocatalytic CO, Reduction with Imidazolium-based lonic Liquids

Ionic liquids are salts in a molten state below a temperature of 100 °C. Their low melting
points are attributed to a lack of local structural order within their ionic framework. This
class of materials was first described by Paul Walden in 1914.8°

Due to their high structural variability and the ability to combine various anions and
cations, ionic liquids can be designed for specific tasks.®! Common structural motifs for
cations include heterocycles like pyrrolidinium, pyridinium, and imidazolium as well
as phosphonium and ammonium derivatives. Typical anions are halides, acetate, alkyl
sulfates as well as tetra- and hexafluoro derivatives (see Figure 1.20). Depending on the
anion present, they can be classified as either hydrophilic or hydrophobic. Properties
such as low vapor pressure, low flammability, high solvation capacity, and broad electro-
chemical windows make ionic liquids attractive for applications in fields like catalysis,

separation, and more.8?
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Figure 1.20. Structures of components for common ionic liquids.

Among the diverse types of ionic liquids, imidazolium-based ionic liquids are of par-
ticular interest due to their unique ability to both chemisorb and physisorb CO,. The
proton at the C, position exhibits an acidic character and can be abstracted in the pres-
ence of basic anions or an external base.®3#* This proton abstraction leads to the for-
mation of a free N-heterocyclic carbene, a well-known motif in organometallic cataly-
sis. The resulting carbene can interact with CO,, forming an imidazole-CO, complex.
Electrochemical studies have shown that this complex can lower the high energy barrier
associated with CO, reduction by reducing the overpotential of this reaction step.8> Fol-
lowing fundamental work by Rosen et. al, the role of imidazolium-based ionic liquids
has been investigated under various reaction conditions.

Complementary, the role of ionic liquids in heterogeneous photocatalysis was exam-
ined by multiple authors. In these systems, ionic liquids can be added as an additive
or incorporated directly as an imidazolium structural motif. Recent developments have
also explored systems that integrate ionic liquids with nanoparticles and highly porous
materials, such as COFs and MOFs.
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This subsection presents a review article that summarizes advances and state-of-
the-art in photocatalytic CO, reduction assisted by ionic liquids in homogeneous and
heterogeneous catalysis, with particular emphasis on mechanistic insights.

*

CO;  ACTIVATION

PHOTOCATALYSIS

Figure 1.21. Graphical illustration on the role of imidazolium based ionic liquids in CO; activa-
tion for reduction.

The revised manuscript is currently submitted to the journal ChemSusChem. As the
lead author, I conceptualized and wrote the manuscript.
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Abstract: The growing urgency of addressing climate change caused
by greenhouse gas emissions and dwindling fossil fuel supplies has
heightened the need for effective strategies to capture and utilize
carbon dioxide. Photocatalytic CO, conversion, inspired by natural
photosynthesis, presents a viable approach for transforming CO, into
useful C4-C; chemical intermediates for industrial purposes. However,
the inherent stability of CO, and the competing hydrogen evolution
reaction (HER) introduce significant obstacles. Imidazolium-based
ionic liquids can pre-activate CO,, accelerate reaction kinetics, and
act as eco-friendly solvents or additives. Systems employing ionic
liquids with catalysts, such as homogeneous organocatalysts and
heterogeneous materials like Metal-Organic Frameworks (MOFs) and
quantum dots, offer potential solutions to these challenges. This
review focuses on the role of ionic liquids in both homogeneous and
heterogeneous photocatalytic processes, emphasizing their use in
CO, reduction and highlighting recent mechanistic insights for
imidazolium-based species.

1. Introduction

The urgent threat posed by greenhouse gas emissions and
resulting climate change, along with the depletion of fossil
resources, enhanced the development of effective carbon capture
and utilization strategies!'

Photocatalytic CO; reduction offers a promising approach for CO,
valorization, mimicking natural photosynthesis to drive reactions
that produce C+ carbon building blocks like CO, CH4, formic acid,
and methanol.*% This method is particularly attractive, as these
building blocks can be used to synthesize value-added products
of great interest to the chemical industry. Examples of significant
industrial relevance include the valorization of CO in
carbonylation reactions, hydroformylations, and Fischer Tropsch
synthesis to alkanes and alkenes.®-%

An inherent challenge in CO; valorization is the molecule's high
stability, as bending the bond angle—a key step in CO;
activation—requires a high overpotential (Scheme 1a).l'!l
Additionally, the process is further complicated by the competing
hydrogen evolution reaction (HER), which occurs at a lower
potential than the CO, reduction reaction (CO,RR).I'? The
transformation of CO, goes along several consecutive steps,
including CO, capture and pre-activation by angling of the
molecule, alongside multielectron reduction steps that occur
proton-coupled.['3.14

The aforementioned challenges can be effectively addressed
through the use of selective homogeneous organocatalysts or
advanced heterogeneous photocatalysts.['>' These systems
may feature materials such as metal-organic frameworks
(MOFs)20.21 covalent organic frameworks (COFs)?223, quantum
dots, and plasmonic nanoparticles(?4, often in composite forms.
lonic liquids, particularly those based on imidazolium, can both
chemisorb and physisorb substantial amounts of CO,.?5! This
capability makes them valuable for use in CO, pre-activation
within various catalytic systems.?6-2° The usage of “CO, trapping
agents” can facilitate the valorization of CO, from sources with
low CO; partial pressure.%3! Additionally, their advantageous
properties, such as extremely low vapor pressure, non-
flammability, high thermal stability, and high solvation capacity,
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make them appealing as environmentally friendly solvents or
additives.[32331

Initially used in homogeneous photocatalysis alongside metal-
organic catalysts, it has been demonstrated that ionic liquids as
solvents or additives can pre-activate CO, and drastically boost
reaction rates. 4 Besides the introduction of ionic liquids as bulk
material, imidazolium functionalities can be covalently linked to
the catalytic system.531 As the variety of tested catalytic
systems involved more diverse and heterogeneous systems, it
became evident that the role of ionic liquids extends beyond CO,
activation and is highly dependent on the specific reaction
conditions. For example, CO2RR in water-ionic liquid mixtures
was demonstrated through the direct excitation of ionic liquids via
a radical mechanism. 8

This review highlights the mechanistic understanding of the role
of ionic liquids in both homogeneous and heterogeneous
photocatalytic systems, with a particular focus on recent
advancements in CO;RR involving imidazolium ionic liquids or
imidazolium structural motifs.
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2. CO; activation by imidazolium-based ionic
liquids

The biggest hurdle in CO, valorization is the high overpotential
related to the transfer of the first electron and the bending of the
CO; bond angle, rendering reactions highly energy-demanding
(See Scheme 1a). 39401

Scheme 1: Analogy between the change of bond angle for the first electron
transfer in CO2RR (a) and the angled geometry of the carbene complex formed
between imidazolium-based ionic liquids and CO2 [41-43].

A strategy to overcome this barrier is the development of a co-
catalyst for the pre-activation of the CO, molecule. In the context
of CO, capture and valorization technologies, various systems
proved to be efficient in CO, capture based on chemisorption.
Besides technologies such as aqueous alkanolamine solutions,
switchable solvents, and deep eutectic solvents used for CO;
capture from flue gas, ionic liquids have shown great potential in
the field.#446l

lonic liquids can both chemisorb and physisorb (i.e., solubilize)
CO;. Chemisorption in ionic liquids, in general, is based on
interactions of CO, with either the ionic liquid anion or cation. It
was shown that active sites for chemisorption in the ionic liquid
core structure could enable CO; uptake to the equimolar level and
higher, as necessary for the industrial application of CO, capture
from flue gas. Strategies in the development of task-specific ionic
liquids for CO, absorption further include the modification with
amine side chains (Scheme 2, top). ¥ However, amine
functionalization leads to higher viscosity, which limits kinetics
and, thus, application. Anions with strong basicity are equally
suitable and comprise the incorporation of strong bases such as
azolate or phenolate as anions (Scheme 2, bottom).[49:50
Besides chemisorption, physisorption plays an important role, not
activating CO, but enriching the reaction media with CO,. This
was considered the main mechanism for CO, solvation in
unfunctionalized ionic liquids for a long time.

In general, ionic liquids can dissolve CO,, exceeding the
solubilities of permanent gases like N, or 0,.5'52 The ability of
ionic liquids (ILs) to solubilize CO, has a direct impact on reaction
kinetics in CO, valorization processes, influencing the formation
rate of reduction products. CO, physisorption in ionic liquids
primarily depends on interactions between the cation and anion,
with the anion playing a significantly stronger role than the cation.
Studies from Brennecke and co-workers demonstrated that CO,
solubility in [Csmim]-based ionic liquids follows the order: [NO37]
< [N(CN);] < [BF47] < [PFg] < [OTf] < [Tf.NT] < [methideT]
(tris(trifluoromethylsulfonyl)methide).5354 However, it should be
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noted that the actual CO, solubility in a photocatalytic system is
dependent on additives and ionic liquid concentrations.

lonic liquids with fluorine-containing anions show greater affinity
for CO, than those with non-fluorinated anions, with CO, solubility
increasing as the number of fluorine groups on the anions rises.
Additional factors affecting CO, solubilization include the length
of the alkyl chains on the ionic liquids; longer alkyl chains enhance
solubilization by increasing free volume. Fluorinated side chains
and the presence of ester groups further boost CO, uptake.®
Consequently, the high CO, solubility enables the conversion of
CO2 even in low concentrations.?>%-58 For a detailed overview
of CO, solubilization by various classes of ionic liquids, including
structural relationships and interactions, readers are referred to
comprehensive review articles on CO, capture systems.[®559
while the review by Dupont and co-workers % focuses on the
diverse applications of ionic liquids in catalysis.

Chemisorption in ionic liquids
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Scheme 2: Intermediates formed by chemisorption of CO2 in imidazolium-based
jonic liquids with optional amine functionalization (top) or in ionic liquids
featuring strongly basic anions (bottom).

The outstanding reactivity of imidazolium-based ionic liquids
mostly arises from the weak acidity of the proton at the C(2)
position of the 1,3-dialkyl imidazolium ring, which can be
abstracted under basic conditions. Reaction with CO, leads to the
formation of a carbene complex, where CO, adopts an angled
geometry (Scheme 1b) around 131° and longer bond lengths due
to the lower s orbital character.#'% While initial studies
suggested that C(2)-proton abstraction required the presence of
added superbases®'®?, the group of Rogers demonstrated
spontaneous deprotonation in the absence of a superbasel",
attributing it to the sufficient basicity of the counterion. The
authors specifically investigated complex formation with the
acetate anion. The investigation of the carbene-chalcogenide
complex, including its isolation as a solid and structural
elucidation via single-crystal X-ray diffraction, provided direct
experimental evidence for the underlying mechanism of complex
anion formation.
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The absorption is facilitated by strong hydrogen bonding between
the acetate anion and the C(2) proton of the imidazolium ring in
pure  1-ethyl-3-methyl-imidazolium acetate = [Comim][OAc]
(Scheme 3a). In the presence of CO,, the basic acetate anion
plays a key role in the complexation of acetic acid, forming free
N-heterocyclic carbene in equilibrium. This carbene is available to
react with CO; to form the neutral zwitterion [Comim*-COQO7],
characterized by a C-O-C bond angle of 131°. It is also notable
that the addition of water leads to the formation of [Comim][HCOg3],
shifting the equilibrium away from the neutral zwitterion [Comim*-
COO] and possible carbene complex-centered reactions. Under
water-free conditions, the CO, uptake of acetate-based
imidazolium ionic liquids can reach 0.38 mol for [Csmim][OAc]?3
compared to in the uptake in pure water (0.0008 mol)®3! or ethanol
(0.07 mol)4,

E)] Mechanism of carbene aclivation
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It was shown that the overpotential could be reduced by
approximately 0.45 V in comparison to the reduction in acetonitrile.
Furthermore, Lau et al. demonstrated through electrochemical
experiments that an additional interaction between CO, and ionic
liquids may occur when a substrate, such as an electrode, is
involved.? By examining structure-activity relationships in a
series of imidazolium ionic liquids with various substitution
patterns at the C2, C3, C4, N1, and N2 positions in experiments
with a silver electrode, it was shown that the C4 and C5-protons
on the imidazolium ring could participate in CO, activation via H-
bonding. This was evidenced by the low overpotential observed
in experiments using imidazolium salts substituted at the C2
position. In this system, CO, can interact in three distinct modes,
stabilizing the radical anion intermediate on the electrode surface.
In these binding modes, the carbon atom interacts with the silver
electrode, while the oxygen atoms form hydrogen bonds with the
C4 and C5 protons (see Scheme 4). These interactions can occur
either in a monodentate form or a bidentate form, involving
hydrogen bonding with two imidazole molecules.

This Scheme 3: Mechanism of N-heterocyclic carbene-CO. complex formation
(a) and reduction of overpotential by imidazolium based ionic liquids (b).
Adapted from [41] and from [65]. Scheme 3a reprinted with permission from
WILEY-VCH Verlag GmbH & Co. KGaA. Scheme 3b reprinted with permission
from AAAS.

Rosen et al. have first demonstrated the ionic liquid-mediated
reduction of overpotential in electrocatalytic CO,RR selective for
CO catalyzed by a silver electrode.®® 1-Ethyl-3-methyl-
imidazolium tetrafluoroborate [Comim][BF4] was employed in an
aqueous solution with a content of 18 mol%. The addition of ionic
liquid led to a significant reduction of the overpotential to values
below 0.2 V, operating with a faradaic efficiency greater than 96%
(See Scheme 3b).’% This remarkable result was seen as a
breakthrough in the field of electrocatalytic CO;RR. These
findings lead to further investigations on ionic liquid co-catalyzed
heterogeneous electrocatalysis.®-"% Grills and coworkers
transferred the concept to electrocatalysis with the well-
established homogeneous catalyst [Re(bpy)(CO)s]CI (bpy=2,2"-
bipyridine) in a neat ionic liquid 1-ethyl-3-methyl-imidazolium
tetracyanoborate [Comim][B(CN)4] for reduction of CO, to CO.[""
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Scheme 4: Interaction of C4 and C5 protons of the imidazolium moiety in CO2
activation on the surface of a Siver electrode. Reprinted with permission from
[72]. Copyright © 2016 American Chemical Society.

This interaction mechanism necessitates a third binding site, in
this case, the electrode surface. Notably, in electrocatalysis, the
application of an external potential induces pre-organization
effects, which can influence the interaction modes between ionic
liquids and CO,.[™These fundamental findings from
electrocatalysis also prompted the application of ionic liquids for
CO; pre-activation in the field of photocatalysis using visible light
as an energy source for the synthesis of chemical building blocks.

3. lonic liquids in homogeneous
photocatalysis

The following chapter examines recent advancements in
homogeneous ionic liquid co-catalyzed photocatalytic CO;
reduction reactions (CO.RR). A summary of the reviewed studies
is provided in Table 1 for easy comparison. Structures of all ionic
liquids employed in the reviewed studies are provided in Scheme
5.
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Scheme 5: Imidazolium-based ionic liquids employed in homogeneous
COzRR.

3.1. Catalysis in the presence of noble metal sensitizer and
catalyst

In 2013, Lin et al. presented the first studies on the use of ionic
liquids in homogeneous photocatalysis, demonstrating that
imidazolium-based structures interact cooperatively with the
photocatalytic system, thereby enabling the photochemical
reduction of CO, in various solvents under mild conditions.** The
tested system consisted of [Ru(bpy)s]Cl, (bpy = 2,2'-bipyridine) as
the photosensitizer, CoCl, as the electron mediator,
triethanolamine (TEOA) as a sacrificial agent, and a visible light
source (see Scheme 6). Following the findings of Rosen et al.
mentioned above, the ionic liquid [Comim][BF4] was selected for
initial experiments in aqueous media.’®® Carbon monoxide (CO)
formation was observed at a rate of 15.5 umol<h-', while hydrogen
was produced at a rate of 2.1 umolsh"'. Control experiments
omitting individual components of the system confirmed both the
reaction's photocatalytic nature and the ionic liquid's essential role
in the reaction mechanism. A certain amount of water is
necessary to kickstart the reaction by generating charged reaction
partners for electrons and for holes, creating a media with
enhanced conductivity. Overall, it was observed that the
photocatalytic yield increased with the ionic liquid content.
Experiments were repeated in organic solvents such as
dimethylformamide (DMF) and acetonitrile (MeCN) to check on
the general effect of ionic liquids. It was shown that adding ionic
liquid increased CO formation in all tested solvents, whereas H;
formation was suppressed. The highest yield was achieved using
a MeCN-[Comim][BF4] mixture. Incorporating 15% water notably
boosted the CO formation rate from 26.3 to 64.0 pmolh™.
Additionally, the type of counterion significantly impacted the
efficiency of CO; photoreduction. The
bis(trifluoromethane)sulfonamide (Tf,N~) anion demonstrated the
most significant enhancement in the photocatalytic production of
CO and H,, outperforming other anions such as OAc™, BF,,
dicyanamide (N(CN),™), and trifluoromethylsulfonate (TfO™). The
Tf,N~ anion's high structural symmetry is known to lower the
viscosity, which favors reaction kinetics. The large ionic size and
fluoroalkyl groups can increase the interaction between ionic
liquid and CO,." Among a series of ionic liquids with different
chain lengths in 1-position of the imidazolium core, varying from
ethyl to octyl, CO yields decreased with increasing chain length.
Longer carbon chains increase Van der Waals interactions,
molecular weight, and viscosity, resulting in more significant steric
hindrance and slowed catalytic kinetics. This initial study
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demonstrated a clear link between the chemical properties of ionic
liquids, reaction conditions, and photocatalytic CO, reduction.
However, mechanistic insights were not available at this stage.
Instead of using CoCl,, a common approach in photocatalytic CO,
reduction is the employment of metal-organic catalysts, which
provide well-defined active sites and high selectivity. Catalysts
investigated in context with ionic liquids in CO2RR, as reviewed in
this article, are described in Scheme 6.

Re(l) catalysts are particularly known for their high selectivity for
CO in CO,RR and have become benchmark -catalysts.
[Re(bpy)(CO)s]X (X = halide) catalysts, in this context, were
extensively studied in combination with ionic liquids. (779

Photosensitizer
—|2+ 2A | \

-+ PFg

A=CI', PFg I
Catalysts

I x
‘ N T co =
Re’ ! L=
N co
[l co

X=Cl-, Br

Scheme 6 Metal organic photosensitizers and catalysts employed in the
reviewed papers.

Following previous work, Asai et al. reported photokinetics and
mechanistic considerations using a system based on an iridium
sensitizer and a rhenium catalyst["® To investigate
photoexcitation and catalysis separately, [Ir(piq)2(dmb)](PFe)(Ir,
pig = 1-phenylisoquinoline, dmb = 4,4'-dimethyl-bpy) sensitizer
was combined with [Re(bpy)(CO)s]Br catalyst (see Scheme 6).
The chosen catalysts were employed alongside BIH (1,3-
dimethyl-2- phenyl-2,3-dihydro-1H-benzo[d]-imidazole), a well-
known sacrificial agent with high reducing power that can transfer
two electrons in consecutive steps.l’”]

The system was tested in different ionic liquids employed as
solvents. Results were compared to those in the solvent
dimethylamine (DMA). In contrast to the study by Lini%,
experiments were conducted under the complete exclusion of
water. Initial investigation of photophysical properties related to
the Ir-sensitizer showed that the nature of the ionic liquid had only
a marginal impact on parameters such as light absorption, light
emission, emission lifetimes, and quantum yields. Some ionic
liquids that show yellow color can absorb light and emit weak
photoluminescence on their own. Quenching studies with BIH
indicate that the quenching rate constants in imidazolium-based
ionic liquids are lower than in DMA, likely due to the higher
viscosity of the ionic liquids. Nevertheless, the fractions suggest
that the Ir-sensitizer's photoexcitation and one electron-reduced
species (OERS) formation occur with nearly identical efficiencies.
Experiments with different imidazolium cation substitution and
OTf anion reveal a strong impact of alkyl chain length and TON,
leading to decreased yields in the presence of longer chains when
sensitizer and catalyst are applied in a ratio of 100:1. This result
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follows the findings by Lin.®* However, it was shown that the
choice of catalyst concentration might also play a role here. A
detailed investigation suggests that for [Comim][OTf], the
photocatalytic cycle is the rate-limiting step, unlike in [Csmim][OTf]
and [Cemim][OTf], where the sensitizing cycle is limited.
Additionally, it was indicated that the back electron transfer from
the OERS of Ir-sensitizer to BIH is enhanced in ionic liquids,
especially [Comim]][OTf], most likely due to solvent cage effects.
On the other hand, the diffusion coefficients of the Re catalyst are
highly dependent on viscosity and, therefore, the probability of
sufficient electron transfer and collision with CO,. Saturated
solubilities for CO, in the tested ionic liquids are relatively similar
and might, therefore, not be a crucial factor for the efficiency of
CO2RR. Cyclovoltametry experiments showed that the redox
potentials of the Ir sensitizer does not strongly depend on the
solvent properties. In contrast, the potential for [Re(bpy)(CO)s|Br
is slightly shifted towards positive values, increasing the driving
force for electron transfer from OERS of Ir to the Re catalyst.
Unlike previous studies, which used ionic liquids as bulk solvents,
our group focused on their application as low-level additives (0.5—
20% (wi/v)) to prevent effects related to viscosity or mass transfer
issues."® The investigated system consisted of [Ru(bpy)s](PFs)2
sensitizer and [Re(bpy)(CO);]ClI catalyst and was tested in the
solvents MeCN, DMF, and dimethylsulfoxide (DMSO) without
additional water. Initial investigations using the basic ionic liquid
[Comim][OAc] in MeCN revealed concentration dependency of
CO formation rates. In a series of experiments, varying ionic liquid
content, ranging from 0% to 20% (w/v) of [Comim][OAc], CO
formation increased from a TON of 16 at 0% (w/v) IL to a TON of
58 at 20% (w/v) ionic liquid. Further increases in ionic liquid
content did not enhance the reaction. The suppression of H,
production correlated with the amount of ionic liquid used. The
most significant rise in CO formation was achieved with
[Comim][OAc] in DMF, resulting in nearly a 20-fold increase in CO
formation while simultaneously suppressing hydrogen production.
Comprehensive studies on the influence of anions, using a range
of imidazolium-based ionic liquids, reveal that CO yields can be
correlated with the Kamlet-Taft parameters for solvent
interactions in DMF and MeCN, although the trend was less
pronounced in DMSO. Additionally, the effect of water on the
reaction was thoroughly examined. NMR studies suggest that
water promotes a shift in the mechanism toward the involvement
of [HCO;]", resulting in decreased selectivity for CO. In addition
to the direct interaction between the ionic liquid, CO,, and solvent
cage effects, the coordination of the ionic liquid in the second
coordination sphere of catalysts —whether CO; is present or
absent— may also contribute to the reaction mechanism,
potentially exhibiting a synergistic effect as described in the
following section.

Matsubara et al. investigated thermodynamic aspects of ionic
liquid co-catalyzed CO,RR with a Re catalyst in electrocatalytic
experiments, highlighting the role of ionic liquids in the second
coordination sphere of the catalytic center.’™ It was postulated
that 1-ethyl-3-methyl-imidazolium ([Comim]*) cations could
interact in an initial pre-coordination step with the reduced 5 ligand
species of the rhenium complex, as well as with the CO»-bound
catalyst during the rate-determining step (Scheme 7a). Based on
the work of Sung et al., who investigated the covalent attachment
of ionic liquids in the secondary coordination sphere of a Re
catalyst in electrocatalytic experiments, Chen et al. applied this
concept to photocatalytic CO,RR.%8" The Re catalyst was
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modified by introducing a covalently attached imidazolium moiety
to the bipyridine ligand coupled via a C linker, providing a po
proximity to the reaction center (Scheme 7b). Opposite to results
from electrochemistry suggesting that intramolecular Cp-H::-CI-
interactions may contribute to faster CI- dissociation enhancing
electrocatalytic CO.RR, it was shown that imidazolium
modification of the linker did not have a beneficial impact in the
sense of a synergistic effect on photocatalytic CO,RR because of
photophysical limitations. Due to the electron-deficient property of
the imidazolium-modified complex, the light absorption is shifted
to higher wavelengths. On the contrary, modification with less
electron-deficient functional groups such as triethylamine (TEA)
and triethanolamine (TEOA) serving as local proton sources had
no negative impact on light absorption and led to improved TON,
illustrating the powerful synergistic effect of this concept through
the close proximity of reaction partners and active catalytic site.
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Scheme 7: Interaction of imidazolium based ionic liquids with Re catalyst in the
presence and absence of CO2 (a) and covalent attachment of ionic liquid to the
Re catalyst (b). Adapted from [79] and [80] .

3.2. Catalysis in the presence of earth-abundant metal
sensitizer and catalyst

Replacing noble metal catalysts with earth-abundant alternatives
is a promising strategy for developing cost-effective reaction
systems and addressing material shortages.['® Forero-Cortés et
al. transferred a photocatalytic system based on earth-abundant
Cu and Fe to ionic liquid media.®? In the investigated system, a
newly developed Cu catalyst based on [Cu(bcp)(POP-
xantphos)][PFe¢]. and [Cu(bcp)(thixantphos)][PFs] (bcp = 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline) was used in
combination with the iron catalyst [Fe(cyclopentadienone)(CO)s].
The system was tested in mixtures of ionic liquids and TEOA (4:1
v:v) under the addition of BIH. Among the tested ionic liquids
based on imidazolium-, pyrrolidinium, and phosphonium-based
ionic liquids, it was shown that selectivity and yield were highly
dependent on the chosen ionic liquid. With the tested
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imidazolium-based ionic liquid [Comim][NTf.], hydrogen formation
was enhanced. This effect might be related to the anion [NTf,] as
1-butyl-1-methyl- pyrrolidinium bis(trifluoromethanesulfonyl)imide
([Bmpyrr][NTf,]) and tri- butylmethylphosphonium
bis(trifluoromethylsulfonyl)imide ([Tbmp][NTf,]) had similar effects
when compared to [N(CN).;)]. Possible reasons might be
interactions with the Fe catalyst or solvation behavior in the
reaction mixture.

Based on the reviewed examples, the first two chapters of this
review highlight the significant role of ionic liquids in
photocatalysis, particularly in the presence of metal-organic
sensitizers and catalysts. The results demonstrate how the ionic
liquid's properties, including anion type and structure, influence
the photocatalytic CO, reduction process, with some ionic liquids
enhancing CO production while suppressing H, evolution.
Additionally, the second coordination sphere of metal catalysts,
especially investigated in the case of rhenium, can be influenced
by ionic liquids, providing a synergistic effect that can improve
photocatalytic efficiency.

Among various solvent conditions investigated, the impact of
water has been explored, with water promoting the HCO;™---
based mechanism and enhancing H: evolution. Further
investigations are necessary to fully understand the impact of
protic solvents. This aspect is further discussed in the following
chapter, where reactions in the absence of metal-organic
catalysts or sensitizers are explored.

3.3. Catalysis in the absence of a metal-organic catalyst

As previously mentioned, certain ionic liquids possess intrinsic
light absorption properties, which can be harnessed for direct
photoexcitation. In this context, Qadir and Peng explored the
photocatalytic reduction of CO, without the use of metal-organic

photosensitizers or catalysts.®®®1 Qadir et al. specifically
investigated the photoactivation of imidazolium-CO, adducts from
[Comim][OAc] for CO production in an aqueous solution, in the
absence of sacrificial agents or external catalysts. The presence
of the carbene complex was demonstrated by NMR spectroscopy,
while ESR experiments confirmed the radical nature of the
reaction, which proceeds through the homolytic cleavage of the
imidazolium cation-CO, adduct, generating CO, radicals
(Scheme 8a). CO™" radicals can undergo a cascade reaction to
CO via a reaction mechanism comparable to the one reported for
electrocatalytic experiments, featuring intermediates such as
bicarbonate and hydrogen carbonate. When comparing ionic
liquids with different counterions, it was shown that CO yields
scale with the basicity of the counterion and, therefore, the ability
to form the N-heterocyclic carbene. The reaction was selective for
CO, as only traces of H, were detected.

Peng et al. conducted consecutive investigations into
photocatalytic CO, reduction reactions (CO;RR) under direct
photoexcitation of ionic liquids in protic solvents. Based on the
findings of Qadir et al., the authors explored the impact of UV-Vis
absorption, anion properties, and the nature of the protic solvent.
The results showed that UV-Vis absorption capacity was primarily
related to the nature of the cation, determining whether the ionic
liquid exhibited photocatalytic activity. In contrast, CO; activation
was found to depend on the ionic liquid anion, as previously
described by Qadir. A series of experiments in isopropanol with
variable ionic liquid dilution demonstrated that the reaction
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mechanism is strongly influenced by the ratio between protic
solvents and the ionic liquid. At low concentrations, the ions are
present as contact ion pairs with strong interactions between ionic
liquid cation and anion, hampering the formation of the N-
heterocyclic carbene complex.

Under these conditions, no CO formation was observed. At higher
dilutions, the ionic liquid aggregates are present as solvent-
shared or solvent-separated ion pairs, and the interaction
between basic ionic liquid anion and solvent becomes more
prominent. The interaction of solvent and ionic liquid cation can
hamper the formation of alkyl carbonate (Scheme 8b), shifting the
reaction mechanism from cation-centered to solvent-centered.
This intermediate can then undergo photoreduction with electrons
provided by photoexcitation of the imidazolium cation. The
concept was transferred to aqueous media under conditions of
infinite dilution and a series of experiments with different ionic
liquids. The ability of the counterion to interact with the solvent
can be described using the Kamlet-Taft parameter (). The higher
the B value, indicating greater solvent interaction, the more HCO3"
(or in isopropanol, RCO3) was formed, leading to a more efficient
reaction mechanism via the HCO3™ pathway. In aqueous media,
the HCO3 mechanism became dominant over the zwitterionic
mechanism starting at a pH of 8. Despite the presence of H,0, H;
was only detected in traces.

E)] Carbene complex radical mechanism
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Scheme 8: Carbene complex radical mechanism suggested by Qadir (a) and
solvent-centered mechanism suggested by Peng (b) Pictures adapted from [38]
and [83]. Copyright Scheme a WILEY-VCH Verlag GmbH & Co. Copyright
Scheme b © 2022 The Authors. Published by Elsevier B.V.

In summary, this chapter highlights the potential of ionic liquids as
photocatalysts on their own due to their intrinsic light absorption
properties, enabling CO, reduction without the need for external
photosensitizers or catalysts. The findings reveal that the
photocatalytic activity is influenced by the cation's UV-Vis
absorption and the anion's basicity, which governs CO, activation
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and the reaction pathway. Furthermore, the studies demonstrate
how solvent interactions and ionic liquid concentration affect the
reaction mechanism, with the shift from cation-centered to
solvent-centered pathways offering new insights for optimizing
CO,RR in protic and aqueous media. These findings should also
be considered in both homogeneous and heterogeneous systems
featuring catalytic functionalities, where similar mechanistic
influences may play a crucial role. Interestingly both discussed
examples report only traces of H, formation.
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prevent degradation processes, such as dimer formation, and
enables continuous processes.48 The use of imidazolium-
based ionic liquids for CO, activation can be transferred to
heterogeneous catalysis with different strategies: lonic liquids can
be employed as molecular units in polymerized or coordinated
systems, or as active sites in composite materials.

The physical properties of ionic liquids in these cases differ
significantly from those of bulk ionic liquids due to the confinement
introduced by covalent bonds or surface interactions with

Table 1: Comparison of photocatalytic systems applied in homogeneous photocatalytic CO- reduction.

Photocatalytic system Screened imidazolium based Conditions Selected results[®! Reference
ionic liquids
Metal-organic catalyst / Sensitizer
[Ru(bpy)3]Cl2, CoCl2 [Camim]* [A], [A]"=[BF4], [L-L],  3:1:1 solvent, ionic liquid, TEOA 17.4 pmolh'' CO, 5.5 ymolh™  Lin et al.34
[OTHT, IN(CN)2]',[OACT, [TNT; Hz in H20; [Comim][Tf2N]
Solvents: H20, MeCN, DMF, THF,
[C2-Csmim][BF4] BTF
300W Xe-lamp (>420 nm)
[Ir(pig)2(dmb)](PFe), [K]*= [Comim®, [Csmim]*, [Cemim]* Neat ionic liquid, BIH, TEOA TON=140 for CO in Asaietall’®
[Re(bpy)(CO)sBr] [Comim][OTH]
[Al'= [OTA]; [TE2NT, [BF4] mercury lamp (>370 nm),
[Ru(bpy)s](PFs)2 [Camim]* [A], [A]"=CI, Br, I, MeCN, DMF, DMSO, TEOA, ionic 54 pmolsh" CO in DMF; Eisele etal.’®
[Re(bpy)(CO)sCl] [OAC] ,[MeSOq], [NTF2], [N(CN)2] liquid (0.5-20% (w/v)) [C2mim][OAc]
445 nm LED
[Re(IL-bpy)(CO)sCl] [Cimim][Cl] covalent linked to DMF TEOA 10:1 267 pmol+h™' CO in DMF Chen et al.l8%
catalyst
IL=[C1MIM][CI] y 500 W Xenon lamp (>400 nm)
[Cu(N~N)(PP)][PFs] [Camim][OTH] Neat ionic liquid, TEOA (4:1, v:v), BIH 34 ymol+h"' CO, 34 ymol*h"Hz2  Forero-Cortés
in [C4mim][OTf], © et al.t2
[Fe(cyclopentadienone)(CO)s3] 400-700 nm (1.50 W)
Absence of metal-organic catalyst / Sensitizer
none [Camim]* [A], [AI"=IN(CN)2I',[PFs],  H20 56 pmol.g'h" in H20 with Qadir et al.l®®
[HCOg3], [OACc], CI ([Camim]-CO2) [C4mim]-CO2
300 W Xe lamp
[Bmim][OAc]
none [Camim]* [A], [A]™=[NTf]; [BF4],  H20 /iPrOH/ protic ionic liquid 0.56 umolsh-' (ef0) in  Peng et al. ®

[N(CN)I,[OTfT, CI, [OAc]

[Camim][OAc] iPrOH mixture

1al Pre-reacted with COz, ! If possible yields are reported in umols h™: ¥ Calculated from reported TONs

4. lonic liquids in heterogeneous photo-
catalysis.

A key step in addressing the limitations of homogeneous metal-

organic photocatalysis is the immobilization of metal-organic
catalytic sites on heterogeneous supports. This approach helps to
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heterogeneous supports. Consequently, properties relevant to
CO; solvation through physisorption may differ under such
confined conditions compared to bulk systems.8¢]

Examples involving ionic liquid sorption on porous supports,
known as supported ionic liquid phases, have demonstrated
increased CO, uptake due to enhanced surface area. This
approach also addresses practical challenges, such as reducing
the required amount and viscosity of ionic liquids for effective
application.?62%871 - Alternatively, imidazolium cations can be
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incorporated via covalent linkage as functional groups or
structural building blocks within highly porous materials, where
the imidazolium single sites are sufficiently separated to prevent
clathrate formation and, therefore, CO, solubilization by
physisorption.®®® In addition to CO, sorption, heterogenized ionic
liquids can play multiple roles within photocatalytic CO,RR
systems. The following examples highlight the role of ionic liquids
as active sites for chemisorption and catalysis, as well as their
function in charge mediation. The next chapter summarizes
recent advances in the field of heterogeneous ionic liquid-assisted
photocatalytic CO, reduction reactions (CO,RR), as outlined in
Table 2.

4.1. Polymerized ionic liquids for photocatalytic CO.RR

One approach used for the heterogenization of homogeneous
photocatalysts relies on immobilization in polymer frameworks. 8-
91 In general, imidazolium-based polymerized ionic liquids (PILs)
offer the advantage of high CO, absorption capacities.’d In
pioneering work by Zhou et al.,, a crosslinked polymer was
synthesized through radical polymerization, incorporating a vinyl-
modified Re-catalyst [(5,5"-divinyl-2,2"-bipyridine)Re(CO)sCl] and
the polymerizable ionic liquid 3-ethyl-1-vinyl-imidazol-3-ium
bromide.®® The resulting polymer demonstrated high CO
conversion rates of up to 40.1 mmol g*' and excellent selectivity
for CO formation up to 95.5% over the time course of 12h,
outperforming a polymer lacking the ionic liquid functionality,
which was attributed to enhanced CO- uptake by the imidazolium
motif.

Subsequent work by our group involved the incorporation of a
ruthenium-based sensitizer into a polymerized ionic liquid matrix
(Scheme 9). The study demonstrated that sensitizing with Ru
species and consecutive electron transfer to the Re active site
producing CO is feasible within the crosslinked polymer matrix.”]
These examples demonstrate the feasibility of transforming
homogeneous photocatalytic systems based on metal-organic
catalysis into heterogeneous polymerized systems. As a further
step in this evolutionary process, the concept can be advanced
toward systems with greater structural order, offering enhanced
functionality and efficiency.

Photocatalysis in PIL
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4.2. Coordination frameworks for photocatalytic CO.RR

Establishing heterogeneous catalytic porous systems, such as
metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) is highly appealing for photocatalytic CO,
reduction due to their high porosity and large surface areas
facilitating accessibility to reactive sides and gas permeability.
lonic liquids can be embedded in metal-organic frameworks
(MOFs) in different ways (Scheme 10a). This includes grafting to
metal nodes or ligands (A, B) with different synthetic strategies or
incorporation of ionic liquids into MOF pores (C). The cavity size
of the MOF needs to be considered, as the size must be
sufficiently large to host the ionic liquid. In the system described
by Zhao and coworkers, the ionic liquid 1,3-bis(4-bromophenyl)-
imidazolium bromide (BAMelmBr)is grafted via carboxylic acid
groups to Zr-oxo clusters of porphyrinic MOF-526 framework
(Scheme 10Db).1*4

=)W Possible imidazolium motifications

A C
o)l Imidazolium decorated porphyrinic Zr-MOF-526
BAMelmBr
Y . °
.’ ". : L ]

ILx@MOF-526 (x = 100, 200 and 400)

Scheme 9: lllustration of photocatalytic CO2RR in polymerized ionic liquid
matrix (PIL) (a) and examples for monomers used in PIL photocatalysis (b).
Reproduced from Ref. [37] with permission from the Royal Society of Chemistry.

Scheme 10: Metal-organic frameworks (MOFs) and ionic liquids for photo-
catalytic CO2RR.Schematic illustration of covalent and non -covalent ionic liquid
introduction strategies (a) and structural description of porphyrinic Zr-MOF-526
decorated with BAMIMBr ionic liquid covalently attached to Zr-oxo clusters.
Scheme a adapted from [95]. Scheme b reprinted with permission from [94].
Copyright © 2024 American Chemical Society.

The modification decreased the surface area measured by N,
uptake, whereas the CO; absorption capacity could be increased
by ionic liquid modification. The MOF exhibits broad visible light
absorption in the 499-800 nm range, which is attributed to the
macrocyclic porphyrin, making external photosensitizer obsolete.
Photocatalytic experiments were conducted in saturated MeCN
solution with the sacrificial agent BIH. A clear correlation between
CO; uptake and photocatalytic yield was observed. Experiments
comparing anchored imidazolium motifs with ionic liquid added to
the reaction solution clearly showed a beneficial effect of the
anchoring strategy, illustrating that imidazolium motifs are not
only involved in the CO; uptake of the system but also in
modulating charge transfer. This was further reflected in a higher
separation efficiency of photogenerated charges as evident from
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transient photocurrent response and time-resolved
photoluminescence spectroscopy. Examples from
(photo-)electrochemistry studies further illustrate the beneficial
effect of ionic liquids on MOF catalysis.°6!

Zhao et al. investigated a conjugated microporous polymer built
from tetrakis(4-ethynyl phenyl)methane (TRPM) and imidazolium-
based building blocks based on 1,3-bis(4-bromophenyl)-
imidazolium bromide (ImI-CMP) (see Scheme 10a), providing a
build-in electric field acting as a driving force for efficient charge
separation and oriented transportation of photoelectrons.®”] The
imidazolium motifs enable CO, chemisorption as shown by CO,-
temperature programmed desorption. Photocatalytic testing was
performed on cobalt-nanoparticle-COF  composite  (Iml-
CMP@CO) to support charge separation further. Experiments

WILEY . vcH

were conducted under 0.8 bar of CO; and visible light excitation
using the external photosensitizer ([Ru(bpy)s]Clz) and TEOA as
sacrificial agents. The system reached a CO production rate of
2953 umols g'h" and a turnover frequency of 30.8 h™' over the
time course of 35 min. This exceeds the results gained with a COF
structure where imidazole-based units were replaced by an
ethene bridge by far, indicating the important role of the
imidazolium-based motif in the reaction mechanism. The system
produced high amounts of H; as a side product, resulting in a gas
stream in the ratio of traditional syngas. Zhao et al. suggested a
mechanism where initially CO, is concentrated inside the COF
pores, and TEPM segments can accept photogenerated electrons
from Ru-sensitizer, while TEOA can consume electron holes
(Scheme 11). Consecutively intramolecular charge transfer
occurs in Iml-CMP

Table 2: Comparison of studies on heterogeneous photocatalysis assisted by imidazolium based ionic liquids.

Material lonic liquid/ lonic liquid Conditions
monomer

Production ratel)/TON Reference

main products

Polymerized ionic liquid

40.1 mmole g' (12h),  Zhou et al. [
TON =30.9 for CO

Re-PIL 3-ethyl-1-vinylimidazolium MeCN, TEOA,
bromide @
500 W Xenon lamp (A> 400 nm)
Ru-Re-PIL 1-butyl-3-vinylimidazolium MeCN, TEOA,
chloride [@
445 nm LED
Coordination polymers
Pophyrin MOF-526  1,3-bis(4-bromophenyl)- MeCN, BIH;
imidazolium bromide!?
420 nm LED
Conjungated- 1,3-bis(4-bromophenyl)- MeCN, TEOA

microporous imidazol-3-ium bromidel®
polymer (Iml-CMP)

with Co NP

Nanoparticles

Co single atoms on  [Comim][BF4]
boron-modified CN

(bCN)

Pd NP on g-CN [Camim][OAC]
Au plasmonic  [Comim][BF4]
particles

visible light (A > 420 nm)

Gasphase reaction, water vapor

300W Xenon lamp

lonic liquid /PrOH mixture,

300 W Xenon lamp (300-600 nm)

Supported substrate in H20 ionic liquid mixture;

520 nm (CW laser)

1.5 mmols g' (15h), Eisele et al.?"!
TON= 60 for CO

14.0 mmol g' (72h) for ~ Zhao et al.l®
CO

5.4 mmole g (3.5h) for  Zhao et al.l*"!
CO,

(H2:CO 2:1)

81.0 umole g'(2h) for Liu et al.®®
CcO

12.6 pymols g-' (2h) for
CHg4

212.4 pymole g-' (3h) for  Peng et al.’¥
CcOo

TOF= 4.91 for CH4® Yuetal. 2
(10 min)

TOF=1.26 for C2Hq
TOF=0.87 for C2H2
TOF= 0.63 for CsHe
TOF=0.30 for CsHs

a8l Monomer/building block ! TOF (NP h™"), first cycle, [l Yields are reported in umols g-'wherever possible.
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based on the built-in electric field where the segment with the
imidazolium motif is electron deficient and can serve as an
electron acceptor.

The electrons initially located at the Co site are further transferred
to CO, to form the CO;™ intermediate. This consecutively leads to
the formation of the N-heterocyclic carbene complex with the
imidazolium motif, which ultimately undergoes a facilitated
CO:RR.

In summary, the integration of imidazolium moieties into covalent
organic frameworks (COFs) and metal-organic frameworks
(MOFs) underscores their essential role in advancing the
functionality of heterogeneous porous materials. Beyond
significantly enhancing CO, uptake, these structural motifs
actively contribute to charge modulation and separation,
showcasing their potential to drive more efficient and sustainable
catalytic processes.

TEOA

. Hy }- Iml-CMP 3_i TEOA™
D T e

\ -’
Intramolecular

/ electron transfer

Imidazolium*CO,-
comiplex formation

\M‘

Electron transfer to CO;

Scheme 11: Synthesis of mI-CMP (a) and suggested mechanism for
photocatalytic CO2RR in ImI-CMP@CO by Zhao and coworkers (b). Reprinted
with permission from [97]. Copyright 2022 Elsevier.

4.3 Nanoparticles and semiconductors

An alternative approach for heterogenized systems involves the
combination of graphitic carbon nitride with nanoparticles.
Graphitic carbon nitride (g-CN) acts as photoactive support
without the drawback of photodegradation, while nanoparticles
have a high surface charge-to-area ratio that can promote charge
separation and enable selective photocatalysis.['%

Liu et al. combined borate-anchored Co single atoms on boron-
modified CN (bCN) with imidazolium-based ionic liquids (IL-
bCN).°8 By using the composite system IL-bCN and the best
performing ionic liquid, ethyl-3-methylimidazolium
tetrafluoroborate ([Comim][BF4]), they achieved a 9-42-fold
increase of CO and CHy , respectively, for the photocatalytic CO,
reduction in aqueous suspension compared to pure CN and bCN.
Theoretical and experimental studies highlight the role of ionic
liquids in the photocatalytic system: lonic liquids seem to assist in
the extraction of electrons initially generated by gCN and facilitate
CO2RR by acting as active sites (Scheme 12a and 12b).
Meanwhile, Co single sites effectively trap holes, promoting
efficient charge separation electron-hole pairs and catalyzing

11
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water oxidation. It was demonstrated that stoichiometric amounts
of O, can be produced as a byproduct, confirming simultaneous
CO; reduction and water oxidation, thus eliminating the need for
sacrificial agents.

It can be assumed that the [Comim]-CO adduct as main
intermediate in the reaction mechanism leading to CO formation,
can further react to CH4 by uptake of more electrons (Scheme
11b). It was demonstrated that the selection of ionic liquid affects
the suppression of H, formation, which competes with CO,
reduction. Specifically, the ionic liquid [Comim][BF4] completely
inhibited H, formation. A further advance worth mentioning here
is the development of the reaction under gas phase conditions.
The reaction protocol utilizes the catalyst in powder form,
positioned on filter paper above a water reservoir. The humidity of
the gas phase is regulated by bubbling CO, through water.

) -
2

- e " 7a /
F )

g-C3Ny \
co
CH,

1] Imidazolium-centered CO,RR

CH40* CHa0*
CH ¥ s
4 HO, BH* ~N7y
SE =

COOH*
co . (MO HO hr 1
AL NN e NN
) L
B
HO. .0
cOo; c

Scheme 12: Photocatalytic CO2RR on boron modified g-CN. Schematic
description of charge separation and parallel H20 oxidation and CO2RR. (a)
Proposed mechanism for CO and CHa formation on imidazole active side.
Picture adapted with permission from [98].Copyright © 2023, The Author(s)

Peng et al. studied the impact of ionic liquid employed as solvent
combined with protic co-solvent on a related system consisting of
Pd nanoparticles on gCN, showing a clear correlation between
the protic properties of the co-solvent and CO yield.®¥ In the ionic
liquid co-solvent mixtures, the co-solvents can serve as sacrificial
agents, accepting generated holes and providing protons for CO,
reduction. It was shown that the ionic liquid 1-butyl-3-methyl-
imidazolium acetate ([Csmim][OAc]) can pre-activate CO, by
chemical sorption under the chosen reaction conditions to form
the  N-heterocyclic  carbene species  1-butyl-3-methyl-
imidazolium-2-carboxylate [Csmim]-CO,. Among the tested co-
solvents such as H.0O, isopropanol (iPrOH), and the protic ionic
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liquid 1-(2-hydroxyethyl)-3-methyl imidazolium
bis(trifluoromethanesulfonyl)imide  [C1C2(OH)Im][NTf,], iPrOH
demonstrated excellent performance for CO;RR, achieving a CO
formation rate of 70.81 umol+ g 'h™" when included at a 0.2
volume fraction in the reaction mixture. NMR studies showed a
clear correlation between the formation of [Csmim]-CO; and the
co-solvent fraction crucial for the pre-activation of the CO,. Higher
concentrations of protic solvent hamper the formation of HCO3"
and COs* species. Control reactions in the absence of Pd-gCN or
ionic liquid did not indicate CO formation. This observation is in
contrast to results observed by Qadir et al., who achieved
comparable high yields in a completely homogeneous system
with a molar ratio H,O/[C,mim][OAc] >6000). The observations
illustrate the complex interplay between CO,-ionic liquid adduct
and the presence of the sacrificial agent.

c d e
EMIM*+ CO,
+ (93744 eV)+
\(-5133.6 eV)
CO~— )
2 [EMIM*-CO,]
e 0z (’j'ai"’ M| | (C144985 ev) .
3| e 3 Vozev 3 |7 ev
1G] t 0] S : P
4 co, 4 ) =
(-5133.6 6V) [EMIM*-CO, ]+
(-14496.7 eV) ‘
X
t
[EMIM-CO,}e
(-14511.7 eV)

Reaction coordinate Reaction coordinate Reaction coordinate

Scheme 13: DFT-optimized geometries of [EMIM*-CO;](a) and CO2"(b). C, H,
O, and N atoms are shown as gray, white, red, and blue spheres. Key bond
lengths, bond angles, and the energy of intermolecular interaction, , are
indicated for each of the complexes. DFT-computed free energy cost, AG, of
formation of the 1e— adduct of CO; (c), 1e- adduct of [EMIM*-CO;](d), and
1e- adduct of COz in the presence of EMIM+ (e). In the latter case, the 1e—
adduct of CO2, CO2™, is stabilized by complexation with EMIM* as described
by the net process: EMIM* + CO2 + e™— [EMIM-CO;]J".In c—e, the free energy
of each species is indicated in parentheses. Scale bars are 1 eV in length.
Reprinted with permission from [42]. Copyright © 2019 The Authors.

The application of plasmonic nanoparticles allows for
photocatalysis  without the necessity of an external
photosensitizer or photoactive support.?* Recently, Yu et al.
reported a system based on Au plasmonic particles that have
been employed in combination with [Comim][BF4].42 Light
absorption is based on localized surface plasmon resonance
(LSPR) using green LED light (520 nm). The reaction is selective
for C4, Co, and even Cj hydrocarbons (CHs4, C2Hz, CoHa4, C3Hg, and
CsHg), using water instead of traditional sacrificial agents.

These results are in strong contrast to electrocatalytic Au
plasmonic particle experiments producing mainly CO, illustrating
the significant impact of the ionic liquid. A clear correlation
between ionic liquid content and product formation was observed
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with a peak product formation at 5 wt% of ionic liquid in H,O. This
is in good accordance with observations made by Peng et al., as
well as on work done on homogeneous photocatalysis, showing
that the formation of carbene complex in the reaction solution
depends on proton concentration. As already concluded by Liu et
al., Yu and coworkers found evidence by DFT calculations that
the overpotential for injection of the first electron is drastically
reduced if the CO, molecule is pre-configured for electron
acceptance by the formation of the carbene complex (Scheme 13).
In contrast to the high energetic demand for the drastic
reorganization from linear CO to the bent CO, that poses a major
barrier for e- acceptance, the molecule can undergo
complexation with the N-heterocyclic carbene, [Comim]*, formed
from [Comim]* by abstraction of H*. In the complex, the CO- is
present in a bent configuration with an O=C=0 angle of 133.7°
and C=0 bonds length of 1.24 A resampling the geometry of bend
CO2~ anion (see Scheme 13 a,b). The addition of one e to
[Comim*-CO,] is significantly more favorable than to molecular
CO; (Scheme 13c, d), implying that [Comim].[BF]facilitates the
transfer of photogenerated electrons from the Au nanoparticles to
the adsorbed CO,, addressing a key kinetic barrier in the
photocatalytic reduction process. Additionally, it is likely that the
CO," anion radical generated on the Au surface via photo-
induced electron transfer exhibits an extended lifetime due to
solvation or complexation with [Comim]* (Scheme 13e).

The role of ionic liquids in forming C, and Cs products might be
explained by the need for several carbene complexes available to
undergo coupling to longer chain products. This hypothesis is
supported by the trend of increased dependency of product
formation on the availability of carbene correlating with the chain
length of the product.

This chapter reviewed the progress of ionic liquids in
photocatalysis  with  semiconductors and nanoparticles,
emphasizing their role as active centers involved in the reaction
mechanism. In the discussed examples, ionic liquids have been
shown to inhibit H, evolution, thereby increasing the reaction’s
selectivity. Furthermore, their ability to alter reaction pathways
compared to reactions in the absence of ionic liquids was
demonstrated, particularly in the production of C, to C, products
with plasmonic nanoparticles, overcoming the long-standing
challenge of producing products with longer alkyl chains. The
demonstration of parallel water oxidation in gas-phase reactions
is a significant achievement, addressing the bottleneck caused by
the use of sacrificial agents. These advancements underscore the
transformative potential of ionic liquids in driving selective and
sustainable photocatalytic processes.

5. lonic liquid degradation

While the stability of metal-organic photosensitizers, particularly
in the case of Ru-based species, is sometimes identified as
bottleneck in the process, relatively little attention is typically spent
on the stability of the imidazolium-based ionic liquid itself.

The purposeful degradation of ionic liquids was investigated in the
context of pollutant removal from technological wastewater.
However, their degradation in photocatalytic setups when used as
additive has been scarcely studied. Stepnowski et al. explored
various oxidative degradation mechanisms under conditions
relevant to photocatalytic experiments.['® They compared
treatments using UV light alone, UV light with H,O,, and UV light
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combined with TiO, in aqueous solution. The study revealed that
the H,0,/UV system was the most effective for ionic liquid
degradation. Under treatment with UV light or UV light in the
presence of TiO,, the stability of ionic liquids was found to
correlate with the length of the alkyl chain on the N-1 alkyl
substituent. Specifically, among 1-octyl-, 1-hexyl-, and 1-butyl-
methylimidazolium compounds, the 1-octyl derivative was the
most stable, while the 1-butyl compound exhibited the lowest
stability. When illumination was combined with TiO,, extending
the alkyl chain on the N-3 position increased resistance to
degradation. The impact of the long alkyl chains was attributed to
various geometric intramolecular interactions in aqueous
solutions. These interactions, such as flexing or strengthening,
were influenced by solvation forces around the positively charged
nitrogen atoms, ultimately enhancing resistance to
photodegradation.

Conversely, under direct excitation (UV light alone), [C2Caim]-
based ionic liquids were less stable than methylimidazolium-
based counterparts. It was suggested that under these conditions,
the higher polarization of nitrogen in the ethyl-substituted position
compared to the methyl-substituted one might play a significant
role. The most stable components exhibited losses of approx.
15% after 360 minutes of treatment.

Itakura et al. investigated the degradation of imidazolium-based
ionic liquids using Pt-TiO, and TiO, as photocatalysts.['%? They
achieved up to 99% degradation after 24 hours under UV light in
an oxygen atmosphere. lonic liquids with BF,”~ and PF¢~
counterions were found to be less stable compared to those with
Br~ counterions.

A similar effect was found by Bedia et al., who studied
photostability of different ionic liquids in water under solar light as
well as the photocatalytic degradation of ionic liquids in water with
TiO, under solar light.['%lIn the absence of TiO,, it was shown that
imidazolium-based ionic liquids with a hydrophilic anion (CI-) were
the most stable, exhibiting only 10 to 15% loss over the time
course of 10h in comparison to hydrophobic anions like FAP
(tris(pentafluoroethyl) trifluorophosphate). the authors claim that
the lower light stability of this ionic liquid might be ascribed to the
increased ion pair formation, which results in a different
photophysical behavior compared to solvated ions, as indicated
by differences in by DFT calculations. Additionally, the authors
found that under the chosen conditions the absence of TiO; ionic
liquids with shorter alkyl chains demonstrated greater stability
against degradation compared to those with longer alkyl chains.
This trend may be attributed to differences in the orbitals involved
in the S, — S; electronic excitation of the ionic liquids. These
differences likely influence the reduction in electron density at the
C4 and C5 atoms of the molecule upon irradiation, causing
weakening of the covalent bond and contributing to degradation.
Not surprisingly, the degradation rate was significantly faster
when TiO; was present.

These findings demonstrate that ionic liquids are, apart from their
role as co-catalysts, also prone to degradation, although the
extent of this phenomenon is likely highly dependent on the
reaction conditions and the chosen ionic liquid. While more
information on degradation pathways is required, all studies
underscore ionic liquid degradation as a potential challenge in
photocatalytic CO, reduction reactions (CO,RR) and emphasize
the importance of addressing this issue in future research.
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5. Summary and outlook

The reviewed studies highlight the versatile and impactful role of
imidazolium-based ionic liquids in photocatalytic CO. reduction,
functioning as CO, complexing agents, electron acceptors, and
active radicals. These examples demonstrate the remarkable
ability of ionic liquids to enhance photocatalytic CO, reactions in
both homogeneous and heterogeneous systems, outperforming
systems without ionic liquids.

Notably, both homogeneous and heterogeneous ionic liquid-
based photocatalytic systems exhibit significant similarities in
their underlying reaction mechanisms. Comparing results
obtained under different reaction conditions reveals that factors
such as concentration and viscosity of the reaction media
significantly influence the mechanism. Additionally, the nature of
the reaction center in homogeneous photocatalysis can play a
critical role. In this context, considerable effort has been devoted
to elucidating the reaction mechanisms in systems based on Re
catalysts. Depending on the protic properties of the reaction
solution, imidazolium-based ionic liquids can form CO,-carbene
complexes co-catalyzing the reaction. In the presence of proton
sources HCOj3; species are formed making the reaction less
selective.

Coordination of imidazolium cations in the second coordination
sphere of the catalytic center might also play a role. Furthermore,
CO2RR in the absence of metal-catalysts is possible. Depending
on the ionic liquid concentration, protic properties of co-solvent
and photoluminescence properties of the ionic liquid CO2RR can
occur either via radical mechanism or HCO3/RCOs™ centered
mechanism. The development of systems that combine ionic
liquids with earth-abundant metal-organic catalysts is particularly
attractive and presents new opportunities in this field.
Furthermore, the extensive structural variety of MOFs and COFs,
coupled with numerous modification strategies, opens up
considerable possibilities for future innovations. Imidazolium
moieties can be anchored to frameworks or included in the
network as building blocks. First, studies prove the synergistic role
in porous materials influencing charge separation and acting as
active sites for CO;RR. In the context of nanoparticles and
nanoparticle composites, Co and Pd nanoparticles were
combined with gCN as photoactive support and employed in
combination with ionic liquids. As demonstrated with COFs and
MOFs, ionic liquids facilitate the extraction of electrons, and
carbene species act as active sites in CO2RR. The concept was
transferred to catalysis with plasmonic nanoparticles, where C; -
Cs; product formation was observed via a carbene-driven
mechanism.

The field's evolution, from early proof-of-concept studies using
metal-organic complexes to the use of imidazolium-based ionic
liquids combined with advanced materials like MOFs and
plasmonic nanoparticles, underscores the dynamics of this topic.
The systems evolved from relying entirely on sacrificial agents
towards the first examples that use water as a proton source.
However, certain mechanistic details, such as the formation of C»
and C3 products, remain unclear.

Despite significant progress in the field, several open questions
and challenges remain to be addressed. Future research should
prioritize overcoming key obstacles to enhance the practicality
and efficiency of ionic liquid-based systems. A critical focus lies in
replacing sacrificial agents with water as a sustainable electron
donor while deepening the mechanistic understanding needed to
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design systems with high selectivity suppressing H, as a side
product. While most systems sufficiently suppress H, formation,
even in the absence of additional metal-organic catalysts, some
systems produce product mixtures.

A further challenge awaiting is the synthesis of C2 and C3 building
blocks as products, where notable first advancements were
achieved by the application of plasmonic nanoparticles. Another
crucial factor is ensuring the stability of ionic liquids under reaction
conditions, which is vital for their long-term application and
reusability and warrants further investigation. Finally, advancing
scalable systems with robust, long-term stability will be pivotal for
translating these technologies toward applications.

Building on the rapid achievements in the field and considering
the remaining challenges, the development of new ionic liquid
composites and hybrid materials offers exciting opportunities. The
structural diversity in nanoparticle composites and MOF/COF
systems is immense, and research into their complex mechanistic
interactions is still in its early stages. Future progress may also
involve exploring alternative reaction conditions, such as
combining ionic liquids with supercritical CO, or developing
continuous gas-phase reaction systems. Additionally, the
advancement of innovative reaction platforms, including
membrane-based systems and micro reactors, could further
contribute to this field.['*
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Addressing CO, emissions through photocatalytic conversion offers a sustainable route to produce C4-C3 chemical intermediates.
Imidazolium-based ionic liquids play key roles in CO, pre-activation, enhancing reaction kinetics and acting as solvents or additives.
Integrated with metal-organic catalysts, MOFs, and nanoparticles, they enable efficient CO, reduction, driving advancements in

carbon capture and utilization under mild conditions.
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2. Aim of the thesis

Addressing the pressing challenges of climate change and rising atmospheric CO, levels
requires innovative solutions that align with the principles of carbon circularity. Car-
bon capture and utilization (CCU) offers a promising pathway to mitigate these issues
by transforming CO, into value-added products, fostering environmental sustainability.
Ionic liquids, renowned for their exceptional ability to chemisorb and physisorb CO,,
extend beyond their application in CO, capture. They also serve as cooperative agents
in catalysis, enhancing the performance of catalysts and broadening their potential for
transformative CO, conversion processes.

This thesis aims to investigate the impact of imidazolium-based ionic liquids on pho-
tocatalytic CO, reduction for the selective formation of CO, an important building block
for chemical transformations in industry. Initially, the focus is on studying the role of
imidazolium-based ionic liquids as co-catalysts in homogeneous photocatalysis to boost
the reactivity. Building on this foundation, the research advances toward heterogeneous
catalysis to enhance long-term stability and scalability with the ultimate goal of devel-
oping methodologies for imidazolium-based ionic liquid-catalyzed gas phase reactions.

Homogeneous
photocatalysis

MOFs for
CO, activation

Gas-phase
reactions

Heterogeneous
photocatalysis

Figure 2.1. Outline of projects addressed in the thesis.

v

A critical step in this progression is the development of a heterogeneous ionic liquid
matrix polymer that mimics the homogeneous photocatalysis system in an immobilized
form. To further improve properties such as porosity and accessibility of active sites in
heterogeneous systems, metal-organic frameworks modified with imidazolium groups
are explored.
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Finally, to enable gas-phase reactions, a prototype gas-phase photocatalytic reactor,
capable of operating under batch and flow conditions, is constructed. This integrated
approach seeks to address key limitations in photocatalytic CO, utilization and con-
tributes to advancing sustainable CCU technologies.
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3. Resulis and Discussion

Section 3.1:

Boosting Visible-Light Carbon Dioxide Re-
duction with Imidazolium-Based Ionic Liq-
uids

ChemCatChem 16:e202301454 (2024)

Authors: Lisa Fisele, Wilaiwan Chaikhan, Samar Batool, Alexey Cherevan, Dominik
Eder and Katharina Bica-Schréder

Imidazolium-based ionic liquids can both chemisorb and physisorb CO,.838687 The
effect of chemisorption occurs under the formation of the N-heterocyclic carbene-CO,
complex, pre-activating the CO, and reducing the overpotential of CO, reduction as
shown in electrochemical experiments.8> This beneficial property can be used as a coop-
erative effect to further boost CO2RR when paired with photocatalytic CO2RR catalysts.

Figure 3.1. Graphical illustration of the cooperative effect of ionic liquids on photocatalytic CO,
reduction reaction.

Due to the exceptional properties of ionic liquids consisting of ions, solvation in ionic
liquids is featured by strong solvent-solvate and anion-cation interactions that may lead
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to undesired effects such as solvent cage formation, high viscosity, and mass transfer
limitations.®® In contrast to previous works that focused on reactions in pure ionic lig-
uids or their mixtures with small amounts of co-solvents, this study focuses on the addi-
tion of ionic liquids as a low-level additive to prevent the above-mentioned effects. We
aimed to test this cooperative effect of ionic liquids in combination with a benchmark
system for photocatalytic CO, reduction consisting of a Ru-sensitizer and Re-catalyst,
aiming to investigate the influence of different ionic liquid anions.

It was shown that adding small amounts of ionic liquids (10% w/v) to traditional
solvents significantly increased CO production, thus making it unnecessary to use ionic
liquids as the bulk solvent. The impact of various counterions was analyzed using the
Kamlet-Taft parameter 3, which indicated a correlation between the nucleophilicity
of the ionic liquid and the CO yield in DMF and MeCN. Out of the tested anions, the
study provides evidence that the cooperative effect is strongest with the basic acetate
anion, proving the formation of the CO,-carbene complex. The study also explored
the long-term performance of the photocatalytic system. While the addition of ionic
liquids initially led to a rapid increase in the reaction rate, this rate decreased over

time, suggesting potential limitations in the long-term stability of the photosensitizer.
As the main author, I conceptualized the experimental work and conducted the ma-

jority of the experiments. Additionally, I developed the analytical methods, designed
the reaction setup, and drafted the original manuscript.
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Boosting Visible-Light Carbon Dioxide Reduction with
Imidazolium-Based lonic Liquids

Lisa Eisele,” Wilaiwan Chaikhan,™ Samar Batool,” Alexey Cherevan,” Dominik Eder,*" and

Katharina Bica-Schroder*™

Efficiently generating C, building blocks from environmentally
friendly carbon sources, such as through photocatalytic CO,
reduction, is essential for fostering a sustainable circular
economy. The pursuit of mild catalytic activation methods has
yielded powerful catalysts that can be synergistically employed
alongside various reaction media to enhance overall perform-
ance. Herein, we elucidate the influence of diverse imidazolium-
based ionic liquids as additives for visible-light-driven CO,
reduction with ruthenium(ll)- and rhenium(l)-bipyridine com-
plexes. Our investigation reveals that incorporating ionic liquids

Introduction

Carbon fixation chemistry is a critical component of building a
circular economy, especially in the face of rising atmospheric
CO, levels and a shortage of natural resources. To make change
happen, processes for converting CO, to chemical feedstocks
must be developed, transforming chemical industries from
petrol-based to renewable. This shift is essential for reducing
our carbon footprint, mitigating climate change, and ensuring a
more environmentally responsible future. By harnessing the
power of carbon fixation chemistry, we can pave the way for a
greener, more sustainable approach to chemical production,
aligning with the principles of a circular economy and
addressing the pressing challenges posed by climate change
and resource scarcity."

One potential pathway for CO, utilization follows the
formation of C, building blocks, e.g. CO that can be used as a
resource for making more complex molecules. Until today, the
most extensive catalytic processes, e.g. Fischer-Tropsch syn-
thesis, hydroformylations or methanol carbonylations, rely on
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into traditional solvents at concentrations below 10% can
markedly boost CO production while suppressing H, gener-
ation. The best results were obtained for the highly basic ionic
liquid [C,mim][OAc], resulting in a substantial rise in CO
formation from 0.3 umol/h to 5.4 pmol/h and an increase in
turnover number from 3 to 59. This study underscores the
cooperative influence of imidazolium-based ionic liquids on CO,
photoreduction while circumventing their use as primary
solvents, thus offering a promising avenue for sustainable
chemical synthesis.

CO as reactive and versatile feedstock. The replacement of CO
with CO, as the prime feedstock in carbonylative transforma-
tions for fine chemical synthesis would thus be highly desirable.
Before we can widely adopt CO,-based platform chemicals, it's
crucial to address the challenges associated with the demand-
ing conditions needed to (photo)chemically reduce CO,.*

The biggest challenge in CO, conversion is its activation,
which typically requires harsh conditions and long reaction
times owing to its high thermodynamic and kinetic stability. In
this regard, nature can serve as a source of inspiration, as the
conversion of CO, is a fundamental component of natural
photosynthesis.” ' The search for mild catalytic activation
strategies has led to a number of potent catalysts, mostly based
on transition metal or organocatalytic species that can be
optionally combined with different reaction media for a
synergistic effect. lonic liquids (ILs) are typical examples of such
a cooperative media, as they can absorb large concentrations of
CO, by physisorption and chemisorption and thus co-catalyze
various reactions involving CO,.""" Moreover, the chemical
interaction of many ionic liquids with CO, resembles the first
step of CO, activation in the plant photosynthesis cycle. In
particular, the chemisorption of CO, in ionic liquids has been
shown to facilitate the bending of initial linear CO," The
interactions of ionic liquid and CO, can further lower the
overpotential of CO, reduction, as proven in electrochemical
experiments.'7'®

As an alternative to purely chemical or electrochemical
reductions, the exploitation of ubiquitous energy sources such
as sunlight opens novel possibilities for the transformation of
CO,, stimulating research in non-conventional catalytic activa-
tion. In photocatalysis, the metal catalyst is paired with a
photosensitizer (PS) that can be excited by light, generating an
electron-hole pair, followed by reductive quenching with the
help of an electron-donating agent to pass an electron to the
catalyst, causing a low valent unsaturated state of the catalyst
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that can interact with CO,. The reduction of CO, to CO requires
the transfer of two electrons, which can be facilitated by
electron-donating sacrificial agents, such as triethanolamine
(TEOA) and triethylamine (TEA)."™?" As shown by Dupont and
co-workers, ionic liquids possess the ability to stabilize localized
charges and holes that can be generated electrochemically or
by direct radiation. In case of suitable absorption properties,
radical species are formed by homolytic cleavage of the
imidazolium-CO, adduct even in the absence of an external
photosensitizer, thus forming CO, * and imidazolium** radicals
in aqueous media."”**® However, as reported by Daniele et al,,
this mechanism is highly dependent on the pH value, since a
HCO," driven reaction is competing.”®

The synergistic role of ionic liquids as co-catalysts for
photocatalytic CO, reduction via formation of the imidazolium-
CO, adduct was also demonstrated in aprotic solvents. Different
imidazolium-based ionic liquids were added to the photo-
catalytic tandem system [Ru(bpy);]Cl,/CoCl,-6 H,0O in different
co-solvents by Lin et al.? The best results were observed for a
mixture of 1-ethyl-3-methylimidazolium tetrafluoroborate
([C,mim]BF,) with acetonitrile in a ratio of 75% (v/v), resulting
in an almost 3-fold increase in the reaction rate.?¥ Furthermore,
Asai et al. investigated the mechanism of CO, photoreduction in
the presence of ionic liquids in more detail, using an Ir-based
sensitizer and [Re(bpy)(CO);]Cl as a catalyst. The ionic liquids
were used in pure form without co-solvent, and a strong
influence of their molecular structure on photosensitizing and
catalytic cycles was observed. Ultimately, triflate (OTf") based
ionic liquids were identified as most efficient species, thus
highlighting their potential as valuable solvents for photo-
catalytic CO, reduction”

In here, we aim for a mild protocol for photocatalytic CO,
reduction that benefits from the cooperative effect of imidazo-
lium-based ionic liquids in combination with [Ru(bpy);l(PF),
sensitiser and [Re(bpy)(CO);1CI. In contrast to previous studies,
we focused on the use of ionic liquids as a low-level additive
(0.5-20% (w/v)) in three different aprotic solvents rather than
using the ionic liquid as a bulk solvent, thus aiming for a
systematic investigation of the cooperative effects of ionic
liquids on visible light-driven CO, photoreduction and an
understanding of the counterion effect.

Results and Discussion

The design of the catalyst plays a crucial role in controlling
selectivity and efficiency. [Re(bpy)(CO);]Cl, first characterized by
Lehn etal., is known as a highly selective catalyst for CO
formation and has been extensively investigated and estab-
lished as a model catalyst in combination with visible light
photosensitizer [Ru(bpy)sl(PF,).. It was, therefore, chosen as a
model system for the investigation of the impact of ionic liquids

£ as additives.”
Q As a starting point, a set of imidazolium-based ionic liquids
= 2 with variable counterions was examined in combination with
"sa the catalytic model system using the polar and aprotic solvents
=§ dimethylformamide (DMF), acetonitrile (MeCN), and dimethyl-
-3
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sulfoxide (DMSO) that are often used solvents in photocatalysis
with [Re(bpy)(CO);]CI (Figure 1).

To avoid issues from viscosity and miscibility and to keep
the ionic liquid as low as possible, experiments were conducted
with an ionic liquid content of 0.5-20% (w/v). The initial
screening of the ionic liquid content was performed in MeCN
with [C,mim][OAc] 1d (Table 1). Results indicate that the
formation of CO is increasing when the ionic liquid content is
increased up to 10% (w/v); however, a further increase to 20%
(w/v) is not beneficial anymore. Moreover, with increasing ionic
liquid content, the formation of H, is stronger suppressed.
Consequently, we selected a concentration of 10% (w/v) ionic
liquid as an additive for all future experiment, corresponding to
a molar fraction of 1.0-5.0-10 °, depending on the ionic liquid
species.

For further insight in the role of the anion, various
imidazolium-based ionic liquids were studied in MeCN (Fig-
ure 2). The most prominent and distinct influence on CO,
reduction performance was found for [C;mim][OAc] 1d, which
increased the yield of CO from 1.45 pmol to 5.19 pmol in MeCN.
The observed CO formation corresponds to a rise in turnover
number (TON) from 3 to 59. Within the halide series 1a-c,
[C,mim][Cl] 1a performed best and substantially raised the CO
yield. Additionally, there is a trend for a decrease in activity in
the halide series (1a-c) in the order CI" >Br >I". In case of
[C;mim][MeSO,] 1e, results are difficult to compare since the

H
)\ A A A=Cl1a p=095°
P Br 1b [=0.872
\—/ I 1c p=075
1
N
v
0 o s 00 /
S CFas#/ ™\ _.CFs N-
o § @ A b\
o] 0 W
N
1d 1e 1f 1g
p=095 fp=085° p=028 p=0.35

Figure 1. Structures and properties of the ionic liquids used in this study.
The proton relevant for counterion interactions is highlighted in blue.
Numbers indicate cations and a—g (letters) correspond to counteranions.””
[a] Parameter [ reported for the corresponding ionic liquid with [C;mim]*
cation.”

Table 1. Photocatalytic CO, reduction in the presence of various amounts
of [C,;mim][OAc] 1d.

lonic liquid [wv] CO [umol] H; [umol] TON'® Selectivity™
] 1.46+0.43 0.06 16 96.1

0.5 2634011 0.10 29 96.3

5 3.96+1.08 0.02 44 99.4

10 519+071 <0.01 58 >099.9

20 2.66+0.15 <0.01 30 >99.9
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Conditions: 0.6 mM [Ru(bpy)sl(PFs), 0.06 mM [Re(bpy)(CO),ICl, 032 M
TEOA, 0.1 g/mL [C;mim][OAc] in MeCN; t=1h, T=22°C. Results are

reported as mean=STD, n= 3. [b] Calculated for CO. [c] Selectivity for CO.
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Figure 2. Formation of CO (a), and H, (b) in the photocatalytic screening of
ionic liquids in the solvent MeCN. Conditions: 0.6 mM [Ru(bpy);](PFg),.

0.06 mM [Re(bpy)(CO),]Cl, 0.32 M TEOA, 0.1 g/mL IL; t=1h, T=22°C* not
detected.

reaction became biphasic when performed in MeCN. In
contrast, no positive effect could be observed for the ionic
liquids [C;mim][NTf,] 1f and [C;mim][N(CN),] 1g. In fact, CO
formation decreased slightly in comparison to the reference
values.

The addition of imidazolium-based ionic liquids also affects
the selectivity towards CO formation. Except for the N-
(Tf), based species 1f, all ionic liquids made the photocatalytic
reduction more selective for CO formation and suppressed the
formation of by-products. In the case of the best-performing
jonic liquid, 1d, the formation of H, was reduced by a factor of
13 from 5.8- 102 umol to 4.3- 10~% umol in MeCN. Furthermore,
CH, was only detected in negligible amounts in all samples.

The observed impact of the best performing ionic liquid 1d
is not limited to MeCN as a solvent, and experiments were
alternatively performed in the apolar solvents DMF and DMSO
(ESI Table S1, Figure S2 & S3). In fact, the positive effect is even
more pronounced in DMF, with a 20-fold increase in CO yield
compared to the reference system without ionic liquid 1d. This

ChemCatChem 2024, 16, €202301454 (3 of 7)

observation might be attributed to differences in reaction
mechanism.?"! The chosen solvents possess different ability to
coordinate with the rhenium complex, resulting in a solvochro-
matic shift of the absorption spectra.” In general, MeCN is
considered as the strongest coordinating solvent due to its
additional ability for ligand exchange with Cl, thus stabilizing
the 18-electron radical [Re(bpy)(CO)4(solvent)] as
intermediate.”*?® On the other hand the weaker coordination
ability of DMF without ligand exchange was reported as
beneficial aspect for the formation of the Re-TEOA-CO, adducts,
which might be responsible for the increased reactivity.”**? In
comparison, DMSO exhibits comparable polarity than MeCN,
but showed less tendency for direct coordination with the Re
complex, thus the observed enhancements in the reaction rate
are less explicit.

Different factors and properties of ionic liquids may cause
the observed enhancement in CO formation and influence the
photocatalytic reduction of CO,. The outstanding performance
of the carboxylate-based ionic liquid 1d is not surprising, given
its basic nature and known potential for interaction with CO,. In
general, the counterions’ ability for interaction with the C-2
proton of the imidazole core can be described by the Kamlet-
Taft parameters a (hydrogen bond donating ability), p (hydro-
gen bond acceptance) and w* (polarity/polarizability) derived
from linear solvent energy relationships.”*=** Corresponding C-2
protons are highlighted in Figure 1. The findings from photo-
reduction can, to some extent, be correlated with the parameter
[} showing a relationship with photocatalytic yields for CO. lonic
liquids with high nucleophilicity and, therefore, high B values
such as 1d or 1f increased CO formation compared to the
reference reaction (Figure 1). The low yields obtained after the
introduction of fluorinated alkyl groups, as in the cases of N(Tf),
anions (1f), also correlates with lower values of the parameter
[3. It is interesting to note that an amino group in the side chain
of the cation cannot compensate for the absence of a basic
anion. This is evident from the comparison of the 1-ethyl-3-
methylimidazolium-based ionic liquid 1f with the diisopropyl-
amine-functionalized ionic liquid [iPr,N(CH,),mim]IN(Tf),] 2f,
which both gave comparable yields for CO formation (ESI
Table S2). The trend of anion basicity is also visible for the
halide series (1a-c) that follows the order CI” >Br >1". This is
in accordance with the anions’ affinity for interaction with the
C-2 protons according to their charge per surface area ratio, as
well as with the Kamlet-Taft parameter f3.

The unique ability of the acetate-based ionic liquid in CO,
capture and utilization may also be related to the spontaneous
N-heterocyclic carbene formation®” Apart from several NHC-
catalyzed reactions, e.g. benzoin condensations, that are known
to occur in carboxylate-based ionic liquids, the interaction of
the free carbene with CO, has been reported by several authors
and is a key player in its activation."**® To study the interaction
of CO, with [C,mim][OAc] 1d as co-catalytic effect in the
photocatalytic reduction, Fourier transform infrared spectro-
scopy (FT-IR) studies in transition mode were performed (Fig-
ure 53). A strong C=0 stretching vibration at 1668 cm™' was
observed after purging the reaction mixture with CO, that
corresponds to [C,mim-CO,] , thus proving the chemisorption

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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of CO, as a dominating interaction accompanied by bending of
the CO, bond angle. Similarly, the formation of the CO,-carbene
complex is evident in '"H NMR (Figure S5a), as indicated by the
doubling of imidazole core proton signals due to the formation
of [C,;mim-CO,]  as the second species. The carbene complex
formation is also evident from the appearance of an additional
peak at 155 ppm that can be assigned to the CO, carbon,
along with a doubling of the remaining signals (ESI Fig-
ure 54).°% Interestingly, the addition of TEOA as a sacrificial
proton donor leads to the weakening or complete disappear-
ance of the doubling of imidazole core proton signals (Fig-
ure S5), implying that TEOA as a protic agent interferes with the
chemisorption mechanism. This is in line with literature studies,
confirming that coordination of CO, with TEOA forming CO,-
TEOA or Re-TEOA-CO, intermediates plays a key role in the
reaction mechanism of this reaction.*3?

A similar effect is found for the addition of 5% water
(corresponding to molar ratio approx. 200:1 for ionic liquid to
water) to the photoreduction, where a decrease in CO
formation and an increase in H, formation was observed
(Table 2). As evident in C NMR, the addition of water leads to
disappearance of the *C NMR signal at 155 ppm (Figure S6). An
additional signal at 163 ppm is indicating the formation HCO,

Table 2. Photocatalytic CO, reduction in the presence and absence of
water for three selected ionic liquids (1a, 1b and 1d).

Conditions®  H,0  CO [umol] H, TON®  Selectivity'
[umol]
Reference 5% 2.3 0.16 26 936
- 1.46 <0.01 16 >99.9
1a 5% 223 0.02 25 99.0
- 3.25 <0.01 36 >99.9
1b 5% 0.67 0.20 7 775
- 1.83 <0.01 20 >099.9
1d 5% 3.96 0.04 44 99.1
- 519 <0.01 57 >099.9

[a] Conditions: 0.6 mM [Ru(bpy);](PF),, 0.06 mM [Re(bpy)(CO),]Cl, 0.32 M
TEOA, 0.1 g/mL IL; t=1h, T=22°C in MeCN. [b] Calculated for CO. [c]
Selectivity for CO.

Table 3. Mechanistic study on the impact of [C,mim][OAc] 1d.

Photo-sensitizer®  Catalyst IL co Selectivity%'®
[umol)

- - - nd -

[Ru(bpy)s](PF), - - 0.06 90.3

- [Re(bpy)(CO)ICI - 0.26 >99.9

[Ru(bpy);1(PFg), [Re(bpy)(CO)JCI - 0.28 >09.9

= - 1d n.d. -

[Ru(bpy);](PFg), - 1d 006 >99.9

= [Re(bpy)(CO),JCI  1d  0.04 >09.9

[Ru(bpy);1(PFe), [Re(bpy)(CO),JCI  1d  5.93 >99.9

[a] Conditions: 0.6 mM [Ru(bpy);l(PFg),, 0.06 mM [Re(bpy)(CO),ICl, 0.32 M
TEOA, 0.1 g/mL IL; t=1 h, T=22°C in DMF. [b] Selectivity for CO.
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and CO, supporting the hypothesis that in protic reaction
media the reaction might proceed via HCO,™ intermediate”
Still, the CO formation in 1d with 5% H,O reached 3.96 pmol
and TON of 44, which is higher compared to the reference
value.

For further insight into the reaction mechanism, a set of
control experiments was performed with the ionic liquid 1d in
DMF as best-performing combination (Table 3). Peng et al. and
Qadir et al. reported CO formation via the direct photoexcita-
tion of imidazolium-based ionic liquids.???® For this reason, the
photocatalytic activity was also studied in the absence of
[Ru(bpy),l(PFs), and [Re(bpy)(CO),]CI; however, the formation of
CO was not observed under otherwise similar conditions. This
observation is in accordance with UV-vis spectroscopy data of
ionic liquid and catalyst (ESI Figure S8), indicating that
absorption of the ionic liquid is very low in comparison to the
catalyst at the chosen conditions. On the other hand, photo-
reduction using just [Ru(bpy);J(PFs), resulted in low CO
formation in the range of 0.06 umol with a low selectivity of
90.3%, indicating H, formation to be much more prominent. As
reported in literature, the presence of [Re(bpy)}(CO);ICI as co-
catalysts favors the formation of CO. It is interesting to note
that a similar effect on selectivity can be observed with 1d
instead of [Re(bpy)(CO);]CI - in both cases, the selectivity for CO
reaches >99%. However, both Ru and Re-based species are
required to observe the substantial increase in CO formation
caused by the addition of 1d.

Photoluminescence (PL) studies were performed with 1d to
verify the role of ionic liquid addition. In line with the observed
improvements in CO, photoreduction vyields, we observe
pronounced PL quenching of the excited [Ru(bpy);)* * state
when in the presence of 1d, which speaks for a more rapid
charge transfer between the components of the photocatalytic
system (Figure 3).
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Figure 3. UV-Vis emission spectra of reaction mixture reference (blue) and

mix with 1d (green). Excitation wavelength 445 nm, solvent DMF. 0.6 mM
[Ru(bpy)s](PFy),, 0.06 mM [Re(bpy)(CO),]C], 0.32 M TEOA, 0.1 g/mL IL.
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Finally, the performance of the photocatalytic system was
further investigated for up to 2 hours of reaction time (Figure 4).
The reference system showed a low turnover frequency of
around 0.05, which increased only slightly to about seven after
120 minutes. In contrast, the TON of the photosystem with 1d
increased rapidly up to 46 within only 45 minutes.

The rate dropped significantly afterwards to reach a stable
rate of about 40, indicating that the higher reaction rate may
impact the long-term stability of the catalytic system. Instant
TOF indicates a complete inactivation of the catalytic system.
This might be caused by the photolysis of [Ru(bpy);]l(PF),,
which has been previously reported in literature for different
biphenyl sensitizer systems.'*? Eventually, the increases in
reaction rate are paid off by reduced stability of the photo-
sensitizer, suggesting that other catalytic systems - such as
those based on redox-stable solid-state absorbers®* — are
required to fully take advantage of the beneficial effect of ionic
liquids in photocatalytic CO, reduction.

Conclusions

In this study, we explored the use of various imidazolium-based
ionic liquids as additives in photocatalytic reduction of CO,. We
employed [Re(bpy)(CO);]CI as catalyst and [Ru(bpy),J(PF¢), as
sensitizer. In comparison to literature that focuses on reactions
in pure ionic liquids or their mixtures with low amount co-
solvents, we focused on the addition of ionic liquids as low-
level additive, thus avoiding viscosity or mass transfer issues.
For a comprehensive understanding the model reaction was
tested in solvents MeCN, DMF and DMSO with a set of
imidazolium based ionic liquids.
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Figure 4. Turnover number (TON) and instant turnover frequency (TOF) for
the reference sample and 1d. Time elapse of TON (red, left axis) and TOF
(blue, right axis) is shown for the reference sample (triangle) and sample
containing 1d (sphere). Conditions: 0.6 mM [Ru(bpy);1(PFs), 0.06 mM [Re-
(bpy)(CO),ICI, 0.32 M TEOA, 0.1 g/mL ionic liquid in DMF.
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The results demonstrate that incorporating small amounts
of 10% (w/v) of ionic liquids to conventional solvents could
significantly enhance the production of CO, eliminating the
need to use ionic liquids as the primary solvents. A gradual
increase of 1d ionic liquid content from 0 to 10% (w/v) in
MeCN lead to stepwise increase of CO formation and
successively improved H, suppression, whereas a higher
content was not beneficial. Notably, the addition of
[C,mim][OAc] 1d in DMF led to nearly a 20-fold increase in CO
yield. The impact of different counterions could be correlated
with the Kamlet-Taft parameter f for solvent interactions in
DMF and MeCN; however, this trend was less explicit in DMSO.
Moreover, the inherent basicity of the C-2 proton in acetate-
based ionic liquids allows for the chemisorption of CO, via
formation of the carbene complex that goes along with
bending the CO, bond angle to 138°, and thus pre-activation of
CQO,. The addition of water favours a change of the mechanism
towards the presence of the [HCO, ] species, which is evident
from C NMR and a reduced selectivity for CO formation.
Mechanistic investigations also revealed that all components of
the system were crucial for efficient CO reduction, and photo-
luminescence measurements further proved that ionic liquids
positively influence the quenching behavior of the excited state
of the ruthenium sensitizer.

However, the long-term reaction rate of the photosystem
appeared to decrease after an initial rapid increase, suggesting
accelerated aging of the photosensitizer in the presence of
ionic liquids. To fully harmmess the benefits of ionic liquids in
photocatalytic CO, reduction, it seems that alternative catalytic
systems may be necessary, and our ongoing research is focused
on exploring these possibilities.

Experimental section

Materials: Solvents for photocatalytic experiments, including N, N-
dimethylformamide (DMF, anhydrous, 99.8%), dimethylsulfoxide
(DMSO, anhydrous, 99.9%), and acetonitrile (MeCN, anhydrous,
99.8%) were purchased from Sigma Aldrich Co. and stored over
molecular sieve. CO, for application in all photocatalytic reactions
was purchased from Messer Austria (>99.995%). Catalyst and
catalyst precursors have been purchased from commercial suppliers
if otherwise stated. The ionic liquids [Cmim][Cl], [Comim][l],
[C;mim][l], [C;mim][DCA] and [C;mim][OAc] have been purchased.
[C,;mim][Br], [C;mim][N(Tf),] and [iPr,N(CH,),mim][N(Tf),] were syn-
thesised according to standard literature procedure and analytical
data was in accordance with literature™* |onic liquids were dried
under high vacuum and stored under argon. The water content
was checked to be lower than <3000 ppm by Karl Fischer titration
before use. All reactions were conducted in an argon atmosphere
unless explicitly stated as carried out under ambient conditions.

Sensitizer synthesis: Tris(2,2"-bipyridine)ruthenium(ll) hexafluoro-
phosphate was synthesised by dissolving tris(2,2*-bipyridine)
ruthenium(ll) chloride hexahydrate (0.30 g), 0.4 mmol in 150 mL
water and adding 0.16 g (0.84 mmol) KPF,. The solution turned
immediately from red to bright orange. After sitting overnight, the
solid material was filtrated, washed with water, and dried in
vacuum to yield 0.28g (81%) tris(2,2-bipyridine)ruthenium(ll)
hexafluorophosphate. '"H NMR (400 MHz, DMSQ) & 8.84 (d, J=
8.2 Hz, 1H), 8.25-8.10 (m, 1H), 7.73 (d, J=5.6 Hz, 1H), 7.58-7.47 (m,
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1H). 13 C NMR (101 MHz, DMSO) & 156.54, 151.20, 137.92, 127.88,
124.47.

Methods: FTIR spectra (transmission mode) were recorded on a
PerkinElmer spectrum 65 FTIR spectrometer. Diffusive reflectance
spectroscopy in solution was measured using a JASCO 670
spectrometer. '"H NMR spectra were recorded with a Bruker
Advance UltraShield 600 MHz spectrometer, and chemical shifts
were reported in ppm from TMS with a solvent resonance as the
internal standard. Photoluminescence measurements (PL) were
measured with a PicoQuant FluoTime 300 spectrophotometer using
an Xe arc lamp (300 W power) as an excitation source and a
double-grating monochromator. The detection system comprised a
PMAHybrid 07 detector and a high-resolution double monochroma-
tor. The excitation wavelength utilised for steady-state measure-
ments was 445 nm. The data was collected and later fitted using
EasyTau2 software. GC analysis was performed with the SHIMADZU
Nexis™ GC-2030 gas chromatograph equipped with a dielectric
barrier discharge icnisation detector (BID) and 1 m ShinCarbon ST
column (Restek Co.)

General procedure for photocatalytic CO, reduction: Photo experi-
ments were carried out in a glass reactor with a total capacity of
3.7 mL, comprising 1.5 mL for the solution and 2.2mL for the
headspace (ESI Figure S7). The glass reactor is equipped with a
septum, water cooling, and a stirring bar. A Solis high-power
445 nm LED, operated with a DC2200 - High-Power 1-Channel LED
Driver at a brightness setting of 5%, served as the light source. The
emission spectra of the lamp is depicted in ESI Figure S8, together
with the absorption spectra of all relevant components of the
system, Prior to the reactions, the reaction mixtures were purged
with CO, for 3 minutes at a flow rate of 10 ml/min. The reaction
temperature was set to 22°C. Samples of gas aliquots were taken
prior to reaction and in consecutive intervals. Drops of TON might
be related to consecutive sampling of aliquots from the reactor
headspace. The detection limit of the GC with regard to CO, which
can be seen as a characteristic of the reliability of the reported data
(both TONs and TOFs), is around 10 ppm. This value corresponds to
TON of 0.01.
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Section 3.2:

Polymerized ionic liquid co-catalyst driving
photocatalytic CO,
transformation

RCS Sustainability 9, 2524-2531 (2024)

Authors: Lisa Eisele, Bleté Hulaj, Maximilian Podsednik, Francesco Laudani, Pablo
Ayala, Alexey Cherevan, Annette Foelske, Andreas Limbeck, Dominik Eder and Katha-
rina Bica-Schroder

To address the limited stability in photocatalytic CO, reduction under homogeneous
conditions — particularly the catalyst instability that leads to the formation of Re-dimers
— a common strategy is to immobilize the catalyst on a heterogeneous support.>* Poly-
merized ionic liquids can serve as an effective heterogeneous support, separating and
stabilizing reactive centers while preserving the beneficial properties of ionic liquids.
Furthermore, this approach enables employment in flow chemistry and may facilitate
catalyst recycling. For imidazolium-based polymerized ionic liquids, CO, chemisorp-
tion and physisorption properties are retained in the polymerized state, allowing for
effective CO, absorption and activation.8%79

This work describes the synthesis and application of a polymerized ionic liquid frame-
work incorporating immobilized Ruthenium sensitizer and Rhenium catalyst moieties
to facilitate the selective photocatalytic reduction of CO, to CO. Special emphasis was
placed on the role of photoexcitation of the Ru-sensitizer within the polymer matrix.

CcO

e cooperative effect of ionic liquids
r .. e high CO selectivity
e increased stability

Figure 3.2. Schematic description of photocatalytic CO, reduction in polymerized ionic liquid
matrix.
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The desired polymers were synthesized through radical polymerization of vinyl-
functionalized monomers using AIBN as the initiator. UV-Vis spectroscopy, IR, and XPS
analyses confirmed the successful incorporation of ruthenium and rhenium moieties
into the cross-linked polymer (CLP). Rhenium and Ruthenium contents were quantified
using LA-ICP-MS, revealing immobilized rhenium contents between 0.34 and 0.65 wt%,
with total rhenium contents reaching up to 6 wt%.

The CLP samples were evaluated for photocatalytic CO, reduction activity. The tested
CLP showed high selectivity for CO production, achieving turnover numbers (TON) up
to 60 and maintaining stable turnover frequencies (TOF) over 4 hours. The inclusion
of the photosensitizer substantially increased CO, TON compared to samples without
Rhenium, with CO TON linearly rising with the amount of sensitizer incorporated.
Additionally, the heterogeneous system demonstrated improved long-term stability
compared to homogeneous photocatalysis.

As the first author, I planned and conducted the experimental work and drafted

the original manuscript. LA-ICP-MS measurements were carried out by Maximilian

Podensnik, and XPS measurements were conducted by Francesco Laudani.
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Polymerized ionic liquid Co-catalysts driving
photocatalytic CO, transformationt

Lisa Eisele, (22 Bleté Hulaj,® Maximilian Podsednik, ©2® Francesco Laudani,©
Pablo Ayala, @29 Alexey Cherevan, 29 Annette Foelske, 2 Andreas Limbeck, ¢
Dominik Eder €2 *9 and Katharina Bica-Schroder (2 *@

Photocatalytic production of CO from CO, has the potential for safe and atom-economic production of
feedstock chemicals via in situ carbonylation chemistry. We developed novel ionic liquid-based
polymeric materials through radical copolymerisation of 1-butyl-3-vinylimidazolium chloride and
photocatalytically active Re- and Ru-complexes that serve as the CO, reduction catalyst and
photosensitiser, respectively. The crosslinked polymeric framework allows for the facile immobilisation of
molecular organometallic complexes for use as heterogenised catalysts; moreover, the involved
imidazolium core units co-catalyze the reduction of CO, via covalent interaction. The ratio of sensitiser
and catalyst was analysed by laser ablation inductively coupled plasma mass spectroscopy (LA-ICP-MS)
and set in relation to results from photocatalytic experiments. Ultimately, the heterogenous polymeric
framework showed high selectivity for CO formation on photocatalytic CO, reduction with improved

rsc.li/rscsus

Sustainability statement

stability to the corresponding homogenous system.

Facing the challenges of climate crisis, there is an urgent demand for technologies that drive the advancement of a circular economy using CO, as a sustainable
feedstock in chemical industries. Carbon dioxide can be reduced to CO, which serves as a feedstock for multiple processes. Combining photocatalyst with ionic
liquids that can chemisorb and activate CO, opens new pathways to efficient systems. In this context, we envisioned the development of a heterogenous,
polymerized ionic liquid framework bearing photocatalytic groups for efficient and selective photocatalytic CO, reduction. The aim of this work goes in line with
the following UN Sustainable Development Goals: responsible consumption and production (SDG 12), climate action (SDG 13) and industry, innovation and

infrastructure (SDG 9).

Introduction

In light of the escalating levels of atmospheric carbon dioxide
and the pressing challenges posed by the climate crisis, there is
an urgent demand for technologies that can drive the
advancement of a circular economy using CO, as a sustainable
feedstock.”” A crucial technology in this endeavour involves
producing C1 building blocks from CO,, ultimately facilitating
the formation of more intricate compounds.* Carbon monoxide
(CO) produced by electro* or photochemical® means emerges as

“Institute of Applied and Synthetic Chemistry, TU Wien, Getreidemark 9/163, 1060
Wien, Austria. E-mail: katharina.schroeder@tuwien.ac.at

"KAI Kompetenzzentrum Automobil- und Industrieelektronik GmbH, Argentinierstrafse
8, 1040 Wien, Austria

‘Analytical Instrumentation Center, TU Wien, Lehargasse 6/Objekt 10, 1060 Wien,
Austria

“Institute of Materials Chemistry, TU Wien, Getreidemarkt 9/165, 1060 Wien, Austria
“Institute of Chemical Technologies and Analytics, TU Wien, Getreidemarkt 9/164,
1060 Wien, Austria

1 Electronic supplementary information (ESI) available: Additional analytical data
and graphs. See DOL: https://doi.org/10.1039/d4su00194;j

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

an attractive feedstock for hydroformylation,® Fischer-Tropsch
synthesis” and synthesis of carbonylated platform chemicals.®
An essential stage in CO, reduction involves the challenging
activation and first electron transfer, which requires a signifi-
cant amount of activation energy and is accompanied by
a change in the molecule's bond angle.® Moreover, CO, uptake
is often limited by its solubility in the chosen reaction media.*®
Ionic liquids (ILs) demonstrate an exceptional capability to
absorb substantial amounts of CO, through both physical
(physisorption) and chemical (chemisorption) processes.'**>
Particularly noteworthy is the role of chemisorption in
imidazolium-based ionic liquids as it also plays a crucial role in
the activation of CO,."* The formation of a carbene complex
between ionic liquids and CO, facilitates the bending of CO,.
For imidazolium-based ionic liquids, the interaction occurs at
the C2-position of the imidazole core, leading to the formation
of an N-heterolytic carbene (NHC)-CO, adduct.'*** This inter-
action between ionic liquids and CO, can efficiently reduce the
overpotential of CO, reduction, as confirmed by electro-
chemical experiments.'®"” To further reduce CO, into valuable
building blocks such as CO, both organo-metallic and purely

RSC Sustainability
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inorganic photocatalytic catalytic systems have been proven to
be powerful tools using solar light for the reduction of CO,.>'*>*

The combination of potent molecular systems with ionic
liquid-based CO, absorption and activation enables the photo-
reduction of CO, with high selectivity under mild conditions, as
our group and others have previously demonstrated for
homogenous systems. Transferring such systems into
heterogeneous materials is crucial facing factors like stability of
metal-organic catalysts and catalyst handling on bigger scales
following the goal of developing gas phase reactions as a big
milestone in the development of CO, capture and usage
technologies.”**”

Out of a huge assortment of molecular systems consisting of
metal-organic photosensitiser and catalysts systems ruthenium
sensitizer and rhenium catalyst first introduced by Lehn have
been established as a well-investigated benchmark system for
CO, reduction selective for CO reduction despite all efforts of
replacing noble metal complexes by base metal ones such as
iron, nickel and cobalt systems.*>*>°

Different approaches to incorporate the catalyst system with

22-25

ruthenium sensitiser and rhenium catalyst in a heterogeneous
matrix have been investigated, such as polymer frameworks and
highly coordinated structures like COF and MOF-based
systems.****> Direct polymerisation of vinyl-modified mono-
mers is a straightforward method to incorporate ionic liquids
into the polymer structure. Furthermore, special separation of
transition metal reaction centres in heterogenous systems can
be beneficial for long-term stability in comparison to homoge-
nous systems, as dimer formation might be inhibited.**

Despite these obvious advantages, studies on immobilisa-
tion in a polymerizable ionic liquid matrix are rare. Zhang et al.
studied materials based on styrene-linker functionalised cata-
lyst with B12-catalyst and ruthenium tris-bipyridine sensitiser
co-polymerized-IL for application in dechlorination reaction.*
The application of crosslinked bipyridine linkers was shown to
allow for facile polymerisation. Zhou et al. tested a system based
on the catalyst [Re(bpy)(CO);]Cl with divinyl functionalisation
of the bipyridine ligand and 1-ethyl-3-vinyl imidazolium
bromide ionic liquid in CO, reduction reaction and could prove
high selectivity for CO. In this case, however, direct photoexci-
tation of the catalyst took place, leading to a limited light-
harvesting capacity.®® In contrary to this photosystem, the
introduction of a separate sensitiser moiety is beneficial as it
can lead to absorption of photons at higher wavelengths, and
additionally, prevent the damage of the catalyst during the
redox cycling.

We previously showed that imidazolium-based ionic liquids
exhibit a strong co-catalytic effect in the photocatalytic reduc-
tion of CO, with an established photochemical system, con-
sisting of a rhenium photocatalyst and a ruthenium
photosensitiser. In this contribution, we integrate the advan-
tageous attributes of imidazolium-based ionic liquids with this
well-established photochemical system, consisting of a Re
photocatalyst and a Ru photosensitiser, within an innovative
crosslinked polymeric framework (CLP) to create an efficient
method for selective visible-light CO, photoreduction under
benign reaction conditions.

RSC Sustainability
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Results and discussion

The co-catalytic properties of the crosslinked polymer backbone
are highly dependent on the design of the ionic liquid moiety.
We selected ionic liquids with an imidazolium core structure
since prior studies showed that such ionic liquids are capable of
absorbing and activating high quantities of CO, via N-
heterocyclic carbene (NHC) formation. A butyl side chain was
introduced as a compromise to the long alkyl chains that offer
increased CO, uptake and short chain derivates with lower
viscosity and reduced steric hindrance.>**¢

The anion plays a key role in the deprotonation of the acidic
proton on the C2-position of the imidazolium ring and the
consecutive formation of the NHC-CO, adduct. As previously
shown, the co-catalytic effect of various imidazolium-based
ionic liquids with different counter anions in CO, reduction
with ruthenium sensitiser and rhenium catalyst correlates with
the Kamlet-Taft parameter B of the ionic liquids, thus high-
lighting the importance of hydrogen bond acceptor properties
of the anion.*” Consequently, imidazolium-based ionic liquids
with chloride as anion exhibited the best performance among
all halogenides. Due to this superior performance and the
presence of Cl as chlorido ligand in the ruthenium catalyst, we
selected the ionic liquid 1-butyl-3-vinylimidazolium chloride
(IL-1) as monomer for the design of the polymeric framework.*®

The design of the catalyst relies on a cross-linked polymeric
framework as illustrated in Fig. 1, where Ru centres can act as
visible-light-absorbing moieties and transfer excited electrons

7N o
e Wa
Cl-Ré-CO
od to

Re-monomer

1.AIBN
DMF
AT, Ap
2 Acelone CO,

TEOA

Fig. 1 Schematic representation of monomers used for the radical
polymerisation of crosslinked polymers (CLP) with AIBN (azobisiso-
butyronitrile) towards a polymer framework for photocatalytic CO,
reduction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the Re centres. For this purpose, the bipyridine ligands of the
Re-containing photocatalyst monomer and the Ru-containing
photosensitizer monomer, were modified with vinyl substitu-
ents vig palladium catalysed Suzuki-Miyaru coupling mecha-
nism.* The modified ligand was than introduced to the
complex by ligand exchange from cis-bis(2,2'-bipyridine)
dichloro ruthenium(u) and pentacarbonylchloro rhenium(r).*

With the desired monomers in hand, polymerisation was
performed via free radical polymerisation with azobisisobutyr-
onitrile (AIBN) as a radical starter under pressurized conditions.
The ratio of monomers was chosen in variable ratios of catalyst
and sensitiser with excess of ionic liquid, resulting in solid,
hygroscopic crosslinked polymeric frameworks (CLP) that were
isolated after precipitation with acetone (Table 1, Batch CLP-1
to CLP-4).

Material characterisation

Successful incorporation of Re-monomer and IL-1 was initially
proven by Fourier transform infrared spectroscopy (FT-IR) via
comparison of the spectral data recorded from IL-1, polymer-
ized ionic liquid (PIL), Re-monomer and the polymer CLP-1
(Fig. S17). Signals between 2025 and 1870 cm ™' (shaded area)
correspond to the stretching vibrations of CO ligands of the Re
complex and are visible in the spectra of the Re-monomer and
the CLP. The vibration of the imidazole ring of the ionic liquid
occurs at 1465 cm™ *, while the CH vibrations of the imidazole
ring correspond to the signal peaks at 1542 and 1567 cm™ .
Therefore, it can be safely concluded that the Re-photocatalyst
and ionic liquids are appropriately built into the polymer
frameworks.

Thermogravimetric analysis (TGA) was performed on the
polymerised ionic liquid (PIL) without Ru and Re, as well as
polymer containing Re-monomer (CLP-3) and mixed polymer
CLP-4 (Fig. S27). All samples show an initial small mass loss
starting at 100 °C, referring to the loss of absorbed water. From
240 °C, organic matter starts to decompose, leading to signifi-
cant relative mass loss for all three samples. This loss is
accordingly reduced in ruthenium or rhenium due to their
higher inorganic content.

Table 1 Theoretical and experimental values for the composition of
cross-linked polymers CLP-1to CLP-4 with variable content of Ru and
Re

Entry Ratio wt% Re wt% Ru

Batch Theo.” ICP-MS’ T-XRF° Theo. ICP-MS” Theo. ICP-MS’
CLP-1 1:10:90 19.31 14.23 0.77 0.58 4.17 6.03
CLP-2 1:0:90 0.00 0.00 1.08 0.34 0.00 0.00
CLP-3 1:10:90 8.10 7.61 0.77 0.55 4.17 2.42
CLP-4% 1:10:90 10.26 12.36  0.77 0.65 4.17 3.63
“Molar ratio of monomers Re-monomer:Ru-monomer:IL-1.

b Measured by laser ablation inductively coupled plasma mass
spectroscopy (LA-ICP-MS). Calculated from average of 6 lines scanned
3 times. Quantification with external standard set into relation to
quantification of microwave digested aliquots of CLP-3. RSD = 5%.
¢ Calculated from total reflection X-ray fluorescence spectroscopy (T-
XRF) measurements. 4 Upscaled preparation by factor 5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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UV-vis measurement on CLP-1 and monomer samples
further proves the successful incorporation of photo redox-
active monomers Ru-monomer and Re-monomer (Fig. 2). The
broad signal between 400 and 500 nm can be attributed to the
metal-to-ligand charge transfer (MLCT) transition of Ru-
monomer.* The maximum of this transition is red-shifted by
around 5 nm. The shoulder at around 350-400 nm can be
attributed to Re MLCT, that is blue shifted compared to the free
complex. Both red shift of Ru and blueshift of Re might be an
indicator for spectral interaction between the two species within
the polymer framework.

For a deeper understanding of the oxidation states of Ru
photosensitizer and Re-catalyst in the samples, X-ray photo-
electron spectroscopy (XPS) on CLP-1 and both Re-monomer
and Ru-monomer was performed. The survey spectrum of
CLP-1 clearly detects O 1s, C 1s, N 1s, Cl 2p and Re 4f along with
Ru 3d (Fig. S31). Comprehensive scans of Re 4f in Re-monomer
reveal signals corresponding to Re 4f,, and 4fs,, at 44.0 and
41.60 eV respectively, consistent with data reported for Re(i)
oxidation state (Fig. 3a).** Comparing Re-monomer with CLP-1
the Re 4f signal is not shifted (<0.1 eV) (Fig. 3a). This evidence
confirms the integrity of the catalytic site throughout the poly-
merization process. The clear separation of Ru 3ds, from C 1s is
beneficial for the detection of Ru in the polymer framework. The
peak maximum for Ru 3ds,, can be detected at 281.1 eV for the
Ru-monomer and CLP-1, which is in accordance with data from
the literature for Ru(u).**

Scans of the Cl 2p peak show different positions for the two
monomers due to the different bonding state (Fig. S4t). The Cl
2p scans for the Ru monomer show two different chemical
states, which have been assigned as anionic and covalently
bonded. The anionic component is quantitatively dominant
and the peaks' positions perfectly match with the ones
measured for the CLP-1 polymer (196.7 eV and 198.3 eV).**** The
Cl 2p peaks from the Re catalyst are shifted 1.0 eV higher due to
their ligands bonding nature but they don't appear in the
polymer scans. This is most likely due to a negligible

-+« -CLP1
" ===~ [Ru(bpy)s][PFel
3041 —-=- Re(bpy)(CQ),Cl

254

Absorbance (a.u)
¢

054 T e \

o4 Tmemm e e

300 400 500 600
Wavelength (nm)

Fig. 2 UV-vis spectra of polymer CLP-1 (red, dot), and complexes
[Ru(bpy)sl[PFgl2 (blue, dash) and Re(bpy)(CO)3Clin MeCN (green, dash-
dot).
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Fig. 3 Detailed XPS scans of CLP-1 and monomers. Re 4f (a) and C 1s
together with Ru 3ds, (b).

contribution coming from the much lower concentration of Re
detected in XPS respect to the Ru one. Comparing the N 1s
spectra of CLP-1 with those of both Re-monomer and Ru-
monomer facilitates the distinct identification of nitrogen
peaks originating from imidazole and bipyridines in the N 1s
spectrum of CLP-1 (Fig. S51). Bipyridine peaks can be identified
at 400.1 eV (Re-monomer), 400.2 eV (Ru-monomer) and 400.1 eV
(CLP-1) whereas the imidazole peak is shifted to higher binding
energies (401.5 eV) in CLP-1.** The deviation between N 1s
bipyridine peaks in CLP-1 and Ru-monomer can be explained by
the measurement error in energy of 0.1.

Establishing the absolute Ru and Re contents in the polymer
is crucial for the evaluation and benchmarking of catalytic
properties of our CLP and was therefore further investigated by
laser ablation inductively coupled plasma mass spectroscopy
(LA-ICP-MS). The profile of the line scans reveals an even
distribution of Ru and Re within the sample particles (Fig. 4).
Scans of all elements are shown in the ESI (Fig. S6t). The
uniformity of the particle morphology was further confirmed by
scanning electron microscopy (SEM) (Fig. S71), thus overall
suggesting that the elements Ru and Re are evenly incorporated
during the polymerization process. Exact quantification of Ru
and Re in the samples was performed after standardisation with
a sample completely dissolved by microwave digestion under
acidic conditions. It is worth noticing that the Ru content varied
in the range of 2-6 wt% for 3 polymer batches, whereas results
for Re were far more consistent and averaged around 0.6 wt%.
The ratio of Ru and Re was further confirmed by T-XRF (total
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Fig. 4 LA-ICP-MS line scan for 1°'Ru (red) and ®Re (green) normal-
ized to the *C isotope (black, dotted). Average intensity for each
isotope is depicted as dotted line.

reflection X-ray fluorescence spectroscopy) measurements
(Table 1). The variability can be attributed to the inherent
unpredictability of free radical polymerization, leading to
inconsistent insertion of the monomers.

Photocatalytic CO, reduction

Photocatalytic testing was performed in a quartz glass reactor
using organic solvents bubbled with CO, and the sacrificial
agent triethanolamine (TEOA). The yield of CO, H, and CH, was
traced by headspace gas chromatography under illumination
with A = 445 nm. Testing of CLP-1 in 15 h-long experiments
revealed photocatalytic activity up to turnover numbers (TON)
of 60, producing 0.7 pmol of CO in acetonitrile (MeCN) as
solvent (Table 2). Comparing the performance of CLP-1 in
dimethylformamide (DMF) showed that the reaction rate is
significantly lower than in MeCN. A possible explanation for
this observation could be the swelling behaviour of the polymer,
affecting the accessibility of reaction centres.

A set of experiments with different illumination settings was
further carried out to study the excitation mechanism of the
system. Illumination at 445 nm leads to a TON of 60 and yields
0.7 umol of CO. Repetition of the experiment under broad
visible spectrum (see experimental part) using a 500 nm band-
pass filter (emission range: 472-527 nm) yielded similar values
(0.7 pmol and TON = 61), which further indicates that major
excitation takes place via Ru centres. This is in line with the
proposed excitation and charge transfer mechanisms (Fig. 1),
where Ru is excited and quenched with TEOA to be the one-
electron-reduced species. Electrons are then transferred from
Ru-centres to Re-centres via orbital overlap through the partially
conjugated backbone or trough collision of two units in close
proximity in order to start the CO, reduction reaction on the Re-
reaction centre. Reaction mechanisms relying on Re-excited
states may play a less relevant role, as direct excitation of Re
seems to be less efficient under the chosen conditions. Alter-
natively, Re-excited states might form upon energy transfer
from Ru-excited states.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photocatalytic CO, reduction with cross-linked polymers
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Entry Batch Cond.” Ru [wt%] CO” [umol] TON® Sel. CO? [%)]
1 CLP-1 445 nm, MeCN 6.03 0.70 60 97.7
2 CLP-1 445 nm, DMF 6.03 0.08 7 97.6
3 CLP-1 500 nm, MeCN® 6.03 0.71 61 97.8
4 CLP-1 445 nm, MeCN 6.03 0.03 3 81.2
5 CLP-2 445 nm, MeCN 0.00 0.17 1 98.3
6 CLP-2 365 nm, MeCN 0.00 0.01 0 n.d.
7 CLP-3 445 nm, MeCN 2.42 0.33 28 >99

“ Conditions: 0.3 mg mL ™" polymer, 0.32 M TEOA, T = 22 °C, ¢t = 15 h, standard solvent MeCN, 5% brightness. * Yields calculated from headspace
GC sampling. © Turnover number (TON) calculated for. ¢ Selectivity calculated for CO. ¢ Bandpass filter 500 nm adjusted photon flux.” Brightness

mode 100% (20-fold photon flux of condition a).

Given the partial conjugation of the polymer backbone, we
anticipate the potential for energy transfer through Fluores-
cence Resonance Energy Transfer (FRET) or Dexter transfer
mechanisms for exchanges between Ru-monomer and Re-
monomer. FRET involves a dipolar mechanism, where two
dipoles are coupling non-radiatively, while Dexter energy
transfer relies on electron transfer through orbital overlap via
a conjugated system (intramolecular) or physical contact of
reaction partners (intermolecular). FRET and Dexter mecha-
nism differ in the length scale of the effects to occur. FRET can
take place over a distance of 100 A whereas intramolecular
Dexter transfer is limited to a radius of 10 A. Besides energy
transfer the transfer of electrons can occur as well via a Dexter
like mechanism over longer distances compared to energy
transfer.*® The ratio and quantity of ionic liquid will determine
the average distance between the Re-monomer and Ru-
monomer units. Based on the selected ratio, it is reasonable
to conclude that the average distance between Re-monomer and
Ru-monomer units within the framework exceeds the 10 A
radius required for intramolecular Dexter energy transfer to
take place. Therefore, it can be assumed that FRET, as a mech-
anism operational over 10-100 A, is the dominating mechanism
for the transfer of excited electrons, as well as Dexter-like elec-
tron transfer via orbital overlap. A substantial decrease in the
product yield with increased photon flux (20-fold increase)
indicates the fragility of the sensitizer towards light-induced
ageing and suggests that a balance between photoexcitation
and redox charge transfer needs to be maintained to avoid
degradation (Table 2). The effect of photosensitizer ageing
seems to outperform possible kinetic limitations of CO,/CO
absorption and desorption as the rate-limiting step as the
reaction rate of entry 1 couldn't be reached.

Additional experiments in the absence of Ru-monomer with
CLP-2, at excitation wavelengths 365 nm and 445 nm led only to
traces of CO and H,, proving the crucial role of Ru monomer as
a sensitizer. The impact of ruthenium content on the mecha-
nism was investigated by comparing the performance of CLP-1
and CLP-3 samples, where CLP-3 has half the amount of Ru-
monomer as measured by LA-ICP-MS. The increase in Ru-
monomer from 2.42 wt% to 6.03 wt% led to the rise of TON
per Re centre from 28 to 60, which strongly suggests that
another balance between the number of Ru and Re centres

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

needs to be established to achieve optimal charge utilization. A
higher content of Ru-monomer within the polymer framework
might lead to a shorter average distance between Ru and Re
centres and a higher availability of electrons for photoreaction
on the Re centres. Both samples exhibit excellent selectivity for
CO.

The evolution of CO over time was further studied with the
best-performing polymer CLP-1 over 6 hours (Fig. 5). Evaluation
of instant TON and TOF reveal that the system is stable over 4
hours. It is interesting to compare this to results from homog-
enous photocatalysis that we carefully studied in our previous
work.” There we also observed stable performance followed by
a sudden deactivation, however this took place already after
40 min under the conditions otherwise similar (light, intensity,
solvent). A possible explanation for the decrease in catalytic
activity is the light-induced degradation of photosensitiser.*®
This fragility can be further confirmed by UV-vis spectroscopy of
the reaction solution after illumination (Fig. S87). A strong drop
in absorption in the range from 440 to 445 nm accompanied by
a red shift of the signal assigned to the MLCT indicates the
degradation of Ru sensitizer. Additionally, the degrease in

80 14
® e CO
®h 12
B m CH,
60
L10
o)
- ] ® »8'_
040 = * =
= e le %
=
° L4
20
° L2

Time (h)

Fig.5 Turnover number (TON) and instant turnover frequency (instant
TOF) of CO, reduction reaction over the time course of 6 h with CLP-
1.
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absorption intensity below 380 nm indicates additional degra-
dation of Re catalyst. Despite CLP-1 is ultimately deactivated, we
see a positive effect of the catalyst heterogenization which is
able to prolong the stable performance 5 times resulting in

instant turnover frequencies up to 13 min~ .

Conclusion

In this study, we present the successful synthesis of heteroge-
neous polymerized ionic liquid frameworks incorporating
immobilized ruthenium sensitizers and rhenium catalyst
moieties for the selective photocatalytic reduction of CO, to CO
via radical polymerization with AIBN. The successful integra-
tion of ruthenium and rhenium moieties was confirmed
through UV-vis spectroscopy, IR, and XPS analyses. Quantifi-
cation of rhenium and ruthenium content was carried out using
LA-ICP-MS, enabling facile determination of metal contents
even on single crumbs of the sample. The immobilized rhenium
content ranged from 0.34 to 0.65 wt%, with overall rhenium
contents reaching up to 6 wt%. The synthesized samples were
evaluated for their photocatalytic CO, reduction activity,
revealing high selectivity towards CO with turnover numbers
(TON) reaching up to 60 and stable turnover frequencies (TOF)
sustained over 4 hours. Notably, the high selectivity persisted
throughout the entire 4 hours duration. The introduction of
photosensitizer led to a significant enhancement in CO, TON
compared to samples lacking rhenium, with CO TON showing
a linear increase corresponding to the amount of sensitizer
incorporated into the polymer. Our future endeavours aim to
develop systems with enhanced long-term stability, focusing on
strategies applicable in the gas phase. Ongoing work in our
laboratory is directed towards this objective.

Materials and methods

All chemicals purchased from commercial suppliers were used
without further purification unless otherwise noted. Dry solvents
intended for anhydrous reactions were pre-distilled and desic-
cated on Al,O; columns (PURESOLV, Innovative Technology).
Column chromatography was carried out on standard manual
glass columns using silica gel from Merck (40-63 pm) with pre-
distilled solvents. TLC analysis was performed on precoated
aluminium-backed plates from Merck (silica gel 60 F254). UV
active compounds were visualised at 254 nm.

Infrared (IR) spectra were recorded on a PerkinElmer Spec-
trum 65 FT IR spectrometer equipped with a particular MK II
Golden Gate Single Reflection ATR unit. UV-vis spectroscopy
was performed on a JASCO V-670 spectrophotometer with
a spectral test range of 190 to 900 nm. Thermogravimetric
analysis was conducted on a Netzsch STA 449 F1 system. The
temperature was increased from 25 °C to 500 °C with a rate of
5 °C min .

'H and "*C, NMR spectra were recorded on a Bruker Advance
UltraShield 400 MHz spectrometer, and chemical shifts were
reported in ppm using TMS (tetramethylsilane) as the internal
standard. Coupling constants (/) are given in Hz. For NMR
purposes, the multiplicities are reported using the following

RSC Sustainability

68

View Article Online

Paper

abbreviations: s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet, dd = doublet of doublets, brs = broad singlet.

Headspace GC analysis was performed with the SHIMADZU
Nexis™ GC-2030 gas chromatograph equipped with a dielectric
barrier discharge ionisation detector (BID) and 2 m ShinCarbon
ST column (Restek Co.)

Total-reflection X-ray fluorescence spectroscopy was per-
formed using an Atomika 8030C X-ray fluorescence Analyser,
which operates with a total reflection geometry using an energy-
dispersive Si(Li)-detector. The measurements were performed
with the tungsten continuous spectrum excitation mode (35
keV) at 50 kv and 47 mA for 100 s live time.

XPS Spectra were collected using a Physical Electronics PHI
Versaprobe III with a hemispherical energy analyzer and
a monochromatic aluminium Ko X-ray source (1486.6 eV).

In order to avoid contact with moisture and air sample
transfer from the glove box into the vacuum of the XPS instru-
ment was performed under argon atmosphere using a transfer
vessel provided by PHI. Samples were attached to the sample
stage with insulating double sided scotch tape. Charging was
prevented through the instrument's charge neutralization
system. Data were collected using a 200 pm, 50 W focused X-ray
beam at a base pressure of 1 x 10~° mbar, and a take-off angle
of 45°. Survey scans were collected with a pass energy of
140.00 eV and a step size of 0.5 eV. High-resolution scans of
peaks of interest were collected with a pass energy of 27.00 eV
and a step size of 0.05 eV. Data were analyzed with CASA XPS
software. All peaks were referenced to the C 1s aromatic
component (285.0 eV). Peak fittings were performed with
a Shirley-type background. Gaussian Lorentzian product (GL)
and Lorentzian Asymmetric (LA) lineshapes have been used for
the peak fittings: GL(50) (C 1s), LA(1.2,0.9,600) (Ru 3d), GL(80)
(Re 4f), LA(80) (N 1s), LA(0.95,2,300) (Cl 2p). The pure mono-
mers' fitted components have been used as a reference to
constrain the same peaks in the polymer.

LA-ICP-MS measurements were performed using the
“imageGEO193”, an ArF laser ablation system equipped with
a “TwoVol3” ablation chamber from Elemental Scientific Lasers
(Bozeman, MT, USA), coupled via a PTFE tubing to the “iCAP-Q”
from ThermoFisher Scientific (Marietta, OH, USA). An 800
mL min~" helium carrier flow was employed for the analysis,
and samples were fixated on a microscope slide using adhesive
tape. The samples were ablated using line scans across the
polymer crumbs with the following laser parameters: 0.5 ] cm ™2
laser fluence, 20 pm spot size, 50 Hz frequency, and 100 pm s~
scan speed. The ICP-MS was operated in standard mode,
recording the following isotopes: *C, *°°Ru, **'Ru, '**Ru, ***Ru,
185Re, and '®Re. For the measured isotopes, a dwell time of 10
ms was used, and all the results were normalized to **C. Before

1

all experiments, the instrument was tuned to maximum inten-
sity using SRM NIST126. An in-house prepared matrix-matched
standard was used to quantify the Ru and Re content.

Synthesis of monomers

1-Butyl-3-vinyl imidazolium chloride (IL-1) was synthesized
according to literature.®®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5,5'-Divinyl-2,2"-bipyridine. 5,5'-Dibromo-2,2-bipyridine (4,
250.0 mg, 0.796 mmol, 1.0 equiv.), potassium vinyltrifluoroborate
(397.8 mg, 2.95 mmol, 3.7 equiv.), palladium(u) acetate (3.6 mg,
0.016 mmol, 0.02 equiv.), triphenylphosphine (11.1 mg,
0.042 mmol, 0.05 equiv.) and caesium carbonate (726.4 mg,
2.23 mmol, 2.8 equiv.) were sealed in a 20 mL microwave vial
equipped with a stirring bar and placed under Ar atmosphere.
Degassed THF (13 mL) and water (0.53 mL) were added via syringe.
The reaction mixture was stirred under reflux for 24 h. After
cooling to room temperature, water (14 mL) was added, and the
mixture was extracted with EtOAc. The combined organic layers
were dried over anhydrous sodium sulfate, after which the solvent
was removed under reduced pressure. The resulting crude was
charged on silica and purified via column chromatography (4:1:
0.25 = PE:EtOAc:TEA, R; = 0.4). The desired product was ob-
tained as a colourless powder (116.6 mg, 70%).

'H NMR (400 MHz, CDCl5): 6 8.67 (s, 2H, H-arom), 8.37 (d, J
= 8.3 Hz, 2H, H-arom), 7.86 (dd, J = 8.3, 2.3 Hz, 2H, H-arom),
6.77 (dd, j = 17.1, 11.0 Hz, 2H, -CH=CH,), 5.90 (d, J =
17.7 Hz, 2H, =CHy,), 5.42 (d, ] = 11.0 Hz, 2H, =CH,). ">C NMR
(400 MHz, CDCl;): ¢ 155.19 (C-arom), 147.95 (C-arom), 133.60
(-CH=CH,), 133.46 (C-arom), 133.11 (C-arom), 120.92 (C-arom),
116.47 (=CH,). FT-IR (ATR, » cm™'): 3000, 1627, 1589, 1465,
1363, 1024, 910 (C=C), 843.

Re-monomer.  5,5'-Divinyl-2,2/-bipyridine  (41.0 mg,
0.197 mmol, 1.0 equiv.), pentacarbonylchlororhenium()
(71.3 mg, 0.197 mmol, 1.0 equiv.) and toluene (20 mL) were
mixed under inert conditions in a single-neck flask equipped
with a stirring bar. The reaction mixture was stirred under reflux
for 16 hours. After cooling to room temperature, the solid was
filtered off and washed with dry toluene.

The desired product was obtained as a yellow powder
(81.3 mg, 80%) 'H NMR (400 MHz, DMSO): 6 8.98 (s, 2H, H-
arom), 8.75 (d, / = 8.6 Hz, 2H, H-arom), 8.55 (dd, J = 8.6,
2.1 Hz, 2H, H-arom), 7.03 (dd, J = 17.8, 11.2 Hz, 2H, -CH=CH,),
6.29 (d,J = 17.7 Hz, 2H, =CH,), 5.68 (d, ] = 11.2 Hz, 2H, =CH,).
3C NMR (400 MHz, DMSO) § 153.97, 151.09, 136.35, 135.74,
131.24, 124.30, 120.91. FT-IR (ATR, » cm ™ %): 2017 (CO), 1875
(CO), 1478, 1377, 1251, 915 (C=C), 856.

Ru-monomer.  5,5-Divinyl-2,2-bipyridine ~ (35.4 mg,
0.170 mmol, 1.0 equiv.), cis-bis(2,2’-bipyridine) dichloro ruth-
enium(u) hydrate (9, 123.5 mg, 0.255 mmol, 1.5 equiv.) were sealed
in a 20 mL microwave vial equipped with a stirring bar and placed
under argon atmosphere. Dry ethanol (8.2 mL) and water (0.82 mL)
were degassed and added via syringe. The reaction mixture was
stirred under reflux for 16 h. After cooling to room temperature,
the solvent was removed under reduced pressure. The resulting
crude was dissolved in acetonitrile (5 mL) and precipitated in
diethyl ether (100 mL). The solid was separated and dissolved in
double-distilled water (5 mL). Insoluble residues were separated
through a sintered glass filter. Acetonitrile (5 mL) was added to the
filtrate, and then the solvent was removed under reduced pressure.
The solid was dried over phosphorus pentoxide for 48 h to afford
the desired product as a dark violet solid (115.1 mg, 98%).

'H NMR (400 MHz, MeOD): é 8.73 (d, J = 9.3 Hz, 4H, H-
arom), 8.65 (d, / = 8.5 Hz, 2H, H-arom), 8.27 (dd, J = 8.6,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.0 Hz, 2H, H-arom), 8.18-8.12 (m, 4H, H-arom), 7.91-7.80 (m,
4H, H-arom), 7.68 (d,J = 2.0 Hz, 2H, H-arom), 7.56-7.48 (m, 4H,
H-arom), 6.59 (dd,J = 17.7, 11.1 Hz, 2H, -CH=CH,), 5.88 (d,] =
17.6 Hz, 2H, =CHj,), 5.48 (d, J = 11.1 Hz, 2H, =CH,) *C NMR
(151 MHz, MeOD) & 158.46, 157.12, 152.74, 150.38, 139.31,
138.51, 135.24, 132.45, 129.00, 125.70, 120.91.

General procedure for polymerisation

The required amounts of monomers, AIBN and DMF were
sealed in an 8 mL screw-cap vial equipped with a stirring bar in
the glovebox. The reaction was carried out in the autoclave
purged with N, for 24 h, at 100 °C, at elevated pressures. After
cooling to room temperature, the product was precipitated in
anhydrous acetone and dried in vacuo yielding red solids.

Photocatalytic experiments

Photocatalysis was performed using a glass reactor built in
house with a total volume of 3.7 mL, equipped with a septum,
water-cooling system, and a stirring bar. A Solis High Power LED
emitting light at 445 nm, powered by a DC2200 - High-Power 1-
Channel LED Driver and set to a brightness of 5%, was
employed as the light source. For experiments with 500 nm
bandpass filter a Thor labs Solis 3¢ lamp was used in combi-
nation with a FBH500-40 hard-coated bandpass filter.

For photocatalytic experiments, polymer and TEOA were
weighed into a Schlenk tube. The degassed and water-free
solvent was added, and the sample was sonicated for three
hours to dissolve the polymer completely. The solution was
degassed via freeze-pump-thaw technique and transferred to
the reactor. Before the reaction, reaction mixtures underwent
CO, purging at a rate of 10 mL min~" for 3 minutes. Reaction
products were traced by Headspace GC analysis. All samples
were checked for sufficient CO, saturation by GC detection of
CO, att=0hand ¢t = 15 h. Detailed descriptions of calculations
of reaction yield, TON and Instant TOF are provided in S9.7
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Imidazolium modified UiO-67 metal-organic
frameworks for CO, absorption
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Authors: Lisa Eisele, Jakob Blaschke, Shaghayegh Naghdi, Dominik Eder and Katharina
Bica-Schroder

Heterogeneous catalytic porous systems, such as MOFs, are highly appealing materi-
als for photocatalytic CO, reduction due to their high porosity and large surface areas
that facilitate gas permeability and access to reactive sides. Consisting of inorganic
building units like metal ions or metal clusters combined with organic linkers, these
structures offer large structural variety. For example, pore volume can be controlled by
the length of the linker and the connectivity of metal nodes. This wide structural vari-
ety has led to applications across numerous fields, such as gas separation, catalysis,”!
wastewater treatment,”? sensing,”® and drug delivery.?* Building on the structural vari-
ety, existing frameworks can be modified by functionalization of linkers, metal nodes, or
pores, using the framework as a scaffold.> Structural modifications can be introduced
by different strategies. Common approaches are synthesis from modified building blocks
or post-modification strategies like ligand exchange processes. For applications in catal-
ysis, MOFs can be modified with catalysts known from homogeneous photocatalysis.
Benefits of the immobilization can be for example the stabilization of molecular integrity
of the catalysts and cooperative effects such as size exclusion within the pores.?®-%8
Furthermore, the framework can be used for photoexcitation and for the transfer of
photo-generated charges.® In the context of pore modification, MOFs with ionic liquid-
loaded pores are already established materials for applications in gas storage and
separation.'%%101 Jonjc liquids can be introduced to the pores by impregnation as post-
synthetic modification like capillary action-, ship-in-a-bottle- or wet-impregnation-method,
or through ionothermal synthesis applying ionic liquids as solvents in the synthesis
process. 102103

UiO-67, named after the University of Oslo and first described in 2008, is a Zr-based
metal-organic framework consisting of Zirconium-oxo clusters linked by diphenyl di-
carboxylic acid (see Figure 3.3). The inorganic building blocks consist of ZrsO4(OH)4-
clusters that can be described as Zr-octahedrons where the triangular faces of the Zrg-
octahedron are alternatively capped by u3-O and u3-OH groups. The polyhedron edges
formed by this cluster are capped with carboxyl groups originating from the carboxylic
acid functionalities of the linker, forming ZrsO4(OH)4(CO,) 1, units.
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Figure 3.3. Crystal structure of UiO-67. Atoms are depicted in the following colors: Zr (blue),
O (red), C (black), H (white).

Overall, each cluster is therefore connected to 12 linkers forming micropores. The
framework bears micropores in centric octahedral and corner tetrahedral geometry,
where each centric octahedral cage is surrounded by eight corner tetrahedral cages.
UiO-67 is known for its high stability originating from the high connectivity in the
Zirconium clusters with strong Zr-O bonds and the ability of the Zrs-cluster to rearrange
reversibly upon removal or addition of u3-OH groups, without changes in connectivity
to carboxylate units.1%4

MOFs are typically synthesized from metal salts and organic linkers under solvother-
mal conditions using microwave- or autoclave synthesis. The synthesis often requires
the use of modulators like acids to control the formation of the framework by controlling
the number of coordination sites of metal clusters.'%>1%® In the case of
UiO-67, standard synthesis is based on ZrCls, diphenyl dicarboxylic acid in the sol-
vent DMF using acetic acid as the modulator. The incorporation of functional and cat-
alytic units into the linker structure of UiO-67 is well-established. Specifically, the intro-
duction of the Re(bpy)(CO);Cl moiety has demonstrated efficient photocatalytic CO,
reduction.3>10%110 This modification can be achieved either through a post-synthetic
modification route or by using pre-modified ligands, as illustrated in Figure 3.4. Exam-
ples for both modification of the linker and the metal node are known in the literature

for different applications.!!1-112
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Figure 3.4. Stategies for synthesis of mixed-ligand UiO-67 with Re-modification.

Building on this state-of-the-art approach, the integration of Re-modified UiO-67 with
imidazolium-based ionic liquids presents a promising strategy to harness the synergies
of ionic liquid-mediated CO, activation. Our future objective is to design MOF struc-
tures capable of incorporating both imidazolium moieties and Re-active sites, thereby
creating reaction centers with a fixed geometry that positions both functionalities in
close proximity. Through this approach, we seek to extend the cooperative effects of
imidazolium-based ionic liquids to heterogeneous photocatalysis in porous materials.

As an initial step, we focused on synthesizing imidazolium-modified UiO-67 and ex-
plored chemisorption and interaction with CO,. (see Figure 3.5).

l
oJ“}-o

r.._,_o I\__..Zr
_<\"°" '*Zr ,—OH />§

O%\\I/O
Figure 3.5. UiO-67 MOF modified with imidazolium functionality for chemisorption and pre-
activation of CO,. Depiction of Zirkonia cluster adapted from Lawrence et al. [113].
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This section contains unpublished work with results describing the synthesis and char-
acterization of MOFs with imidazolium modification for the efficient chemisorption of
CO, investigating the effect on chemisorption in the MOF framework. As the first author,
I planned and conducted the experimental work and drafted the original manuscript.
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Abstract

This study investigates the CO5 sorption properties of the Zirconium-based MOF
UiO-67 and its imidazolium-functionalized derivative, Im-UiO-67. Imidazolium motifs,
known for their ability to pre-activate COg through chemisorption, were introduced
via side-chain functionalization of biphenyl dicarboxylate (bpd) linkers, thus enhancing
interactions with COs. The crystalline materials were synthesized using microwave-
assisted methods and characterized by X-ray diffraction, infrared spectroscopy, and
diffusive reflectance infrared Fourier transform spectroscopy (DRIFTS). Chemisorp-
tion measurements revealed enhanced COg uptake in Im-UiO-67 compared to UiO-67.
Furthermore, DRIFTS studies indicated that CO2 chemisorption involves interactions
with the hydroxyl groups of Zirconia clusters. This strategy demonstrates significant
potential for catalytic COq pre-activation, paving the way for advanced applications in

carbon capture and utilization.
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Introduction

Facing rising atmospheric COs concentrations and pressing consequences for the climate,
innovative technologies for CO, capture and utilization is necessary.!? Imidazolium-based
ionic liquids are salts molten at low temperature with the ability for chemi- and physisorp-
tion of CO,. Chemisorption is based on the weak acidity of the proton in C-2 position of
the imidazolium core that can be abstracted under basic conditions.?® The N-heterocyclic
carbene (NHC) can interact with CO5 and bind COs in angled geometry. The observed bond
angle resembles the geometry of the intermediate CO*~ radical obtained after one-electron
transfer; thus, the formation of the NHC complex allows pre-activation of CO, for reductive
transformations. In fact, imidazolium-based ionic liquids show a cooperative effect photo-
and electrochemical COs reduction overcoming the reaction barrier for the introduction of
the first electron.®® Previous studies showed a clear correlation between the basicity of the
anion of the ionic liquid and the ability to form the N-heterocyclic carbene complex.®910
Metal-organic frameworks (MOFs) are well-known for their high porosity and large sur-
face area, attributes that arise from their unique three-dimensional structures composed of
metal ions or nodes connected by organic linkers. These properties, combined with high
structural variety and facile synthesis, make MOF's highly versatile, enabling their applica-
tion in diverse fields such as catalysis, gas separation, sensing, and more. MOFs have also
been firmly established in the field of carbon capture and sequestration (CCS), demonstrat-
ing CO4 adsorption capacities that are comparable to or even exceed those of commonly used
adsorbents such as zeolite 13X and activated carbon.™'?2 CO, interactions can be based on
interactions between the quadrupole moment of CO, and open metal sites as well as inter-
actions with organic linkers. Examples of CO5 absorption based on linkers are interactions
with basic NH, groups and interactions with imidazolate units in the MOF ZIF-8.13°15
The Zirconium-based MOF UiO-67 is constructed from Zirconium-oxo clusters linked by
biphenyl dicarboxylic acid (see Figure 1). The inorganic building blocks consist of ZrgO4(OH)4-

clusters, which can be described as Zirconium octahedra, where the triangular faces of the

76



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

Zrg-octahedron are alternately capped by ©3-O and p3-OH groups. The edges of the poly-
hedron formed by this cluster are capped with carboxyl groups derived from the carboxylic
acid moieties of the linker, forming ZrgO,(OH)4(CO3)12 units. Consequently, each cluster
is connected to 12 linkers, creating a microporous framework (see Figure 1). Infrared spec-
troscopy revealed that the chemisorption in UiO-67 and UiO-66 is based on interactions by

bonding with p3-OH groups on the MOF nodes and through dispersive interactions. '6:17

18N

~

Figure 1: Structure of UiO-67.

Combining the advantages of porous MOF materials with imidazolium structural mo-
tifs for CO, activation offers a synergistic enhancement of CO, activation properties while
improving the accessibility of active sites within the heterogeneous support. The concept
of transferring COy chemisorption via imidazolium motifs, originally used in homogeneous
catalysis with ionic liquids, to porous materials is appealing, as it allows applications in the
gas phase. Additionally, the well-organized geometry of the framework facilitates the design
of reactive centers that integrate catalytic sites and imidazolium moieties for CO4 activation,

positioned in close proximity with precise steric control. This approach holds the potential
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for numerous catalytic applications in the field of carbon utilization.

Examples of imidazolium-modified MOF's, particularly imidazolium-modified UiO-67,
have demonstrated utility in CO, cycloaddition and metal-organic-framework glasses. %19
However, to the best of our knowledge, the chemisorption properties specifically related to
imidazolium motifs in MOFs have not been thoroughly investigated.

In this study, we present the modification of UiO-67 with an imidazolium-functionalized

linker for CO4 activation in a heterogeneous porous material, investigating chemisorption

sights in the framework.

Results and discussion

The synthesis of the imidazolium-modified linker, Im-bpd, is based on a Suzuki cross-coupling
reaction and consecutive alkylation (see the supporting information for details). The bpd
core was synthesized through a coupling reaction between 4-bromo-2-methylbenzoic acid
methyl ester and 4-methoxycarbonyl phenylboronic acid yielding the corresponding ester,
followed by the introduction of a bromide group via bromination with N-bromosuccinimide
(NBS), yielding bpd-e-Br (ESI Figure 1). Both reactions were adapted from established
literature protocols.1%2%

The subsequent synthesis of the imidazolium-modified linker, starting from bpd-e-Br, is
illustrated in Figure 2. The imidazolium motif was introduced through an alkylation reac-
tion with ethyl imidazole (Im-bpd-e).?! This was followed by cleavage of the ester group via

acidic treatment with HBr, resulting in the imidazolium-modified linker, Im-bpd, with a Br™

counterion, isolated as a white precipitate.
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Figure 2: Synthesis of imidazolium modified ligand.

The modified linker Im-bpd was used to synthesize the imidazolium-modified MOF (Im-
MOF) (see Figure 3). The synthesis was performed under solvothermal conditions using a
microwave reactor. The imidazolium-functionalized linker (Im-bpd) was combined at a 10%
ratio with unmodified bpd. ZrCl, was used as the Zirconium precursor, and the reaction was
carried out in dimethylformamide (DMF) with acetic acid as a modulator. The obtained

material washed with methanol and activated at 120°C under vacuum.

HO._O HO. O
TN - o
O | P \ \Qv N N\ Acetic acid, 120°C
v
+ - _
P Br DMF,
| Solvothermal
.
HO™ "O HO o Im-Ui0-67

Figure 3: Solvothermal synthesis of Im-UiO-67 from mixed ligands.

The synthesized material was analyzed by powder X-ray diffraction (PXRD) as shown in
Figure 4. The diffraction pattern of both UiO-67 and Im-UiO-67 show great accordance with
reference data from the simulated pattern, confirming the successful synthesis of crystalline
material with a 10% modified linker. The successful incorporation of linker was further
confirmed by infrared spectroscopy (IR) shown in ESI Figure 3. The introduction of the
imidazolium moiety is evident by vibrations at 2162 cm™' and 1098 cm ™! assigned to vo—y

and Vo—_C—-N-
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Figure 4: XRD pattern of UiO-67 and Im-UiO-67 in comparison to the simulated pattern.

The obtained material was further analyzed for chemisorption properties and thermal
stability. Thermogravimetric analysis was carried out under air and COy atmosphere (see
Figure 5). The initial weight loss can be attributed to adsorbed solvents. The sample Im-
UiO-67 exhibits mass loss under CO, starting from lower temperatures compared to TGA
heating under air atmosphere. However, both samples exhibit thermal stability up to 400 °
in both atmospheres.

The chemisorption properties were further investigated through CO5 temperature-programmed
desorption (TPD) measurements using the Belcat II system. Detailed measurement param-
eters are provided in the supporting information. The sample was first pre-heated under
a flow of Helium to remove adsorbed solvent. Subsequently, the samples were exposed to
CO., followed by a second Helium purge to ensure that only adsorbed CO, remained in the
measurement matrix. The sample was then heated at a fixed rate of 10°C min~! to release
the attached COs,.

To account for the weight of the sample, the measured signal was divided by the mass
of the investigated sample (see Figure 6). Both samples exhibited CO, release starting at

170°C, as indicated by an increase in the TCD signal. The observed onset temperatures for
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COs loss were below the decomposition temperatures measured by TGA, which started at

400 °C, thus ruling out material decomposition as the source for gas production.
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Figure 5: TGA measurements of UiO-67 (a) and Im-UiO-67 under synthetic air (black) and
CO, atmosphere (red).

The slower release of COs, indicated by a broader TCD signal (green) in the Im-UiO-67
sample, could be attributed to stronger interactions between the framework and COs due to
the imidazolium functionalization. A comparison of the integrals of the measurement signals

suggests that more COs was adsorbed in the imidazolium-modified sample.
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Figure 6: Carbon dioxide TPD chemisorption experiment with Im-Uio-67 (green) and UiO-
67 (red) using a Bellcat II.

The chemisorption behavior of UiO-67 was studied further using in-situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) under CO, atmosphere, employing a
reaction cell with precise temperature control. Details of the experimental setup are provided
in the supporting information (see ESI Figure 4). The sample was exposed to a CO pulse,
and changes in surface chemistry were monitored through continuous IR measurements. The
resulting overview spectra are presented in ESI Figure 5.

Weaker interaction of COy with the framework is indicated by linear absorbed COs in the
region of 2300 cm ™! corresponding to v,s(O-H) vibrations (see ESI Figure 5). Further features
can be observed in the region of 3600 cm™! indicative of v(O-H) vibrations. The free u3-OH
groups in Zirconia clusters are known to interact via hydrogen bond formation with guest

molecules. In the absence of CO,, the vibration for free p3-OH is detected at 3674 cm™*.
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Upon exposure to COs, time-resolved measurements under CO5 atmosphere reveal additional
vibrational bands at 3724, 3700, 3624, and 3600 cm~!(see Figure 7). These bands can be
assigned to CO, overtones and most likely OH stretching of bicarbonate species.?? In addition
to these symmetric features, a vibration at 3643 cm™! is detected, which can be interpreted
as a shift of the p3-OH vibration, related to a decrease in the force constant caused by COq
donating electron density to the o antibonding orbital of the O-H bond, indicating chemical
interaction between Zirkonia clusters and CO,. Similar behavior is reported in the literature
for UiO-66.'6

The process is reversible. Upon purging with Helium, the vibrational signals disappear

again (see Figure S6).
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Figure 7: Time-resolved DRIFTS spectra of UiO-67 in the range from 3800cm™! to
3500 cm™! exhibiting features related to v,(O-H) vibrations. Conditions: 5% CO, in He
10 mL min ~!, T= 30°C, timescale: 10 min, reference spectra of gas phase CO, is shown in
green.
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Conclusion

In this work, we investigated the CO, sorption properties of the Zirconium-based MOF
UiO-67 and its imidazolium-modified derivative, Im-UiO-67. The imidazolium motif was
introduced to enhance CO, interactions with the framework, providing an active chemisorp-
tion site for CO, activation, which could be advantageous in catalytic applications. The
modification was achieved through side-chain functionalization of the bpd ligand, where
the imidazolium group was incorporated via alkylation with ethylimidazol. Subsequently,
Im-UiO-67 was synthesized using a mixture of ligands containing 10% imidazolium-modified
linkers through microwave-assisted synthesis.

The obtained samples exhibited good crystallinity, and the successful incorporation of
the imidazolium motif was confirmed by infrared spectroscopy.

Temperature-programmed desorption (TPD) measurements revealed that CO, interac-
tions were enhanced in Im-UiO-67 most likely due to the introduction of imidazolium motifs.
Furthermore, the CO5 uptake was enhanced in imidazolium-modified UiO-67 compared to
the reference system. DRIFTS spectroscopy demonstrated that chemisorption in UiO-67 is
primarily associated with interactions involving the Zirconia-oxo clusters.

These preliminary results highlight the significant potential of this strategy, paving the
way for further research objectives. As a future goal, we aim to explore the influence of
different counterions on the positively charged imidazolium moiety, for example via the
more basic acetate anion. Additionally, we intend to investigate Im-UiO-67 in the context
of photocatalytic COy reduction by integrating the system with modified linkers bearing
catalytic groups selective for CO, conversion. Work in this direction is currently ongoing in

our group.

10
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4. Outlook

In the preceding chapters, the cooperative effects of ionic liquids on photocatalysis
with organometallic catalysts was studied with the benchmark system consisting of
Re(bpy) (CO);Cl and Ru(bpy);PFs. Investigations under homogeneous conditions demon-
strated the potential of imidazolium-based ionic liquids as low-level additives to strongly
enhance CO production in photocatalytic CO, reduction systems, mitigating issues of
high viscosity and mass transfer and avoiding the need to use ionic liquids as primary
solvents. Notably, the addition of [C;mim][OAc] in DMF resulted in a nearly 20-fold
increase in CO yield. However, the long-term reaction rate of the photosystem stag-
nated after an initial rapid increase, indicating limited long-term stability, likely due to
photosensitizer degradation.

In the next step, the system was transferred to a heterogeneous photocatalytic process
through immobilization of photosensitizer and catalyst in a polymerized imidazolium-
based ionic liquid framework via radical polymerization from vinyl group-bearing
monomers. XPS measurements confirmed the maintenance of the redox state of Ruthe-
nium sensitizer and Rhenium catalyst after polymerization, and quantification was car-
ried out by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS).
This study successfully demonstrated the integration of Ruthenium and Rhenium moi-
eties into a heterogeneous polymer-based framework that acted as co-catalyst in the
photocatalytic reduction of CO,. The system achieved high selectivity for CO produc-
tion with sustained turnover frequencies over 4 hours, thus outperforming the long-term
stability of the homogenous system. The addition of the photosensitizer significantly en-
hanced CO turnover numbers, which scaled linearly with sensitizer concentration.
Furthermore, the concept of imidazolium structural motifs for CO, interaction was ex-
tended to MOFs for CO, activation. Imidazolium functionalities were incorporated
through side-group modifications of the linkers, creating CO, activation sites within
the highly ordered porous network. This strategy aimed to construct reactive centers
with well-defined geometries for photocatalytic applications, offering catalytic single
sites close to imidazolium functionalities for CO, pre-activation. Chemisorption mea-
surements showed increased CO, uptake in imidazolium-modified UiO-67 compared to
the reference system. Additionally, DRIFTS spectroscopy indicated that chemisorption
in UiO-67 is mainly driven by interactions with the Zirconia-oxo clusters.

The next steps of this research project aim to advance these reactions toward gas-
phase reactions in continuous flow, aiming for a high-throughput process with hetero-
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geneous catalysts that are accessible, scalable, and offer improved long-term stability
towards photodegradation.

The first result of these ongoing developments, as well as future perspectives are pre-
sented in the following section.

4.1. Photocatalytic gas-phase reactions

Compared to homogeneous and slurry-phase heterogeneous photocatalysis in the liquid
phase, gas-phase heterogeneous photocatalysis offers several advantages. By overcom-
ing the limitation of CO, solubility in diverse solvents, gas-phase conditions enable
improved catalyst exposure to CO,. Light utilization efficiency is also enhanced, as gas-
phase systems avoid light scattering commonly observed in homogeneous solutions.©
When comparing reactions in batch and continuous flow, re-adsorption and undesir-
able back- or side reactions are common in batch reactors. This is a result of the constant
build-up of products, which can lead to reduced yields. In contrast, reactions in a flow
set-up maintain a continuous flow of reactants and products. This minimizes product
accumulation but requires the adaption and tuning of flow rates to optimize residence
times.! 14 To gain a thorough understanding of gas-phase reactions under continuous

flow, experiments are planned in two parallel setups.

* One newly constructed setup enables gas-phase photocatalytic reactions and in-
line gas analysis with catalyst loadings ranging from 10 to 100 mg. A significant
portion of this PhD research has been dedicated to building and establishing this
reaction system for gas-phase studies, which will be described in detail in the

following chapter.

* In parallel, diffuse reflectance infrared fourier transform spectroscopy (DRIFTS)
will be used to further elucidate mechanistic details in gas phase under contin-
uos flow. A brief introduction to DRIFTS measurements is provided in subsec-
tion 4.1.2, and detailed studies are currently ongoing in collaboration with Jakob
Blaschke.

* Eventually, first approaches towards supported ionic liquid phase (SILP) catalysts
based on a Re-catalyst immobilized within the ionic liquid layer on gCN as hetero-
geneous support and photosensitizer for gas-phase photoreductions.

4.1.1. Reactor design and operation

Inspired by gas-phase reactors from the literature, a new reaction setup was constructed
to facilitate gas-phase reactions in both batch and flow modes. The system comprises a
tailor-made reactor connected to gas supply and analytic devices.!'>11® The schematic
of the reactor prototype is presented in Figure 4.1. The main body of the reactor consists
of alumina with a built-in heating/cooling mantle and connections to the gas inlet and
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outlet for purging and evacuation. The interior of the alumina body provides space for
a conventional glass filter frit that can be filled with catalyst material. The bottom of
the inner reactor body is designed with a circular gutter, allowing for the introduction
of sacrificial agents that can be evaporated and controlled by the reactor temperature.
The top part of the reactor is covered with a lid made of quartz glass, held in place
with a rubber seal, allowing for illumination from above. Four screws and a Teflon seal
secure the lid. Additionally, the reactor chamber includes a built-in septum that can be
used to draw samples with a gas-tight syringe when operated in batch mode.

— A lid
E B reactor housing
) . F C water cooling
A ‘ : D septa
B T / G E light source
C \\' - F glass window
N

./I H G o-ring

H water cooling

®
® )
@ J | catalyst support
[ ! /‘ J gas out
D/- —— K K sacrificial agent

Figure 4.1. Schematic description of the developed gas-phase reactor.

Due to limitations faced by corrosion of alumina arising from basic sacrificial agents
such as TEOA and TEA, a second prototype was constructed consisting of Polyoxymethy-
lene (POM) (see Figure 4.2). To overcome limitations in heat transfer originating from
the very low heat coefficient, the reactor design was changed to a layout with a heat-
ing/cooling circuit that features thinner lines but a higher number of circumambulations
around the center of the reactor. The appendix provides heat transfer simulations (see
Appendix Figure 4.3) and technical drawings of the reactor prototypes Appendix 4.4,
4.5, and 4.6. However, simulations suggest that heat transfer is still very limited in the
system, and further reactor development might be necessary.
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Figure 4.2. Pictures of POM gas-phase reactor prototype (a) and reaction setup installed into a
black box (b).

The overall reaction setup can be used in batch mode with closed inlet and outlet
valves. In this case, samples can be withdrawn via the septa, and sacrificial agent/water
is provided by deposition of the latter on the bottom of the reactor chamber. Further-
more, the setup includes installations for continuous operation (see Figure 4.3).

, B: gas cylinders
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1 G : ! C, D: pressure regulators
| : ' E, F: mass flow controllers
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H: thermostat
I:

three-way-walve

: . shut-off valve
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c D . GC 0 : ball valve
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Black Box M : septa
A B .  filter cartrige
He CO,

Figure 4.3. Schematic description of gas-phase setup in continuous flow mode.

The reactor inlet is connected to mass flow controllers (MFCs) for both CO, and
He, allowing precise adjustment of gas mixtures. To address limitations caused by the
gradual evaporation of sacrificial agents within the reactor chamber and to achieve
greater control over gas-phase vapor saturation, the gas stream can be directed through
a bubbler unit, enriching it with a sacrificial agent or water vapor. The vapor concen-
tration is controlled by adjusting the temperature of the bubbler, which is mounted on
a thermostat. Incorporating the bubbler requires heating lines around the metal tubing
for gas transfer, preventing condensation of the sacrificial agent or water within the
tubing, and avoiding potential damage to gas chromatography (GC) equipment. The
reactor can be connected to a sampling line linked to a headspace GC (Shimadzu Nexis
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GC-2030) equipped with a sampling loop and a Vici Valco valve for inline sampling.
To further protect the GC, particularly the column, from damage, a cartridge was con-
structed for installation in the gas stream; it can be filled with silica beads for water
absorption. As continuous flow reactions might require long residence times, the MFCs
can be controlled with software that features stopped-flow mode.

4.1.2. In-operando DRIFTs

To gain further insights into the reaction mechanisms of CO2RR with heterogeneous cat-
alysts in gas phase, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
provides a powerful tool for in-operando investigations. Figure 4.4 shows a schematic
of the reaction setup.

. MFCs
Reaction

cell
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Bubbler

b)

/ Dome with

windows
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reaction cell IR
reflection

Figure 4.4. Schematic description of the in-operando DRIFTS setup consisting of DRIFTs reac-
tion cell connected to a GC (a) and close-up of reaction cell mounted into IR device (b).

The setup consists of an IR device with a built-in Hattrick cell that hosts the sample.
The sample can be deposited on a frit in the center of the cell, equipped with Peltier
elements for heating. Additionally, the cell surroundings are cooled by an external water
cooling system. The inner part of the cell can be purged with controlled flows of CO,
and Helium using mass flow controllers (MFCs). The cell also features a dome-shaped
cap with three windows: Two for IR reflectance and one for direct illumination of the
sample using an external light source.

The Hattrick cell is installed under the bowl-shaped mirrors of the IR device to capture
the reflectance of the IR beam from diffuse reflectance. The IR device is continuously
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purged with dry air to prevent interference from changes in the gas space. The measure-
ment cell is also connected to a gas chromatograph (GC) for in-line sampling. Water
vapor can be introduced via a He-purged bubbler unit. To prevent water condensation,
all gas tubings were lined with external heating.

Typical overall sample loads do not exceed 5 mg. Additionally, sample dilution is neces-
sary to achieve a good signal-to-noise ratio for IR detection, which is done by mixing 10
wt% of the sample with diamond powder. However, this dilution limits the detection of
gaseous products by in-line GC sampling. For this reason, the custom-made setup with
a larger reaction chamber can be used for complementary studies on photocatalytic
yields.

A typical experimental layout comprises purging of the reaction cell followed by con-
trol IR. Consequently, CO, gas flow is introduced to the chamber, and DRIFTS measure-
ments monitor CO, absorption on the sample in the absence or presence of water vapor.
For in-operando CO2RR experiments, water vapor is introduced to the gas stream, and
the gas phase is sampled by headspace GC using an in-line sampling technique.

4.1.3. Catalyst development

A well-known approach for applying ionic liquids in catalysis relies on their immobiliza-
tion on porous support, a concept that is also known as supported ionic liquid phase
(SILP) technology. Ionic liquids can be efficiently immobilized on solid supports, such
as mesoporous silica, through physisorption - a strategy that has been widely employed
for various applications ranging from catalysis to separations.!!”>118 The SILP technol-
ogy integrates the benefits of both homogeneous and heterogeneous catalysis, offering
short diffusion pathways within the ionic liquid film, as illustrated in Figure 4.5. This
feature is particularly advantageous for overcoming mass transfer limitations commonly
encountered in traditional liquid-liquid biphasic catalysis. The SILP catalyst concept
is especially well-established for gas-phase reactions, including hydroformylations!'®
and hydrogenations.'?? Additionally, successful applications have been demonstrated
in combination with supercritical carbon dioxide (scCO;). The high solubility of CO,
in ionic liquids enhances mass transfer, mitigating the diffusion limitations observed in
bulk ionic liquid phases.!?!

The supported ionic liquids can serve as catalysts themselves, for example in the con-
version of CO, with epoxides to cyclic carbonates.!?? Alternatively, the ionic liquid can
act as media for dissolving or dispersing a wide range of catalysts, including transi-
tion metal catalysts, organometallic catalysts, nanoparticles, or even biocatalysts such
as enzymes. 18 Alternatively, the ionic liquid can be coated on a catalytically active solid
catalyst as a protective layer; a concept, that is sometimes found under the term "solid
catalyst with ionic liquid layer" (SCILL).!?3
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Figure 4.5. Concept of supported ionic liquid phases (SILPs) and its adaption for photocatalytic
CO2RR with photoactive support and Rhenium single site catalyst.

Typical applications of SILP materials in catalysis rely on inert mesoporous materials,
such as silicon dioxide (SiO,), as supports. Alternatively, inorganic semiconductors such
as TiO, could be used, although this is less common.'?412> This would allow combining
the role of the photosensitizer with the role of the support for the ionic liquid, thus
providing a novel approach to heterogeneous mesoporous photocatalysts with simple
preparation that can be easily scaled ("photocatalytically active supported ionic liquid
phases, Photo-SILP". Furthermore, the catalytic system can be upgraded with additional
catalytic species, e.g. Re-catalysts that are dissolved in the ionic liquid or covalently
attached to the mesoporous photosensitizer (see Figure 4.5, right).

For a first approach to this novel strategy, we aimed to modify TiO, with
Re(bpy) (CO)3Cl in combination with the best performing ionic liquids from our studies
under homogenous conditions. Initial experiments in the batch mode were performed
with a TiO,-derived Photo-SILP using water as a proton source and sacrificial in the pre-
viously described reactor prototype with alumina housing. However, the experiments
showed very low yield and selectivity. Although CO was detected on a low level, a
comparison of samples modified with the Re-catalyst showed no significant increase
in photocatalytic activity. Most likely, surface-attached carbon might play a role here.
This carbon can desorb and react under the chosen reaction conditions, indicating that
high-purity conditions would be required.'26-128

Alternatively, we looked at graphitic carbon nitride (gCN) as photoactive heteroge-
neous support for SILP catalysis (see Figure 4.6).%* This polymeric semiconductor mate-
rial is derived from organic precursors and is mainly composed of carbon and nitrogen.

The structure is formed from tri-s-triazine units.
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Solid Support

Figure 4.6. Concept of CO2RR photo-SILP catalysis with gCN heterogeneous photoactive sup-
port, ionic liquid and Re-catalyst.

Initial slurry-phase studies on the photocatalytic reduction of CO, were performed in
a mixture of DMF and TEOA with excitation at 445 nm investigating the combination of
unmodified Re-catalyst and gCN by adding both gCN and catalyst to a reaction mixture
in water. A detailed description of the procedure is described in the Appendix subsub-
section D. Results are shown in Table 4.1. Compared to pure gCN, a significant increase
in CO yield was measured when gCN and Re catalyst were combined.

Table 4.1. Preliminary photocatalytic results for gCN sensitized photocatalysis.

System CO [umol] Standard Error Selectivity

gCN 0.00 0.00 25.6
Re 4.09 0.80 99.7
gCN+Re 4.50 0.43 99.9

Reaction conditions: 3 mg mL~! gCN, 0.3 mg mL~! Re(bpy)(CO);Cl, DMF:TEOA 5:1, t=1h,
T=22 °C, 445 nm, Brightness 95 %.

First experiments under continuous sampling of gaseous products with an
EMERSON IR cell over 2 hours confirmed increased CO formation rate in the combined
system compared to the used of Re-catalyst only (see Figure 4.7). However, the system

degrades after 30 minutes of illumination.
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Time (h)

Figure 4.7. Experiment under continuous sampling of gaseous products with Re-catalyst and
gCN in solution phase. Reaction conditions: 3 mg mL~! gCN, 0.3 mg mL~!' Re(bpy)(CO);Cl,
DMF:TEOA 5:1, t=2h, T=22 °C, 445 nm, Brightness 95%.

With this initial proof of the feasibility of combining gCN and Re-catalyst for a photo-
SILP concept in hand, future steps will address stability issues and investigate modi-
fied Re- complexes in combination with gCN, aiming to further enhance the reaction
through improved electron transfer. To enhance surface interactions between gCN and
Re-catalyst, the bpy ligand can be optionally modified with phosphate or ester groups

to promote interactions with NH,-defects in the gCN layers (see Figure 4.8).7>76

(e} HO P.,O
s =
Y c || cl
AN, § g NS
jiole} /R‘e'CO
e Z N7 CO
| HO e |

0. o 3
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Enhanced Interactions to gCN

Figure 4.8. Modification of bpy ligand with ester and phosphate groups to enhance electron
transfer from gCN.

Work on the synthesis of Re-complexes and their photocatalytic testing is ongoing.
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4.2. Summary

Driven by the urgent need to shift chemical production towards a circular carbon econ-
omy using CO, as a feedstock, this work explores the transformation of CO, into CO,
a crucial building block in the chemical industry. Photocatalysis provides a powerful
method for achieving this transformation under mild conditions and can be paired with
imidazolium-based ionic liquids, which chemisorb CO, to create a cooperative effect.

In the first part of this thesis, the impact of imidazolium-based ionic liquids on pho-
tocatalytic CO, reduction was investigated. Starting with a review of the state-of-the-
art research on the role of these ionic liquids in photocatalytic CO, reduction, three
studies were conducted to investigate their interaction with CO, and their cooperative
effect on catalysis. The undertaken studies cover work on homogeneous and heteroge-
neous photocatalysis towards the selective formation of CO, as well as the investigation
of chemisorption properties of imidazolium-modified metal-organic frameworks. Con-
secutively, reactor design, advanced analytical strategies and catalyst development for
continuous photocatalytic gas-phase reaction were presented in an outlook chapter.

In the initial investigation on homogeneous photocatalysis, imidazolium-based ionic
liquids were used alongside an organometallic catalyst under homogeneous reaction
conditions in organic solvents. The studied benchmark photocatalytic system consisted
of a Ru-sensitizer and a Re-catalyst. Adding an ionic liquid led to a 20-fold increase
in CO, formation when using 1-ethyl-3-methylimidazolium acetate [C,mim][OAc] in
DMF. It was shown that even small amounts, as low as 10 % (w/v), of ionic liquid could
significantly boost CO formation. A correlation was observed between anion basicity
and CO, activation, demonstrating the impact of anion basicity on CO, activation and
highlighting the cooperative effect of ionic liquids. However, a drawback of homoge-
neous photocatalysis is its limited long-term stability.

Building on these results, the system was adapted for heterogeneous photocatalysis by
immobilizing the reaction components within a polymerized ionic liquid matrix. The
photosensitizer and catalyst were synthesized with vinyl-bearing ligands, enabling rad-
ical co-polymerization with a vinyl-modified imidazolium-based ionic liquid monomer.
The synthesized polymer was characterized by X-ray photoelectron spectroscopy (XPS)
and LA-ICP-MS, confirming that the oxidation states of both the sensitizer and cata-
lyst were preserved throughout polymerization and allowing for quantification of the
Ruthenium and Rhenium content. The material was tested for photocatalytic CO2RR
in organic solvents, achieving CO formation up to 0.71 umol over 15 hours with high
selectivity. These experiments confirmed that the Ru-based photosensitizer retained its
activity in the polymer matrix. Additionally, the long-term stability was extended to
4 hours, a significant improve compared to the 40-minute stability observed in the ho-

mogeneous system.

In a subsequent project, imidazolium-based ionic liquids were transferred to porous
materials using UiO-67 MOFs. Initial experiments with Re-modified UiO-67 in an ionic
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liquid suspension demonstrated the necessity of covalently immobilizing imidazolium
motifs within the MOF structure. Consequently, the research objective was refined to
develop MOFs containing both covalently attached imidazolium groups, aiming to cre-
ate a sterically controlled reactive site with cooperative effects. Investigations were
conducted on synthesizing imidazolium-modified frameworks, focusing on analyzing
the chemisorption properties of the synthesized materials.

Eventually, the development of a photocatalytic setup for gas-phase reactions in-
volved design and construction a reactor for photocatalytic gas-phase reactions in both
batch mode and flow conditions. Prototypes of these reactors were built to accom-
modate various sacrificial agents and allow sampling via septa or in-line GC. Initial
steps were also taken to develop materials for gas-phase reactions, focusing on cre-
ating straightforward catalysts to synthesize, which are easily scalable and based on
heterogeneous photoactive supports. In this context, SILP catalysts with a Re-catalyst
immobilized within the ionic liquid layer on gCN as heterogeneous semiconducting sup-
port were developed and initially tested. Future studies will build on these preliminary
tests and optimize conditions, in combination with a detailed investigation of reaction
mechanisms using the developed DRIFTS setup for in-operando studies in gas phase.
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Calculations of yield in moles, TON and TOF:

Reactor parameters:

Reactor volume (ml) 3.7
Reaction volume (ml) 1.5
Reactor headspace (ml) 2.2
Reaction time (sec) 3600

Conversion from ppm to Gas volume in mL:

ppm X Reactor headspace (ml)
10°

Gas volume inmlL =

Calculation of gas amount in moles by ideal gas law:

pV
n(umol) = BT

With parameters:
P is pressure =101.325 Pa
R is gas constant = 8.314 J mol™ K?

T is temperature = 295 K

Turnover number (TON) is calculated as following:

nomber of moles of CO
TON = f /

number of moles of catalyst

The turnover frequency (TOF) can be calculated from TON divided by the reaction time in minutes:

TON

TOF (min™!) = ———
(min™) time [min]
The instant TOF is defined as the first derivative (d) of TON against time:

d (TON)

Instant TOF(mm_l) = W

113



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Table S1: Overview Table

Table S1: CO, H2 and CH4 formation in solvents DMF, MeCN and DMSO.

Solvent ionic liquid co Ha, TONE!  Selectivity™®
[umol]  [umol]
DMF Reference 0.29 3.7E-03 3 98.75
la 3.53 2.0E-03 39 99.94
1b 1.93 1.3E-02 21 99.30
1c 0.01 0.0E+00 0 100.00
1d 5.35 9.3E-04 59 99.98
le 1.24 8.7E-07 14 99.93
1f 0.15 6.6E-04 2 99.34
1g 0.06 0.0E+00 1 100.00
MeCN Reference 1.46 5.8E-02 19 96.14
1a 3.25 3.8E-03 17 99.88
1b 1.84 4.0E-02 19 97.84
1c 0.00 0.0E+00 5 46.47
1d 5.19 4.3E-03 49 99.91
le 1.07 6.1E-03 35 99.43
1f 1.12  1.0E-01 91.67
1g 0.85 2.2E-02 97.45
DMSO Reference 1.75 6.9E-03 16 98.89
la 1.56 3.1E-03 36 99.24
1b 1.75 4.5E-03 20 99.45
1c 0.49 9.5E-04 0 99.39
1d 4.38 3.2E-03 58 99.87
le 3.14 9.1E-03 12 99.13
1f 0.17 0.0E+00 12 99.61
1g 0.10 0.0E+00 9 99.78

Conditions: 0.6 mM [Ru(bpy)s](PFe)2, 0.06 mM [Re(bpy)(CO)s]Cl, 0.32 M TEOA, 0.1 g/mL IL; t= 1 h, T = 22 °C. . [a] Calculated for CO. [b] Selectivity

for CO
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Figure S1: Photocatalytic CO2 reduction in DMF
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Figure S1: CO formation in the photocatalytic screening of ILs in the solvent DMF. Conditions: 0.6 mM
[Ru(bpy)s](PFe)2, 0.06 mM [Re(bpy)(CO)s]Cl, 0.32 M TEOA, 0.1 g/mL IL; t=1h, T =22 °C.
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Figure S2: Photocatalytic CO2 reduction in DMSO
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Figure S2: CO formation in the photocatalytic screening of ILs in the solvent DMSO. Conditions: 0.6 mM
[Ru(bpy)s](PFs)2, 0.06 mM [Re(bpy)(CO)s]Cl, 0.32 M TEOA, 0.1 g/mL IL; t=1h, T =22 °C.
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Table S2: Side chain functionalized IL

Table S2: Photocatalytic yields with 2f.

Solvent CO [umol] H, [umol] CH, [umol] Y H
MeCN 0.47 0.18 0 YN\/\N)QW
DMF 1.46 0.01 0 \—/

DMSO 1.47 0 0 2f

Figure S3: IR of COz-saturated IL solution
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Figure S3: IR of COz2 purged solution of 1d in MeCN.
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Figure S4: NMR of 1d in CO2 -saturated solution
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Figure S4: '3C NMR of 1d in MeCN (bottom) and CO2 bubbled sample (top).
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a)

Figure S5: NMR of 1d and TEOA in CO2 -saturated solution
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Figure S5: '"H NMR of 1d in CO2 saturated solution (bottom) and 1d and TEOA (top) in CO2 saturated solution (a)
and 3C NMR of 1d in CO2 saturated solition (bottom) and 1d and TEOA in CO2 saturated solution (b).
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Figure S6: 'C NMR of 1d with TEOA and water bubbled with CO-
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Figure S6: '°C NMR of 1d in MeCN, bubbled with COz2 (bottom) compared with a sample that contains both 1d
TEOA and water bubbled with CO2 (top).

Figure S7: Reaction setup

a)

Figure S7: Photocatalytic CO2 reduction setup (a) and a closeup of the reactor (b)
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Figure S8:
source:
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UV-Vis spectra of all components and emission spectra of LED light
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Figure S8: UV-Vis of [Ru(bpy)s](PFs)2 (blue), [Re(bpy)(CO)s]CI (green), [C2mim]OAc (violett), and TEOA (orange)

(a) and (b) emission spectra of Solis 445c light source.
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S1 Fourier transform infrared spectroscopy of synthesized materials:
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Figure S1: FT-IR spectroscopy of ionic liquid (IL-1)( red), polymerized ionic liquid (PIL) (blue), Re-Monomer (and
CLP-1
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Figure S2: TGA of polymerized IL-1, CLP-3 and CLP-4
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S3 XPS Survey spectra of CLP-1:
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Figure S3: XPS Survey spectra of CLP-1.
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Figure S4: XPS detailed scans of Cl 2p.

194

192

127



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

S5 XPS detailed scans of N 1s:

7200
64001
2} ]
0 5600
48001

Re-monomer

—— CPS

—— N 1s Imidazole
—— N1s Pyridine
Background
Envelope

4000

10000 -
8000 A
6000

CPS

Ru-monomer

4000 1

7000
6000
2} J
0 5000 -
4000-

3000

CLP-1

410 405 400 395 390

Binding energy [eV]

Figure S5: XPS scans of N 1s.

S6 LA-ICP-MS scan lines:
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Figure S6: LA-ICP-MS Scans of isotopes in polymers CLP-1 to CLP-4
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S7 EDX scans of sample particles:
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Figure S7: EDX Scans of sample particles of CLP-1. Several particles (a) and closeup (b).

S8 UV-Vis spectroscopy of aged reaction solution:
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Figure 8: UV Vis spectra of reaction solution after 15h of illumination (blue) and Oh of illumination (red).

S9 Calculations of Reaction parameters:

Reactor parameters:

Reactor volume (ml) 3.7
Reaction volume (ml) 1.5
Reactor headspace (ml) 2.2

Reaction time (sec) 53000

Conversion from ppm to Gas volume in mL:
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ppm X Reactor headspace (mlL)
10°

Gas volume inmlL =

Calculation of gas amount in moles by ideal gas law:

pV
n(umol) = 7T

With parameters:
P is pressure = 101.325 Pa
R is gas constant = 8.314 ) mol™* K?

T is temperature = 295 K

Turnover number (TON) is calculated as following:

nomber of moles of CO
TON = f f

number of moles of catalyst
The turnover frequency (TOF) can be calculated from TON divided by the reaction time in minutes:

TON

TOF (min™1) = ——
(min™) time [min]
The instant TOF is defined as the first derivative (d) of TON against time:

d (TON)

Instant TOF(min‘l) = W
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Appendix C:
Supplementary information for

Imidazolium modified UiQO-67 metal-
organic frameworks for CO, absorp-

tion

Manuscript in preparation

Authors: Lisa Eisele, Jakob Blaschke, Shaghayegh Naghdi, Dominik Eder and Katharina
Bica-Schroder
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Supporting Information

Lisa Eisele,! Jakob Blaschke,* Shaghayegh Naghdi,} Dominik Eder,** and

Katharina Bica-Schroder®

TInstitute of Applied Synthetic Chemistry, TU Wien, Getreidemarkt 9/163, 1060 Wien
TInstitute of Materials Chemistry, TU Wien, Getreidemarkt 9/165, 1060 Wien

E-mail: dominik.eder@tuwien.ac.at; katharina.schroeder@tuwien.ac.at

Materials

The materials for the synthesis of ligands, including methyl-4-bromo-3-methylbenzoate and
4-methoxycarbonylphenylboronic acid, were purchased from commercial suppliers. ZrCly
was purchased from Fischer Scientific. All chemicals were used in analytical grade without
further purification. The solvents dimethylformamide (DMF) and methanol (MeOH) were

used in technical grade.

Methods

Microwave synthesis was carried out using a Monowave200 from Anton Paar with 30 mL
reaction vessels.

FT-IR spectra in ATR mode were recorded on a PerkinElmer spectrum 65 FTIR spectrom-
eter. 'H NMR spectra were recorded with a Bruker Avance NEO 400 MHz spectrometer.
Chemical shifts were reported in ppm from TMS with a solvent resonance as the internal
standard.

Thermogravimetric analysis (TGA) was performed using a PerkinElmer TGA 8000 instru-
1

ment. The samples were placed in Al;O3 crucibles and heated at a rate of 5°C min™" in air

1
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and carbon dioxide atmospheres, over a temperature range of 25 to 700 °C.

Powder XRD spectra were obtained using a PANalytical X'Pert Pro MPD (© — © diffrac-
tometer). The sample was prepared on a silicon sample holder and exposed to a copper
X-ray source (8.04keV, 1.5406 A) collecting data in Bragg Brentano (©/6 geometry over a
5° to 80° angular range using a semiconductor X'Celerator detector with a 2.1° detection
angle.

Carbon dioxide chemisorption was investigated with a Belcat II chemisorption analyzer
(MicrotracBEL Corp.) equipped with a thermal conductivity detector (TCD), perform-
ing temperature-programmed desorption experiments. In a typical experimental sequence,
the sample was pre-heated to 150 °C for 1 h under Helium flow at a rate of 50 mL min~'. The
temperature was hold for 30 min. The preconditioned sample was cooled to 50 °C under He
and the temperature was hold for 30 min, Conscecutiveley, the sample was exposed to COq
for 1h, and purged with He for another 30 min followed by heating to 300 °C with a heating
rate of 10°Cmin~!.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTs) was measured with an
IR Tracer-100 under CO, atmosphere. The instrument was equipped with Praying Mantis™
High Temperature Reaction Chamber in a Praying Mantis™ Diffuse Reflection Kit Housing
by Harrick Scientific Products. The reaction cell was equipped with a Peltier-Element for
temperature control of the sample and water cooling of the surroundings. The housing was
purged with dry air. The reaction chamber was connected to mass flow controllers (Burkert)
providing Helium and CO, flow. A typical sequence started with a heat out of the sam-
ple (130°C, 2h), followed by cooling to the measurement temperature of 30°C. COy was

introduced by purging with a flow of 5% CO, in He with a flow rate of 20 mL min~!.
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Synthesis
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Figure 1: Synthesis of bpd-e and bpd-e-Br.

3-Methyl-4,4’-biphenyl dicarboxylic acid dimethyl ester (bpd-e)

4-bromo-2-methylbenzoic acid methyl ester (3.09 g, 1.3 mmol) and 4-methoxycarbonyphenyl-
boronic acid (2.4 g, 1.3 mmol) were added under Argon to a microwave vial. Anhydrous
DMF (40 mL) was added together with Pd(PPhs )4 (468 mg, 0.04 mmol) and Csy;COs3 (6.60
g, 2 mmol). The mixture was heated under Argon at 80 °C for 48h. After cooling to room
temperature water (20 mL) and ethyl acetate (20 mL) were added and the aqueous phase
was extracted with ethyl acetate . The organic layers were washed with brine and dried over
sodium sulfate. The solvent was removed and the crude product was purified by column
chromatography (PE:EE 10:1). The product bpd-e was isolated as a white solid (3.0 g, 77%
yield).

'{ NMR (400 MHz, CDCl;) & 8.13 — 8.08 (m, 2H), 7.97 (d, J = 1.8 Hz, 1H), 7.91 (dd, J =
8.0, 1.7 Hz, 1H), 7.42 - 7.36 (m, 2H), 7.29 (d, J = 7.9 Hz, 1H), 3.94 (d, J = 4.8 Hz, 6H),
2.30 (s, 3H).

3-Methyl-4,4’-biphenyldicarboxylic acid dimethyl ester (bpd-e-Br)

The starting material bpd-e (0.84 g, 3 mmol) was combined with N-bromosuccinimide (0.6
g, 3.4 mmol), AIBN (0.05 g, 0.0.3 mmol) and benzene (20 mL) and stirred at 80°C overnight.
After removal of the solvent under vacuum, the crude product was purified by column chro-

matography on silica using a light petrol -ethyl acetate (10:1 v/v) as the eluent. The product,
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bpd-e-Br, was obtained as an orange solid (0.83 g, 78%).
1 NMR (400 MHz, CDCly) 6§ 8.22 (d, J = 1.7 Hz, 1H), 8.16 — 8.12 (m, 2H), 8.02 (dd, J =
8.0, 1.8 Hz, 1H), 7.56 — 7.51 (m, 2H), 7.34 (d, J = 8.0 Hz, 1H), 4.42 (s, 2H), 3.96 (s, 6H).

HO.__.O

“x
/\\N/% N +N
g N g - '\
L,J ) l—/
Br —)—
S0

bpd-e-Br Im-bpd-e Im-bpd

Figure 2: Synthesis of imidazolium-modified linker Im-bpd-e and Im-bpy.

Im-bpd-e and Im-bpd

The starting material bpd-e-Br (0.73 g, 2 mmol) was mixed with 1-methylimidazole (2 mmol,
0.19 g) in acetonitrile (30 mL) and stirred at 80°C overnight. The mixture was cooled to
room temperature and the solvent was removed to obtain Im-bpd-e as a crude product. The
crude was mixed with HBr in excess and refluxed for 12h to obtain Im-bpd as a colourless
precipitate. The final product was dried under vacuum (90%, 0.63 g ).

'H NMR (400 MHz, DMSO) § 8.78 (d, J = 1.7 Hz, 1H), 8.06 (dd, J = 7.9, 1.8 Hz, 1H), 8.04
—7.97 (m, 3H), 7.68 (t, J = 1.8 Hz, 1H), 7.49 — 7.37 (m, 4H), 5.50 (s, 2H), 4.06 (q, J = 7.3
Hz, 2H), 1.28 (d, J = 7.3 Hz, 3H).

Im-MOF

Im-bpd (17.57 mg, 0.05 mmol ) and bpd ( 109.0 mg, 0.45 mmol ) were combined in a vial
with 4 mL of DMF and sonicated in an ultrasonic bath. Concurrently, a 30 mL microwave
vial was charged with ZrCly (116,5 mg, 0.5 mmol), followed by the addition of 4 mL of DMF
and 860 pl of acetic acid. The solution was then transferred into the microwave vial, and

an additional 1 mL of DMF was added. The microwave vial was sealed and heated to 120°C
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for 2 hours.
The resulting crude product was isolated using a microfiltration setup, followed by wash-
ing twice with 30 mL of DMF and three times with MeOH. The product was subsequently

dried under vacuum at 60°C and activated under vacuum at 120°C.

Material characterization
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Figure 3: Infrared spectroscopy of synthesized MOFs.
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Figure 4: DRIFTS setup for in-situ characterisation.
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Figure 5: Overview DRIFTS spectra under CO, exposure. Conditions: 5% CO, in He 10
mL min !, T= 30°C, timescale: 10 min, reference spectra of gas phase CO, is shown in
green.
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Figure 6: Time-resolved DRIFTS spectra of UiO-67 in the range from 3800 cm™' to 3500
em ™! exposed to CO, under He purge. The spectra exhibit features related to v,(O-H)
vibrations, which decrease during He purging. Conditions: He at 10 mL min~!, T = 30 °C,
timescale: 1 h 30 min. The reference spectrum of gas-phase COy is shown in green.
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D. General Appendix
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Figure 4.1. XRD of Re-UiO-67 and UiO-67.
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Figure 4.2. Infrared spectroscopy of UiO-67 and Re-UiO-67.
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Figure 4.3. Simulation of temperature distribution in the reactor prototype made from POM
with adapted geometry for a heating process from 293K to 323K over the time course of 1h
with water heating.
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Figure 4.4. Technical drawing of the reactor lid.
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Experimental procedures for the Photo-SILP concept
Slurry phase reactions under GC sampling

Detailed description of the photoreactor and parameters of GC gas sampling are pro-
vided in chapter 3 in Section 1.

A stock solution of 3 mg mL~! Re(bpy)(CO)3Cl was prepared in a 5:1 mixture of
DMF and TEOA. Graphitic carbon nitride (gCN) (6 mg) was mixed with 200 uL of stock
solution and 1800 uL of the DMF and TEOA mixture. The suspension was sonicated
for 10 minutes, and 1.5 mL of the mixture was transferred to the photoreactor. The
reactor was purged for 5 minutes with a CO, flow of 10 mL min~!. A reference sample
of the reactor headspace was drawn and analyzed by headspace GC. The sample was
illuminated for 1 hour with a 445nm LED (Solis, Thorlabs) under water cooling at
22 °C. After 1 hour, illumination was terminated, and gaseous products were analyzed
by headspace GC.

Photoreactions under continuous sampling with EMERSON flow cell

The reaction mixture was prepared as described above. The headspace of the sep-
tum sealed vial was purged with a mixture of 10% CO, in Argon at a gas flow of
30 mL min~!. The reactor was connected to an EMERSON measurement cell ( X-Stream
XEGP) and the septum was sealed with wax. The gas flow was reduced to 15 mL min~!
for 45 minutes to equilibrate the baseline of the measurement cell. The reaction was
illuminated at 445nm (LED SOLIS Thorlabs) for two hours under water cooling at
15 °C. After two hours the LED was stopped and the detection of gaseous products was

continued for another 30 min.
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