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ABSTRACT

This work addresses the investigation of the mechanism of three homogeneous, photocatalytic
proton reduction systems that produce the energy carrier hydrogen. All three systems had
been introduced by the Beller working group and make use of self-assembling, simple iron
carbonyls to catalyze the hydrogen evolution reaction. Although a comparably high activity was
found for these systems, they were far away from efficient application on a large scale.

For a better understanding of the mechanisms and to find starting points for an improvement
of the systems, continuous flow IR spectroscopy coupled with gas volumetry (operando spec-
troscopy) was applied in this work. Besides this, other supporting or complementary methods
were utilized like XAS and NMR spectroscopy as well as ESI-MS, cyclic voltammetry, and

quantum chemical computation.

The first system consists of triethylamine as sacrificial reductant and electron donor, an iridium
complex as photosensitizer, and [Fe3(CO)12] as catalyst precursor. In this work, [HFe3(CO)11]™
and [HFe(CO)4]” were identified as active species and resting state or dormant species. Fur-
thermore, the reaction conditions required for their formation were investigated. As concluded
from kinetic experiments, electron transfer from triethylamine to the excited iridium complex
constitutes the rate determining step of the system. Poisoning of the catalyst by bipyridine
ligands dissociated from the photosensitizer was found as a deactivating process together with

light induced CO dissociation from the catalyst.

In the second system, additionally phosphine is applied as co-catalyst. In this work, the for-
mation of the [FeFe] — hydrogenase mimic [Fex(CO)s(u-CO)(u-P(R)2)]” was observed. This
species is inert to poisoning by bipyridine, which improves the stability of the system. Further-
more, the requirements on the phosphine substituents and the reaction conditions necessary
for the formation of a catalytically active diferrate species were investigated. Application of pre-
synthesized [NEts][Fe2(CO)s(u-CO)(u-P(CsH4-4-CF3)2)] was found to increase the initial H2 pro-
duction rate by 80% and the H, yield by 10% compared with the in-situ generated catalyst. The
formation of less active [Fe(CO)s(P(R)3)(u-CO)(u-P(R)2)]” in case of addition of excessive
amounts of phosphine and the decomposition of the iridium photosensitizer throughout the
reaction were identified as deactivation mechanisms with the latter being the weakest point of

the system.

The third system makes use of a heteroleptic copper photosensitizer [Cu(P*P)(N*N)]* instead
of the iridium complex. In this work, it was confirmed that the copper complex is in chemical
equilibrium with its homoleptic form [Cu(N~N)2] *. As in the second system, the P-C cleavage

at the phosphine ligand was observed. The resulting active proton reducing assembly was
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found to be composed of the heteroleptic [Cu(P*P)(N”N)]* photosensitizer and the
[Fe2(CO)s(u-CO)(u-P(Ph)2)]™ catalyst. Based on these findings, the Beller group developed a
photocatalytic system, in which both, photosensitizer and catalyst are generated in-situ, thus

avoiding time consuming synthesis.

The results presented in this work, prove that application of spectroscopic methods and mech-
anistic investigations contribute substantially to the improvement and understanding of cata-

Iytic systems.
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INTRODUCTION

. INTRODUCTION

The epoch of fossil energy carriers is fading since conventional sources are increasingly ex-
hausted. The growing exploitation of unconventional sources (like shale oil and gas) is accom-
panied by higher risks for environmental pollution and a low energy return on investment. The
latter has decreased by half in the last four decades. Furthermore, the emission of the green-
house gas carbon dioxide is the driving force for climate change that raises deep environmen-
tal, public health and socioeconomic concerns."?

These drawbacks inevitably call for a transition towards renewable energy sources, which is
one of the main challenges in the 215 century. Most renewable energy technologies rely on
sunlight, which strikes the earth’s surface with 9010 W. This would cover the 18.5¢10'> W
worldwide average rate of primary energy demand of 2019%! by almost 5000 fold. Wind power-,
photovoltaic- or hydropower plants etc. can transform this energy into electricity. However,
these technologies are subject to intermittency and intensity fluctuations and require technical
possibilities to distribute and store energy. The most common options of storing electricity are
based on reversible conversion into chemical energy e.g. batteries or hydrogen."

Batteries have the potential to power the vehicle transport sector by 70% in 2050 according to
scenarios like the IRENA REmap Casel?. Their heavy weight and the fact that they are consti-
tuted of limited materials like lithium are drawbacks of this technology.

Hydrogen is required as solar fuel and alternative energy carrier in sectors that are hard to
electrify as well as feedstock in industry?. It has a light weight and can store energy for entire
seasons?. The energy that is stored in hydrogen can either be released by combustion or be
converted into electricity within fuel cells. As byproduct, both processes generate nothing but

water (equation 1).

Combustion
1 (ARG° = -237 kJ mol™)
H, + > 0, <« > H,0 (1)
Electrolysis / Water Splitting
(E°=1.23V)

The deficiency of hydrogen is its low volumetric energy density (0.0025 kWh*L™"). There are
several approaches to address this challenge: by liquidation, the energy density of hydrogen
can be increased up to 2.5 kWh*L™". However, this is still three times lower than the density of
gasoline (8.07 kWh*L™"). Furthermore, the liquidation process consumes 30 - 40% of the
stored hydrogen’s energy content!™. There are alternative storage methods under research like
the hydrogenation of small molecules like CO, ' or storage in metal hydrides and highly porous
materials like metal organic frameworks!®!.

Today, hydrogen is majorly produced petrochemically in energy demanding processes like
steam reforming of natural gas at 800 °C and 40 bar in the presence of nickel catalysts!’l. Only

three percent of the hydrogen is produced via electrolysis.® Electrolysis can be a solution for
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the challenges that come along with fossil energy but only if renewable sources are used as
primary energy form. For example, with a combination of current photovoltaic silicon cells’
(average efficiency n = 15%) and platinum-based electrolysis cells? (n = 70%), solar energy
can be stored in hydrogen with a total efficiency of 10%!".

An alternative® to this assembly constitutes the direct photoelectrochemical and photochemical
water splitting (Artificial photosynthesis). In this approach, solar energy is absorbed by single
materials or multiple components that use this energy to split water into hydrogen and oxygen.
The efficiency of such systems is typically assessed with the quantum yield (QY) or solar-to-
hydrogen yield (nsry)- That describes the ratio between the amount of evolved hydrogen mol-
ecules and the number of incident photons multiplied by the number of electrons involved in

the reaction (equation 2).l"!

Z‘nHZ

QY = Nery = (2)

Nphoton
Prototypes of photosynthetic reactions are found in naturel®.. While biological systems have an
efficiency of no more than 1%, artificial photochemical water splitting can theoretically reach

conversion efficiencies of 30-40% [1:510.11],

1.1 Water Splitting: Concept, Approaches and Materials

Water splitting happens in two half reactions: the water reduction and water oxidation (equa-
tions 3 and 4).

2H"+2e — » H E=-041Vvs.NHEatpH=7 (3)

2HO — 3y O;+4H'+4¢e E=+0.81Vvs.NHE atpH =7 (4)
First, sunlight is absorbed by a molecule or semiconductor material called the photosensitizer
(PS). The latter uses the excitation energy for an electron-hole separation lifting the electron
to a more reducing electrochemical level (Figure 1.1). Before the electron and hole recombine,
the electron is transferred to a proton reduction catalyst (commonly known as water reduction
catalyst or hydrogen evolution catalyst, HEC) where it is used to reduce protons from water to
form hydrogen (equation 3). The hole in the light absorbing unit is filled by another catalyst
(water oxidation catalyst, WOC) that captures electrons from water. This process is accompa-
nied by the release of oxygen (equation 4). In that way the light harvesting, charge generation,
separation and accumulation, as well as catalytic water reduction and oxidation take place in

one single device.['%12]

' Alternatively, Dye Sensitized Solar Cells can be used (DSSC, efficiency in laboratory environment = 12.3%).1190
2 By use of alkaline water electrolyzers, noble metals are avoided at the expense of strong alkaline electrolytes.?Z
3 Further alternatives: microbiological hydrogen generation and thermolysis of water by concentrated solar power
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hv

Figure I.1. Simplified scheme for photocatalytic water splitting. A photocatalytic water splitting device comprises
a Photosensitizer (PS), a water oxidation catalyst (WOC) and a Hydrogen evolution catalyst (HEC).

1.2  Heterogeneous Solid-state Photoelectrochemical Cells

Water splitting devices based on solid-state semiconductor materials are called photoelectro-
chemical cells (PECs). They are the most promising approach for sustainably hydrogen pro-
duction since they are anticipated to have a low environmental impact and might be most cost
effectivel’. Development of heterogeneous water splitting devices is very challenging since
there are many requirements on the semiconductor material: It must provide a band gap of
smaller than 3 eV that is small enough to absorb a large portion of the solar spectrum (A >
400nm).["3 At the same time this gap must be wide enough to correspond to the necessary
overpotential for water splitting (> 1.23 V)", Also, the absolute positions of the two band
edges need to be lower than the redox level for water reduction (-0.41 V vs. NHE and -0.44 V
vs. Fc*0in acetonitrile at pH = 7)'%! and higher than that of water oxidation (0.81 vs. NHE at
pH = 7). If the use of a HEC and WOC is omitted, the surface of the semiconductor material
must be catalytically active for both half-reactions. Since these requirements are very demand-
ing, it has not yet been possible for a single material to meet them. Hence, research has mostly
been focused on multi component materials that follow an electrochemical Z-scheme.

An example of a solid-state water splitting PEC is the artificial leaf with NiMoZn as proton
reduction catalyst together with a cobalt-based oxygen evolving complex on a triple junction
amorphous Si (3jn-a-Si) solar celll'®'7], It comprises only earth-abundant materials and oper-
ates under simple conditions at 100 mW cm™ sun irradiation. However, a solar to hydrogen
yield of only nsth = 2.5% was achieved. A Comparable performance for water splitting was
accomplished with a carbon nanodot - carbon nitride (CsN4) nanocomposite with a
nstH of 2%!'8'. The most prominent example is a PEC based on GalnP2/GaAs, which yielded
hydrogen with an efficiency of nstn = 12.4%2% that could be further increased to nsti = 16% if

the photoelectrode was placed outside the electrolytel?'. Given the fact that the latter system
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is based on scarce elements and has yet only been measured in a laboratory environment,
these numbers show that solid state semiconductor PEC currently cannot compete with PV-

electrolyzer systems.

1.3 Homogeneous/ Molecular Water Splitting

In contrast to solid state semiconductors, molecular catalysts, such as organo-metal com-
plexes and organic dyes allow for easy modifications of their structure through ligand design.
Thereby, their energy levels, spectral responses and sterical configuration can be fine-tuned
and energy-efficient mechanistic pathways can be promoted.!"'%322 Another advantage over
heterogeneous systems is the high metal-atom economy, meaning that up to 100% of the
metal atoms can contribute to the catalytic reaction, which saves material costs??. Investiga-
tion of the reaction mechanism of molecular water splitting systems is possible with standard
laboratory techniques, such as spectroelectrochemistry, stopped-flow UV-Vis spectroscopy,
in-situ IR spectroscopy, in-situ NMR spectroscopy and mass spectrometry.??

The half reactions water reduction and water oxidation are commonly studied and optimized
independently. This simplifies the multi-component systems and facilitates investigations of
their reaction mechanisms.['?. In doing so, one of the two half reactions is substituted by sac-
rificial reagents that either accept or donate electrons while being converted irreversibly into
waste products. Both half reactions can later be recombined for an overall water splitting de-
vice or take place on a physically separated cathode and anode in a dye sensitized photo-
electro-chemical cell (DSPEC, vide infra)":*3l. This is analogous to the situation in nature where
the two processes take place in two different redox cycles in photo system | (reduction) and |l

(oxidation, vide infra).["®]

1.4 Homogeneous Water Reduction - Components

In contrast to water splitting, in photocatalytic water reduction systems, the water oxidation
cycle is replaced by a sacrificial reductant (or sacrificial electron donor reagent). This leaves
the system with the sacrificial reductant (SR), the photosensitizer (PS) and the proton reduction
catalyst (= water reduction catalyst or hydrogen evolution catalyst HEC) as major components.
From the former to the latter, electrons are transferred upon excitation of the PS by light, re-
sulting in the reduction of the catalyst. The electrons are then consumed in the water reduction

reaction and hydrogen is produced (Figure |.2).

1.4.1 The Sacrificial Reductant

During the donation of an electron by the SR to the PS, the SR is sacrificed, meaning it is

oxidized and irreversibly transformed into inert molecules. This is necessary in order to avoid
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charge recombination that is the electron back transfer from the reduced PS to the oxidized
SR. Another requirement on the SR is the thermodynamic adequacy with the PS: The electro-
chemical potential E(SR*/SR) has to be lower than E(PS*/PS~) or E(PS*/PS*) depending on
the quenching mechanism of the PS (oxidative or reductive quenching, vide infra, Figure |.2,
right).l2%l

Several small molecules have been vastly applied in photochemical proton reduction. Besides
oxalates and thiols, mostly amines like triethylamine (TEA) and triethanolamine (TEOA) as well
as ascorbic acid have been used. The amines show oxidation potentials around 0.7 V vs. SCE
(= 0.3 V vs. Fc"0)24 work under basic conditions and require an organic solvent. In contrast,
mono-deprotonated ascorbic acid exhibits an oxidation potential around 0.5V vs. SCE (= 0.1V

vs. Fc*0)24 and can be applied in a neutral or acidic aqueous medium. 23

W -+ "

oxidative quenching reductive quenching\

a pPS*
a
SR*/SR —I— SR*/SR

hv

"
a hv
41:—\ (MLCT +15C) [>

B3 -

- / /

Figure I.2. Simplified description of electron transfer process in photocatalytic water reduction. Left: simplified mo-
lecular orbital depiction of an organometallic PS. The cycle begins with excitation of an electron of the PS by visible
light irradiation. This triggers a metal to ligand charge transfer (MLCT) and a subsequent intersystem crossing (ISC).
In the case of oxidative quenching, the excited electron is first transferred to the catalyst (process b), where it is
used to reduce protons and generate hydrogen. After that, the electron hole in the tzg orbital of the oxidated PS
(PS™) is filled by electron transfer from the SR (process a) and the PS is restored. In the case of reductive quenching
the both processes occur in another order: after excitation of the PS, first the hole in the tog orbital is filled by an
electron from the SR (process a). After that, the electron in the * orbital of the reduced PS (PS").is transferred to
the catalyst (process b) and the PS is restored. Right: Depiction of the electrochemical potential of each redox step
for the oxidative quenching or the reductive quenching.

H*/H, H'/H,

cat/cat™ cat/cat”
T RES T

/ Electrochem. Potential ———» \

1.4.2 The Photosensitizer

The photosensitizer introduces the energy into the system by harvesting photons. An absorbed
photon induces the promotion of an electron to an energetically higher, previously unoccupied
orbital. In case of organometallic complexes as PS, this process occurs as metal-to-ligand
charge transfer and is followed immediately by an intersystem crossing.® The result is the
charge separated, exited triplet state of the PS (PS*). The latter can have both, enhanced
oxidative and/or reductive power compared to the unexcited state!?®l. therefore, compared to
the PS, the PS* is more prone to receive an electron from the SR, which is referred to as
reductive quenching. In parallel, the PS* is more inclined to donate an electron to the catalyst,

a process called oxidative quenching (Figure 1.2). In case of reductive quenching, the PS is
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regenerated by transfer of the electron from PS~ to the catalyst, while in case of oxidative
quenching, the PS is restored by electron transfer from the SR to the PS*.2%l Which of the two
mechanisms takes place depends on the nature of all components: the SR, PS, catalyst and
solvent.

The PS has to meet several requirements. In order to harvest sunlight with high efficiency, it
must absorb light in a broad range within the visible region. It also needs to have a long-lived
excited-state lifetime, provide reversible redox processes, and show stability in the ground and
excited states over a prolonged irradiation time. The potentials of the PS or PS* must comply
with those of the sacrificial reagent and the catalyst. E.g. in case of reductive quenching, the
potential E(PS*/PS™) must be higher than the oxidation potential of the SR and the potential
E(PS/PS™) must be lower than the reduction potential of the catalyst (see Figure 1.2, right). For

large-scale applications, the PS needs to be low prized. Thus, noble metals should be

avoided®
/ _| PF, _| 2 PF, -
Ph, PF@
P S
' ’Ir \ N
~Q QQ va ‘
P
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Figure 1.3. Photosensitizers for the photocatalytic proton reduction.

There are several classes of molecular PS described in literature. One class is represented by
organometallic coordination complexes?>27l. The properties of these PS can be adjusted by
the choice of the metal and the design of the ligands that are typically conjugated and feature
low-lying unoccupied T* orbitals.?>! Some of the earliest and best described complexes com-
prise Ruthenium as central atom such as [Ru(bpy)s]** 223% (RuPS, bpy = bipyridine, Figure
1.3,). A higher photostability and an 8-fold improved performance regarding water reduction
was observed when using cyclometalated Iridium complexes as PS like [Ir(bpy)(ppy)2]* (IrPS,
ppy = phenylpyridine, Figure 1.3).B Other complexes have been developed that incorporate

platinumB® or rhenium®3, Furthermore, non-noble metal based photosensitizers have been
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found that are composed of earth abundant elements only and are thus more likely to be suit-
able for large scale applications: e.g. iron*3% zincB%371 magnesiumi®, or coppert®3% com-
plexes (CuPS, Figure 1.3,). Especially the latter is worth mentioning since Cu shows a d'° con-
figuration. This configuration rules out deactivating ligand-field excitation states that otherwise
would compete with the metal-to-ligand charge transfer, as is the case for other first row tran-
sition metals. By this, there is no need for expensive support ligands like e.g. carbene-based
ligands used in iron PS.>%

Metal-free, pure organic dyes constitute another class of photosensitizers. E.g. xanthene deri-
vates like Eosin Y® (Figure 1.3) or Triphenylamines'4?l have been successfully applied in
molecular photocatalytic water reduction systems.

The third class of photosensitizers presented here, are the quantum dots (QD, Figure 1.3).
These are nano-crystals (also called molecular crystals*3#4)) of semi-conductor (SD) materials
like CdSe or CdTe with a diameter of 2 — 10 nm surrounded by capping agents*®l. They claim
a position in the transient area between the field of heterogeneous and homogeneous catalysis
since they combine bulk-solid and molecular properties and form colloidal dispersions with
water.[?646] Compared with organic and organometallic PS, they show an increased durability,
higher light absorption coefficients and can also allow for multiple exciton generation by a sin-
gle photon. The Fine-tuning of the light-absorptive and electrochemical properties is realized
by modifying the size of the QD particles. Due to the effect of quantum size confinement, the
energy gap between their valance- and the conduction band increases with decreasing particle
size. This does not only affect the absorption range within the electromagnetic spectrum but
also shifts the band gab edges to more reducing and oxidizing potentials.®”48 To allow for a
synthesis of small spherical, uniform and water-soluble nano-crystals, the use of capping
agents like thiols is indispensable. After formation of the nano-crystals, the capping agents
remain bound to the surface atoms of the QD forming micelle entities and acting as stabilizers

against both, rapid oxidation and surface recombination in an aqueous environment.[26:4!

1.4.3 The Catalyst

Photocatalytic water reduction involves the transfer of two electrons and protons respectively
and is a kinetically sluggish reaction. Because of that, the reaction requires a high overpoten-
tial. In order to lower this overpotential, overcome the high reaction barriers and accelerate the
reaction rate, a catalyst needs to be introduced into the system.?? For allowing a thermody-
namically feasible electron transfer from the PS to the protons, the catalyst’s reduction poten-
tial E(cat/cat™) has to be lower than the potential of the hydrogen evolution reaction E(2H*/Hz>)
(==0.41 V vs. NHE and -0.44 V vs. Fc* in acetonitrile at PH = 7; Equation 3)!"® and higher
than the reduction potential of the PS E(PS/PS™) (in case of reductive quenching of the PS,

see Figure 1.2, right). For large-scale applications, the catalyst should consist of sustainable,
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low-cost, earth abundant as well as non-toxic ingredients!®°% and should be easy to synthe-
size or better assemble itself in solution.l'” Another requirement on the catalyst is a long-term
stability under reaction conditions, in the presence of water and under illumination, and high
intrinsic catalytic activity.??

The productivity and stability of the catalyst are mostly assessed by the turnover number (TON)

that is the number of Hydrogen molecules produced per molecule of the catalyst (Equation 5)

TlHZ

TON = ———— (5)
ncatalyst
The catalytic activity is displayed by the turnover frequency (TOF), the number of Hydrogen

molecules produced per catalyst molecule and time interval (Equation 6)

n
TOF = ik (6)

Neqtalyst * t

Over the course of the reaction, the catalyst is subject to several transformation processes
resulting in various catalyst states. The most significant states and intermediates are described
here: Before being added to the reaction solution, the catalyst is present in its precursor form,
a preferably easy to handle and easy to synthesize complex. At the beginning of the reaction,
the precursor is converted into the active species. This is the most important species since it
is a highly reactive complex and mediates the catalytic process. During the course of the cat-
alytic cycle, the active species reacts with water and receives electrons while being trans-
formed into short-living intermediates. The slowest of these processes is the rate-determining
step. Note that in multi-component systems, this overall rate-determining step may be located
in any of the system’s cycles.?!

Due to its high reactivity, the active species is likely to be subject to side or back reactions. If
in such a reaction, the active species is in chemical equilibrium with the produced complex,
the latter is referred to as dormant or resting state, which is present in high concentrations.
Both, the active species and the resting state can be directly applied to the reaction solution,
e.g. with the help of stabilizing ions or ligands. This avoids preceding conversion processes
and thus induction periods of low activity as is the case in application of the precursor form.
Undesired irreversible side reactions cause the deactivation of the catalyst, which leads to
decomposition products and the end of the hydrogen production.®"

A mechanistic understanding of the described processes is indispensable for allowing for
aimed manipulations in order to increase the activity and stability of the system or for scaling
up the process from laboratory to industrial scale. There are a variety of tools that help to

identify the catalyst’s intermediates and to acquire concentration time data in kinetic experi-
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ments. These tools imply methods like NMR-, EPR-, IR-, UV-Vis and X-ray absorption spec-
troscopy (XAS), as well as mass spectrometry, electrochemistry and computational chemis-
try.[2251]

With the exception of EPR spectroscopy*, all these techniques have been used in this work to
elucidate the mechanism of photocatalytic water reduction systems that comprise the applica-
tion of iron carbonyls as catalyst precursors. The investigated system and used methods are
described below. Before that, the currently most prominent homogeneous systems for photo-
catalytic water reduction are summarized with the focus on earth abundant catalysts, espe-

cially those based on iron.

1.5 Homogeneous Water Reduction - Examples

One of the first successful water reduction systems consisted of a [Ru(bpy)s]** complex as PS,
a Rh(bpy).Cls as mediator (redox relay), Triethanolamine (TEOA) as sacrificial electron donor
and K2PtCle as catalyst precursor.?>52 Notably, it was found that the PS underlies an oxidative
quenching mechanism and that the Pt complex is the source for Pt colloids, which serve as
microelectrode for the proton reduction. 5354

Since it is a requirement on the catalyst to be low-prized, it was necessary to withdraw com-
plexes of expensive noble metals and focus research on those that were made out of earth
abundant elements. As a result, complexes of Co, Ni, Fe or Mo were found as functional cat-
alysts.*9%0 The following exemplary systems are confined to these catalysts with a broader
focus on iron based ones. Investigation results on the reaction mechanisms illustrate the chal-

lenges in the design of a functional and scalable photocatalytic reduction system.

1.5.1 Cobalt and Nickel Based Catalysts

One of the most prominent systems that involves cobalt makes use of the cobalt dithiolene
complex [Co(bdt),]” (bdt = benzene-1,2-dithiolate). In 1:1 water-acetonitrile, with ascorbic acid
as SR and the standard PS [Ru(bpy)s]?*, a TON of 2300 was achieved (Figure 1.4).5%°

+ RuPS —»>TON =2300

(s 10 i
(o]
s’ g Iﬁga)‘OH
HS
+ CdSe QD + or -»TON > 300 000

HgHsﬁ/\o/\orOH

Figure 1.4. Cobalt based catalyst [Co(bdt)2]” used in photocatalytic proton reduction.

4 However, EPR spectroscopy was used by collaborating colleagues. See section 1.5.3 to 1.5.5.
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However, if CdSe quantumdots with tripodal S-donor capping agents were applied as PS in
pure water, the TON was increased to over 300 000, the most active water reduction system

with a well-defined molecular catalyst that has been reported up to this date.¢!

A successful nickel based water reduction catalyst was obtained by use of pyridyl thiolate lig-
ands to form [Ni(pyS)s]” (Figure 1.5). Together with the noble metal free Eosin Y as PS and
triethylamine (TEA) as sacrificial reagent in an ethanol water mixture at pH 12.2, a TON of
5500 was observed after 40 hours. Although the PS shows a higher quenching constant for
oxidative quenching in comparison to reductive quenching, the latter was found to propel the
hydrogen production under catalytic conditions due to the high concentration of TEA. In the
late course of the reaction, buildup of unstable PS™ leads to a bleaching of the PS and the
deactivation of the system. As the diironcomplex in nature (vide infra), the catalyst benefits
from the pendant base effect provided by the coordinating nitrogen.’!

+ Eosin Y + TEA
- » TON = 5500 after 40 h

= S A/ o ) .
& N, | N +CdSe QD + Hs W + Ascorbic Acid
¢ "Ni OH > TON =600 000 after 110 h

s | s SH (Formation of Ni-DHLA)
N (DHLA)
N
+ CdSe QD + ? + Ascorbic Acid
HgﬁAOH —» TON decreased by a factor of 5
HS

Figure 1.5. Nickel based catalyst [Ni(pyS)s] used in photocatalytic proton reduction.

Application of quantumdots with dihydrolipoic acid (DHLA) as capping agents results in a TON
of impressive 600 000 (enhancement by a factor of > 100). However, the high turnover num-
bers are mainly associated to dissociation of DHLA from the PS and the in situ formation of a
Ni-DHLA complex as active species. This was confirmed by a control experiment that showed
similar turnover numbers when Ni(NO); was applied as catalyst precursor.8 When using non-
dissociating tripodal capping agents, the hydrogen yield was decreased by a factor of five
compared to the DHLA containing system.®®

Comparable high TONs were observed at similar conditions if the catalyst was replaced by
nickel coordinated by two 2-Mercaptophenol ligands (Ni2b, Figure 1.6). Together with Eosin Y
as PS and TEA as sacrificial reagent in an ethanol water mixture, a TON of about 6000 was
achieved. In contrast, the S,S derivate 2,2-Benzenedithiol (Ni2a, Figure 1.6) did not show any
hydrogen production.

By the example of this system, the correlation of the electrochemical potential with the catalytic

activity of the catalyst can be demonstrated: In electrocatalysis, Ni2b reduces protons at —1.64

10
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V vs. SCE while Ni2a has a reduction potential at -2.25 V vs. SCE. The first value is still more
negative than Eosin Y can provide (-1.3 V vs. SCE) but is nevertheless closer to the reduction
potential of the PS. A QD is likely much more reducing. That is why with CdSe, a tripodal
capping agent and ascorbic acid (H2A) as sacrificial reagent, both the Ni2a derivate (TONy; =
100 000) and the Ni2b derivate (TONy; = 300 000) show catalytic activity with the trend of

thermodynamic favorability.[5%-5

+ EosinY + TEA
Ni2a = no H, production

X_ Y
SN Ni2b > TON =6 000
Y/ \X - _——

+ CdSe QD + @] + Ascorbic Acid
Ni2a: X,Y =S y on  Niza > TON = 100 000 after 100 h
Ni2b: X =S,Y =0 2 Ni2b > TON = 300 000 after 100 h
HS

Figure 1.6. Nickel based catalyst with 2-Mercaptophenol (Ni2b) or 2,2-Benzenedithiol ligands (Ni2a) used in pho-
tocatalytic proton reduction.

1.5.2 Iron Hydrogenase Active site and Mimics

In nature, proton reduction is catalyzed by hydrogenase that occurs in a number of bacteria,
archaea and some eukarya. All known forms of this metalloenzyme incorporate iron in their
respective active sites. Besides a mononuclear [Fe] complex, two binuclear [NiFe] and [FeFe]
active sites were structurally and mechanistically elucidated and described in literature.[®%6"1 Of
those three, the [FeFe] complex shows the highest catalytic performance. It features charac-
teristic structure motives®?-%% (Figure 1.7, top, left) and is the template for numerous synthetic
proton reduction catalysts!??:50.6061.67-71 The two iron atoms are coordinated by a CO and CN~
ligand respectively, both of which are strong field ligands that lead to a low-spin configuration
at the metal centers. Furthermore, a bridging CO ligand and an azadithiolato (adt™) bridge
coordinates to the iron atoms. The nitrogen bridgehead acts as pendant base and proton relay
that plays an important role in the biological catalytic cycle. One of the iron atoms possesses
an open coordination site that is able to bear a hydride ligand. The other iron atom is linked via
a bridging cysteine sulfur atom to a cubane [4Fe-4S] cluster that mediates the electron transfer
to the active side. The [FeFe] complex is bound to a highly optimized functional protein matrix
that provides the pocket for the catalytic reaction interacting electrostatically or via hydrogen-
bonds with the ligands. The matrix also comprises pathways for the electrons, protons and
hydrogen molecules to and from the protein surface®.

The simplified catalytic cycle of the [FeFe]-hydrogenase includes a respectively twofold proto-
nation and reduction that leads to an intermediate with a protonated nitrogen bridgehead and
a terminal hydride bound to the previously open coordination site at the iron. After combination

of the proton at the ammonium bridge with the hydride, hydrogen is released. The existence
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of the described intermediate highlights the importance of the adt" ligand and the terminal
hydride in the biological mechanism.[®%8' The catalytic cycle is rapidly repeated resulting in a
TOF for the hydrogenase complex that can reach a number of up to 10* s7'.[72
[FeFe]-hydrogenase active site mimics have been successfully applied in electrocatalytic pro-
ton reduction.® The iron catalyst with the highest performance for this reaction is
[dppv(CO)Fe(adt)Fe(CO)dppv] (dppv = 1,2-bis(diphenylphosphino)ethylene; Figure 1.7, top,
second from the left) . It catalyzes the hydrogen evolution reaction with strong acids like
CF3COOH at already -1.11 V vs. Fc*® with a TOF of 58 000 s™'. The dppv ligand ensures the
same rigidity as In the [FeFe]-hydrogenase, which increases the lifetime of the terminal Fe-H
bond that is present in the catalytic cycle of this reaction.®"

Mimics of the [FeFe]-hydrogenase active site have also been successfully applied for the pho-
toinduced proton reduction reaction: Wang, Sun and co-workers!”® introduced
[Fe(adt®?)(CO)s(P(Pyr)s)] (Pyr = N-pyrrolyl, Bz = benzyl; Figure 1.7, top, third from the left) as
catalyst together with the iridium complex [Ir(bpy)(ppy)2]" (IrPS, Figure 1.3) as PS and triethyl-
amine (TEA) as SR. The catalyst achieved a TON of 466 after 8 hours of light irradiation.
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Figure I.7. [FeFe]-Hydrogenase active-site structure and its mimics applied as catalysts in electrochemical and
photochemical proton reduction.

Using the same PS and SR, Zeng, Yang, Li and co-workers applied another binuclear iron
complex with dendritic coordination spheres (Figure 1.7, top, right).’”¥ The dendritic ligands
encapsulated the iron complex while mimicking the protein matrix of the enzyme. This type of
[FeFe] hydrogenase active site mimics accomplished TONs from 18 100 to up to 22 200. How-

ever, please note that the system was tested on a very small scale with catalyst concentrations
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of only 10 nmol L™, Systems like these show that the photocatalytic proton reduction can occur
via abiological reaction mechanisms without a nitrogen atom in the thiolate bridge.

Jian, Wu and co-workers demonstrated that application of quantum dots as PS like CdTe
capped with 3-mercaptopropionic acid (MPA) (Figure 1.3) could substantially increase the per-
formance of the iron catalyzed photoinduced proton reduction achieving TONs of up to
52 800.% This high performance should mainly be attributed to the quantum dot PS. A similar
system with [Fey(u-S(CH-).S0OsNa)2(CO)e] as catalyst (Figure 1.7, bottom, left) and ascorbic
acid as SR showed a TON of 26 500 if MPA capped CdSe quantum dots were employed, but
only a TON of 178 if the organometallic complex [Ru(bpy)s][PFe]2 (RuPS, Figure 1.3) was added
as PS.I’8

1.5.3 Simple Iron Carbonyls as Catalyst (System A)

The Beller group could demonstrate that the photocatalytic water reduction reaction can also
be catalyzed by simple, commercially available iron(0) carbonyl complexes.[’”78 This finding
showed that it was possible to save expenses on ligands like adt, which otherwise would re-
quire a three step synthesis!’™. In the system presented by the Beller group, the reaction was
carried out in a mixture of THF/TEA/H-20 (volumetric ratio: 4/1/1) with TEA being the SR. Again,
the complex [Ir(bpy)(ppy)2]PFs (IrPS, Figure 1.3) was used as PS. Various iron(0) carbonyls
were respectively applied as catalysts each showing a similarly high activity: [Fe(CO)s],
[Fe2(CO)se], [Fes(CO)12] (Figure 1.7, bottom, second from the left), [HNEts][HFe3(CO)11] and
[Fe(CO)s(cot)] (cot = cyclooctatetraene). A lower, but still significant activity was observed for
the mononuclear catalysts [NEL][HFe(CO)s, Naz[Fe(CO)s] (Collman’s reagent),
[NEt4][Fe(CO)3(NO)] and [Fe(CO)s(benzylideneacetone)]. At optimized IrPS and catalyst con-
centrations, a TON of 400 was reported for [Fe3(CO)+2] after six hours of irradiation with a 300
W Xe-light source with 420 nm UV cut-off filter(concentrations: 7.5 ymol IrPS, 4.5 pmol
[Fe3(CO)12] in 10 mL THF/TEA/H0 4/1/1).

Control experiments revealed that all components (SR, PS, catalyst and light) are needed for
hydrogen evolution. It was demonstrated that water is the only source of hydrogen, as proven
by experiments with D-O where exclusively D, was detected via gas chromatography.

In degradation experiments it was shown that both the IrPS and the catalyst are decomposed
during the reaction. IrPS was deactivated by irradiation even in the absence of the catalyst,
while the catalyst degraded only under turnover conditions.

Furthermore, spectroscopic methods were used to investigate the reaction mechanism. EPR
studies carried out by D. Hollmann®® on a light irradiated solution of the IrPS in THF/TEA/H.O
(8/2/1) confirmed that the excited IrPS* can be reductively quenched in the presence of TEA
resulting in the reduced IrPS". The signal was found to rapidly decline with time, probably

owing to a degradation of the IrPS".
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In a solution containing all components of the system, but in the absence of light irradiation,
[Fes(CO)12] was found by EPR spectroscopy®” to be reduced directly by TEA in a preliminary
reaction to form the radical [Fe3(CO)2]”, which decomposes via decarbonylation into
[Fes(CO)11] 7, [Fe2(CO)g] ™ and another unknown mononuclear diamagnetic species. All three
radicals were measured with a ratio of 1:66:32. The detection of [Fez(CO)g] = was further con-
firmed by Raman spectroscopy.

If the IrPS was absent instead, solutions of either [Fe(CO)s], [Fe2(CO)q] or [Fe3(CO)q7] in
THF/TEA/H20 (4/1/1) were found to show a purple color after 15 min of light irradiation. After
removing the solvent of such solutions, a hydride signal at 6 = —=14.8 ppm was found in the
"H-NMR spectra in CsDs. The 'H-NMR signal and the color of the solution indicated the for-
mation of [HFe3(CO)+1]” regardless of the applied iron carbonyl.

Operando IR investigations were carried out by E. Barsch on the complete system with 6.1
pmol [Fe3(CO)+2] and 10 pymol IrPS in 20 mL THF/TEA/H20 16/4/1. The low water content had
to be chosen because of total absorption by water in the spectral region for metal carbonyl
complexes when using an IR cell with a optical path length of 0.48 mm. The EPR- and IR
investigations showed that all the iron material is converted into [HFe3(CO)+4]™ within the first
minutes of irradiation. Over the course of the reaction, another two species were found by IR
spectroscopy to evolve while the gas evolution rate as well as the concentration of
[HFe3(CO)14]” gradually decrease.

One of the two unknown species was generated upon reduction of [HFe3(CO)44]” and was
found to be in photoinduced equilibrium with the latter. The species was assigned tentatively
as a solvent-stabilized mononuclear species [Fe(CO).(THF)s]. This assignment was affirmed
by DFT calculations. However, the calculated wavenumbers deviated vigorously from the ex-
perimental IR spectrum even after application of a scaling factor that was suitable to bring the
computed spectrum of [HFe3(CO)14]” in agreement with the experimental one.

Over the course of the reaction, CO, was neither detected by IR spectroscopy nor by gas
chromatography. It was concluded that the water-gas shift reaction does not contribute to hy-
drogen generation. However, parallel to the production of hydrogen, acetaldehyde was found
to evolve. The latter contributes characteristic bands to the IR spectrum and is, besides di-
ethylamine, the product of the oxidation and decomposition of TEA.[2381-86]

Based on the findings of the NMR- and IR spectroscopic investigation, a catalytic mechanism
was proposed: From either of the precursors [Fe(CO)s], [Fe2(CO)q] or [Fes(CO)+2], under reac-
tion conditions, the trinuclear [HFe3(CO)41]” was assumed to be generated (but not yet con-
firmed), with the latter species in equilibrium with [Fe(CO).(THF)s]. [HFe3(CO)11]” was pro-

posed to be the key intermediate in the catalytic cycle.
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1.5.4 Simple Iron Carbonyl Catalyst with Phosphine Co-Catalyst (System B)

Various mono-dentate phosphine and phosphite ligands were added as co-catalyst to the re-
action mixture described above in order to test for stabilization of the iron metal center and an
increase in activity relative to the standard reaction with no ligand."® Electron-withdrawing
phosphine ligands like P(CeHs-3,5-(CF3)2); and P(CeHs-4-CF3)s (Figure 1.7, bottom, right) were
found to increase the activity of the catalyst by 50% reaching a TON of 675 after three hours
and 1080 TONSs after ten hours. Other ligands like P(CsFs)s or PPhs had no effect on the reac-
tion. A worse activity was observed in case of application of electron rich P(CsHs-4-OMe)s,
alkylphosphines like Pcys (cy = cylcohexane) or phosphites like P(OPh)s.

Further, the influence of the iron-to-ligand ratio on the activity was analyzed using P(CeHa-4-
CF3)s as ligand. While application of an [Fe3(CO)12)/PRs ratio of 1/1 and 1/1.5 increased the
activity relative to the reaction without ligand, a ratio of 1/2 had no effect and a ratio of 1/3 had
a worsening impact on the activity. It was deduced that polynuclear iron clusters participate in
the reaction and that the catalyst center is blocked in case of excessive amounts of phos-
phines.

By optimization of the reaction conditions, the performance of the system could be further im-
proved. In 10 mL THF/TEA/H,O with a ratio of 3/2/1 (pH 12), 15 pmol IrPS, 3.3 umol
[Fes(CO)q2] and 5 umol P(CsH3-3,5-(CF3)2)s under Xe-light irradiation (300 W, no filter) at 25 °C,
a TOF of 260 h™' within the first three hours and a TON of 1610 after 24 hours was achieved.
Notably, the reaction could be driven with visible light only. This was shown by the application
of 385 and 420 nm UV cut-off filters, which led to a decrease of the TON by no more than
respectively 5 and 10% as compared to the measurements with unfiltered Xe-light. In experi-
ments carried out with monochromatic light (440 nm), a quantum yield of 13.4% could be de-
termined. The hydrogen flow of this system was shown to be sufficient to run small-scale elec-
tric devices in combination with a fuel cell.

In a preliminary experiment, from a solution of [Fe3(CO)2] and P(CeHs-3,5-(CF3)2)s in
THF/TEA/H20, the solvent was reduced and the remaining solid dissolved in CDCls. The
3'P-NMR spectrum showed a sole signal at & = 84.7 ppm. This signal was observed also under
catalytic conditions after 20 minutes of light irradiation. It was assigned tentatively to the spe-
cies [Fe3(CO)11(P(CeHs-3,5-(CF3)2)3)]. However, the role of the phosphine ligand could not be
identified unambiguously.

The Beller group accomplished further improvements of the system by modifying the PS.®]
More specifically, they added an alkylgroup like sec-Butyl or iso-Propyl to the bpy ligand
(IrPSier, Figure 1.3). By this, they achieved the highest performance for the [Fe3(CO);.] catalyst
- P(CeH3-3,5-(CF3)2)s co-catalyst pair with 2770 TONs after 20 hours of irradiation with blue

light (440 nm).The initial quantum yield of this system amount to astonishing 16.4%.
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1.5.5 Iron Carbonyl Catalyst with Copper Photosensitizers (System C)

One of the first molecular-defined systems for photocatalytic water reduction that was com-
posed exclusively of earth-abundant metals was developed by the Beller-group in 2013.3%88
In contrast to the system described above, copper complexes of type [Cu(N*N)(P"P)]* were
applied as photosensitizer. Previously, this type of complexes had been described in literature
as components in organic light emitting diodes. Additionally to the PS (3.5 ymol), again
[Fes(CO)12] was used as catalyst (5 pmol) in THF/TEA/H20 (10 mL, volumetric ratio 4/1/1) with
TEA as SR, irradiated by 1.5 W Xenon light.

The [Cu(N~N)(P"P)]PFs complexes were synthesized in a one-pot tandem ligand-substitution
method. They comprise bathocuproine or derivates thereof (N*N) and a diphosphide (P*P)
respectively as bidentate and chelating ligands. By modification of either ligands, advances in
the system’s catalytic performance could be accomplished. Since in all experiments, the same
amount of [Fe3(CO)12] was applied, the performance improvements are also reflected in an
increased TON of the iron catalyst.

The initial systemP included a copper PS with a DPEphos ligand. Substitution of the latter
with the more rigid Xantphos ligand resulted in the complex that is denoted as CuPS through-
out this work (Figure 1.3). Application of CuPS enhanced the catalytic activity and stability of
the system by 64% resulting in an iron catalyst TON of 273.° If instead of xantphos, a
thixantphos derivate was used, which is equally rigid but electron-enriched, the hydrogen evo-
lution rate was increased by the expense of the system’s stability. As a result, a similar hydro-
gen yield was achieved in a shorter amount of time. Notably, both the xantphos and
thixantphos containing copper complex outperform the IrPS at the same reaction conditions.
The performance of the system could be further improved by changing the volumetric ratio of
the THF/TEA/H2O mixture. At a ratio of 4/3/1, the system with the xantphos containing CuPS
achieved a TON of 310 for the iron catalyst.

In the subsequent work of the Beller group'®®], the hydrogen yield of the system was increased
even further to a TON of 466 for the iron catalyst. This was accomplished by replacing the
methyl groups next to the nitrogen atoms of the bathocuproine ligand with bulky n-Butyl groups.
Thereby, the stability of the system was increased and hydrogen evolution was monitored still
after 60 hours while in case of the other copper complexes it was ceasing after less than 35
hours.

The Beller group confirmed that there is a positive correlation between the activity of the sys-
tem and the lifetime of the excited PS, which in turn was extended by the modification of the

ligands: In the ground state, the Cu complexes show a distorted tetrahedral geometry. Upon

5 please note that, the TON specified in the paper had to be recalculated in order to refer to molecules of H2 per
iron catalyst instead of atoms of H per CuPS
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excitation, the formally 3d® metal center tends to adopt a pseudo-square-planar geometry with
two open coordination positions, both to which solvent molecules can coordinate. This species
has a smaller energy gap to the ground state favoring the non-radiative decay pathway and
shortening the lifetime of the excited state. The rigid diphosphine ligands and phenanthroline
derivates with bulky substituents (like bathocuproine) inhibit the flattening of the molecule and
conserve the tetrahedral geometry upon excitation. This shields the metal atom and increases
the energy gap as well as the lifetime of the excited state.

Notably, the performance of the CuPS/[Fe3(CO)+2] system could not be improved by addition
of electron withdrawing phosphine ligands to the reaction solution as it was the case for the
IrPS/[Fe3(CO)12] system (see above). On the contrary, the application of P(CeH3-3,5-(CF3)2)3
as co-catalyst led to a slightly decreased activity.

Control experiments showed that proton reduction also takes place in the absence of UV light
(395 nm cut-off filter), although at a lower rate. However, at these conditions, the system shows
an improved stability of up to three days. Further, it was confirmed that all three components
of the system (CuPS, catalyst and SR) are necessary for hydrogen generation. Moreover, the
general applicability of the copper photosensitizer was demonstrated: hydrogen evolution was
also observed with K;PtCls as catalyst or ascorbic acid and triethanolamine as alternative SR.
First mechanistic investigations by photoluminescence spectroscopy and electrochemistry fo-
cused on the CuPS cycle:

The lifetime of the exited CuPS in pure THF is 6.4 us. In THF/TEA/H2O (4/1/1) without the
catalyst, the lifetime decreases to 730 ns, thus reflecting the quenching rate by TEA which
probably corresponds to a reductive electron transfer step from the TEA to the PS. If the cata-
lyst is added as well, the lifetime of the excited PS is further decreased by 4-fold to 180 ns.
This means that the presence of the catalyst provides a second efficient quenching pathway,
which corresponds to the oxidative quenching of the PS by the catalyst.

Electrochemistry experiments confirm that both the oxidative and reductive quenching path-
ways are feasible.®8% The excited state of the CuPS has an oxidation potential
E(CuPS*/CuPS*) of -1.75 V vs. Fc*®. This is low enough for oxidative quenching and electron
transfer to the catalyst [HFe3(CO)+4]", which has a potential E([HFe3(CO)14]7/ [HFe3(CO)11]%)
of —=1.70 vs. Fc*®. Likewise, the oxidation potential of TEA with E(TEA*/TEA) = +0.44 V vs Fc*°
is below the reduction potential of the excited CuPS with E(CuPS*/CuPS") = +0.63 V vs. Fc*°
allowing for a reductive quenching. In the latter case, the reduced CuPS (E(CuPS/CuPS") =
-2.05 vs Fc*©) would also be thermodynamically capable of reducing the catalyst. It has to be
noticed that in cyclovoltammetry experiments, the reduction of the ground sate of the CuPS
was found to be reversible while the oxidation was irreversible.

Further investigations on the degradation mechanism of the CuPS had not been carried out at

this point in time.
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1.6 Homogeneous Water Oxidation - Examples

Out of both half reactions, water oxidation is more difficult to be accomplished artificially. The
reason for this is the requirement of a high thermodynamic potential (AG = 237 kJ mol™" and
Eo = 1.23 V) and a high overpotential to overcome the kinetic barrier involved in the transfer of
four protons and four electrons.??

In nature, water oxidation is catalyzed by the oxygen-evolving complex in Photosystem II. The
active site of the complex consists of a Mn4sCaOs cluster that is surrounded by amino acid
residues, CI™ ions and H,O molecules (see Figure 1.8).190-92
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Figure 1.8. WOC catalysts in nature and in artificial photocatalytic water oxidation systems. The structure of the
Mn4CaOs complex was reprinted with permission from ref. [90]. Copyright Macmillan Publishers 2011.

For artificial water oxidation, Meyer and co-workers introduced the famous “blue dimer” cis,cis-
[Ru'(bpy)2(H20)]2(u-0) in 1982 with a TON of 13 and a TOF of 0.004 s™' (see Figure 1.8).
These numbers were strongly improved with state of the art catalysts that are Ru complexes
comprising a bda ligand (bda = 2,2’-bipyridine-6,6’-dicarboxylate) (see Figure 1.8). Those com-
plexes were introduced by the working group of Sun and produce O» via a bimolecular path-
way. Using Ce** as chemical oxidant in aqueous media at pH 1.0, such Ru-bda complexes
can achieve TONs of >100 000 and TOFs of > 1000 s~ at overpotential of less than 200 mV.1**-
%I The Ru-bda complexes were also proven to catalyze water oxidation under photocatalytic
conditions with [Ru(bpy)s]?>* as a sensitizer and S,0g?" as a sacrificial electron acceptor®’.,

Molecular WOCs based on earth abundant transition-metals have also been investigated.
Complexes comprising Mn, Co, Cu, Ni and Fe have been found???l. One of those many worth
to mention is the class of Co4O4 cubane catalysts that have been applied successfully in pho-
tochemical water oxidation (see Figure 1.8). With [Ru(bpy)s]** as photo sensitizer and S,0s?
as a sacrificial electron acceptor, a quantum efficiency of impressive 80% at A > 400 nm and

a TON of > 140 was achieved.[®®%
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1.7 Dye Sensitized Photo Electrochemical Cells

For dispensation with sacrificial reagents and application on a large scale, molecular photo-
catalytic reduction- and oxidation systems can be recombined in Dye Sensitized Photoelectro-
chemical Cells (DSPEC)."3?? |n these devices, the PS and catalyst are immobilized at the
surface of mesoporous semiconductors (SC) that are attached to transparent electrodes.
DSPECs arose from the concept of dye-sensitized solar cells!'! extended to the field of pho-
tosynthetic cells. Instead of simply generating electricity, the cells use the electron flow to drive
the water splitting reaction. Advantageously, the H, and the O, are generated at separated
locations, which avoids the production of oxyhydrogen.

A DSPEC device may contain only one photoactive electrode, meaning a photocathode for
proton reduction or photoanode for water oxidation, which is used together with a platinized
counter electrode. In such an assembly, an auxiliary voltage (external bias) is most often ap-
plied since the photo-potential generated by light in the visible range might not be sufficient
enough to drive the overall water splitting reaction.

A DSPEC is referred to as a tandem device in case both, the cathode and the anode are
photoactive. Such a device is faintly reminiscent of nature’s Z-scheme with the separated pho-
tosystems Il and I. Light in a broad wavelength range can be harvested if the two PS’s are
chosen that way that they absorb light in different parts of the solar spectrum. Thereby, a the-
oretical maximum efficiency of 40% can be achieved.!"® It was calculated that the photo-gen-
erated current densities of the DSPEC’s have to meet a value of 10 mA cm™ and a solar-to-
fuel efficiency of nstH = 10% for an economic application in the year 2050. Furthermore, the
devices should be stable for 20 to 30 years. To reach that goal, various proof-of-concept de-
vices have been developed."®

For the photocathodes, which drive the hydrogen production, traditionally NiO is applied as SC
material. It is important that the valance band of the SC must be more negative than the HOMO
of the PS to allow for electron transfer from the cathode to the PS. The PS (and the catalyst)
is usually attached to the SC surface via anchoring groups. In an example system of Wu and
co-workers!'ol, the molecular components, a Ruthenium based PS and a cobaloxime catalyst,
were covalently linked to each other to form a dyad (Figure 1.9). This dyad was applied via a
carboxylic acid anchoring group to an alumina coated nonoporous NiO. With this electrode
design, a photocurrent density of 9 yA cm™ could be measured over one hour with a faradaic
efficiency of 68% at a bias of 0.1 V vs NHE and 300 W xenon irradiation. The system’s low
performance was mostly attributed to the low stability of the dyad and the deficiency of the NiO
SC. Please note that, in solution, such dyads show considerable worse performance compared
to the multi component systems.!*® Under catalytic conditions, the cobaloxime tends to disso-
ciate from the pyridine ligand of the PS. Furthermore, the coordination of the glyoxime ligands

to the cobalt were found to be unstable under the same conditions. The disadvantage of NiO
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is its absorption of light by itself and its low hole/electron mobility. Hence, there is a need of

using alternative and more transparent SC’s with a higher hole mobility.
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Figure 1.9. DSPEC photocathode as described by Wu and co-workers. Reprinted with permission from ref. [101].
Copyright the American Chemical Society 2013.

Instead of applying dyads, also co-absorption of the PS and the catalyst on the SC have been
proven to be effective. Best performance with such a design was achieved with an organic
push-double-pull dye BHs-sensitized NiO photocathode and a [Mo3;S4]** cluster as catalyst with
a photocurrent of 183 yA cm=2.1102
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Figure 1.10. DSPEC photocathode as described by Moore and co-workers. The catalyst is directly immobilized at
the SC material by polymers that coat the electrode at the same time. Reprinted with permission from ref. [103].
Copyright the American Chemical Society 2013.

One can also omit the usage of a PS and directly use heterogeneous and visible-light absorb-
ing SC electrodes with a molecular catalyst attached to it for acceleration of the reaction rate.
Such a device constitutes a hybrid system. A successful example of such a system was pre-
sented by Moore and co-workers (Figure 1.10). Thy used p-type GaP as visible light absorbing
SC. The SC was coated with a polymer that served as protective layer and at the same time
immobilized a cobaloxime catalyst via pyridyl or imidazolyl groups coordinating the Co-com-
plex center. A photocurrent density of 2.4 mA cm™2 was measured at 0.31 V bias in 1 M phos-

phate buffer solution under 100 mW cm™2 illumination.['%3]
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Notably, with such polymers, the electrode can theoretically be loaded with the catalyst to lev-
els higher than that of a monomolecular layer.??

The best hybrid photocathode constitutes a GalnP,-TiO2-cobaltoxime-TiO, device. In 0.1
NaOH solution, at 100 mW cm™2 illumination, a photocurrent density of 11 mA cm™2 at 0 V vs
RHE and an onset potential at 0.75 V vs RHE was measured. For the catalyst, a TON of 1.4 *
10° was achieved after 16 h. The performance is comparable with a Pt-modified GalnP- elec-

trode.l'%4
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Figure 1.11. Full Pt-free DSPEC tandem devise with a dye sensitized photoanode and -cathode as described by
Sun and co-workers. Reprinted with permission from ref. [105]. Copyright the Royal Society of Chemistry 2014.

A proof of concept for a tandem device was presented by Sun and co-workers!'%: The photo-
cathode comprised a Ruthenium based PS and a cobaloxime proton reduction catalyst co-
absorbed onto a NiO SC (Figure 1.11). In case of the photoanode, a PS and a water oxidation
catalyst, both based on Ruthenium were co-absorbed on a TiO2 SC. Notably, no external bias
was necessary to drive water splitting. However, an average photocurrent density of only ~40
WA cm™ was measured under 300 mW cm irradiation, thus being far away from economic
applications. As in the example above, the NiO photocathode was tracked down to be the

bottleneck of the device.

In general, Sun et al. concluded that the regeneration of the PS by the catalyst tends to be too
slow to compete with the back-electron transfer between PS and SC. Better immobilized PS
and catalysts with a higher TOF and stability should be explored as well as more transparent
SCs with a higher hole mobility. Also, the use of QDs as PS and the application of redox me-
diators might improve the system. A deep understanding on the molecular level of the under-
lying interfacial charge transfer dynamics at the interface of SC, PS and catalyst is recom-

mended.["3]
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Il. OBJECTIVES OF THIS WORK

Considering the small price and low effort involved in the synthesis of simple iron carbonyls,
the catalysts introduced by Beller and co-workers constitute a step in the development towards
an ideal proton reduction catalyst. However, their stability and activity (expressed in terms of
TON and TOF) are still far away from industrial application. A basis for future improvements is
a deeper understanding of the catalytic reaction’s mechanism and deactivation paths. This
helps to recognize the strong and weak points of the system and gather new ideas for adjust-
ments. To identify transformation processes of the catalyst precursor into catalytic relevant key
intermediates or inactive species, the catalyst has to be monitored with spectroscopic methods
in-situ under working conditions. In order to evaluate the activity of the observed catalyst spe-
cies and to determine the structure-activity relationship, the production of H, has to be moni-
tored simultaneously to the acquisition of spectroscopic data.

In this work, three systems for the photocatalytic water reduction were investigated: The phos-
phine free IrPS/[Fe3(CO)12] system (A), the phosphine modified IrPS/[Fe3(CO)12]/P(R)s system
(B) and the noble metal free CuPS/[Fe3(CO)12] system (C). The investigation focused mainly
on the iron carbonyl proton reduction catalyst with the principle objective to identify all major
iron species and to investigate their role and performance in the catalytic reaction. Another
general goal was to examine the transformation and deactivation processes of these species
and to detect the influence of the reaction conditions thereon.

Additional interrogations were addressed with regard to the specific systems: Since system A
had been found to be similarly active in case iron carbonyls different than [Fes(CO)q] like
[Fe(CO)s] or [Fe2(CO)q] were applied, it was the task to examine whether all these precursors
are transformed into the same key species. Further, the rate determining catalytic step or sub
cycle of this system had to be determined.

With regards to the phosphine modified system B, the reason for the enhancing effect of added
electron withdrawing phosphine ligands P(R)s had not been known prior to this work as pointed
out in a review article by Du and Eisenberg®?. Therefore, it was a task to elucidate this effect
and to prove if it can be ascribed to the formation of iron phosphides. Further, it had to be
investigated why certain phosphine ligands enhance the performance, while others have no or
a negative impact on the system. It was also part of the study to detect the reason for the
decreasing performance in case [Fe3(CO)12] was applied together with excessive amounts of
phosphine.

System C was investigated to find out whether exchanging the photosensitizer from IrPS to
CuPS affects the catalyst’s transformation processes compared to those of system A. Since
the heteroleptic copper photosensitizer [Cu(P*P)(N*N)]* is expected to be in equilibrium with
its homoleptic form [Cu(N”N),]*,['®! the mechanistic studies should also help to identify which

of the two structures is the active copper photosensitizer.
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To accomplish all of these objectives, the reaction was primarily analyzed by in-situ continu-
ous-flow FTIR spectroscopy (Fourier-Transform InfraRed spectroscopy) coupled with gas vo-
lumetry. The combination of the two techniques is referred to as operando IR spectroscopy.
To support experimental findings, further methods were applied like in-situ XAS (X-Ray Ab-
sorption Spectroscopy), ESI-MS (ElectroSpray lonization - Mass Spectrometry), NMR spec-
troscopy (Nuclear Magnetic Resonance spectroscopy) and CV (cyclic voltammetry).

The use of all mentioned analytical methods is discussed in the following chapter. Subse-
quently, the published experimental results are summarized. In the conclusive chapter, it is
discussed how the findings can help to improve the iron carbonyl based photocatalytic water

reduction systems and how they can be a starting point for future research.
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. ANALYTICAL AND COMPUTATIONAL METHODS

31 Operando IR Spectroscopy

IR spectroscopy is a very suitable and sensitive method for the elucidation and monitoring of
metal carbonyl complexes. These complexes show contributions of carbonyl stretching vibra-
tions between 2125 and 1700 cm™'. Depending on the IR active vibrational modes, each com-
plex can contribute either one or multiple IR bands. The latter form a compound characteristic
pattern which is dependent on the geometry of the complex and the distribution of electron
density. The band position or wavenumber (7) is determined by the electron density at the
metal center, since electron back transfer into the antibonding C-O orbital weakens the car-
bonyl bond and thus the force constant k (see Equation 7, u = reduced mass). Hence, the
contributions are shifted to lower wavenumbers for anions or compounds bearing electron-rich
ligands. Please note that in anionic, multinuclear complexes, the charge is distributed across
the nuclei. Hence, the bathochromic shift caused by the negative charge is attenuated with
increasing number of metal atoms. Furthermore, terminal carbonyl vibration bands can be
found at higher wavenumbers (2125 - 1850 cm™") whereas contributions of bridging carbonyls
are found in the lower part of the spectrum (1850 - 1700 cm™). The structure of unknown
complexes that are present at catalytic conditions can be elucidated by comparing their exper-
imental spectra with those from quantum mechanical calculations or with spectra published in

literature.[107.108]

v~ |- (7)

The extinction (E') or magnitude of the IR contributions at a definite wavelength (1) is propor-
tional to the concentration (c) of the complexes and follows the Beer—Lambert law (Equation 8).
However, the proportionality factor depends on the extinction coefficient (¢), which is com-
pound and wavelength specific and the optical pathlength (d). Hence, an intensity-concentra-
tion calibration is necessary for each complex. The pathlength of the IR cell has to be chosen
so that it is wide enough for a high sensitivity. At the same time, it has to be sufficiently narrow
to prevent occultation of carbonyl bands by intensive contributions of the solvent, which can
cause the IR-light intensity to drop below the detection limit of the detector (= total absorp-

tion).[107.108]
EA = & dc ( 8 )

Notably, the contributions originating from a mixture of compounds and the solvent are addi-

tive. This allows for the subtraction of the of the pure solvent spectrum from the experimental
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one (background subtraction). Furthermore, a quantitative measurement of the compounds is
possible if the spectra of all pure compounds are known and can be fit to the mixed spectrum
via the method of least squares. Especially during the investigations presented in publication
6.2, this analysis method was used. If the individual pure component spectra are unknown,
they can be estimated together with the corresponding absorption-time curves via the model

free Pure Component Decomposition (PCD) algorithm, which was developed by Neymeyr et
a|[109]_

For this work, a new setup was built for experiments that allow for analysis of the irradiated
reaction solution by continuous flow FTIR spectroscopy and synchronous monitoring of gas
evolution. It consists of a customized reaction vessel that is connected to a mercury vapour
lamp, a FTIR-spectrometer, an automatic gas burette and a custom holder for a small pot that
contains the catalyst. The apparatus constitutes an updated version of the setup that was used

in the work of Barsch and Gartner in 2011781101111 (see Figure I11.1).

TENSOR 27

Figure lll.1. Experimental setup for the operando IR spectroscopy. The setup is consisting of the automatic gas
burett (left), the reaction vessel (center) as well as the FTIR spectrometer (right) connected via the micro annular
gear pump.

The mercury vapour lamp (brand: LUMATEC) is attached to the double-walled reaction vessel
at a fixed position via a fibre optic cable. The reaction vessel is kept at 25 °C. The lamp emits
visible light between 380 and 700 nm with a power of 1500 W and is calibrated before each

experiment.

26



ANALYTICAL AND COMPUTATIONAL METHODS

The reaction solution is stirred by a magnetic stirrer at constant and reproducible speed and is
continuously circulated by a micro annular gear pump (brand: HNP) through the cell in the IR-
spectrometer. The cell is equipped with CaF, windows, has an optical pathlength of 100 um
and is kept at a constant temperature of 25 °C. This small path length allows for volumetric
share of water in the solvent mixture of 20% (1:5) without total absorption in the spectral range
of metal carbonyl contributions. The FTIR-measurements are carried out on a Bruker Tensor
27 spectrometer with a mercury-cadmium-telluride (MCT) detector that needs to be loaded
with liquid nitrogen twice a day.

Tracking of gas evolution is realized by an automatic gas burette (brand: MESSEN NORD) at
a constant pressure of 1020 mbar. Its temperature is kept constant at 25 °C. A condenser is
installed in between the reaction vessel and the gas burette and runs at 5 °C to retain volatile
solvent.

A typical experiment is carried out as follows: The whole apparatus is evacuated and purged
with argon five times to provide oxygen-free conditions. 20 mL solvent are added to the reac-
tion vessel against a flow of argon. Likewise, the IrPS is added to the solution while a small
pot containing the catalyst is placed in the customized holder that is attached to a Teflon joint.
The apparatus is closed, and the solution is circulated by the pump through the IR-cell. After
temperature adjustment of the solution, an IR-spectrum is recorded and used as background.
The solid catalyst is added to the solution by a twist of the joint. After the thermal equilibrium
between gas- and condensed phase (10 min) is reached, the reaction is started by turning on

the light source. An IR-spectrum with 64 scans is taken every two minutes.

3.2 NMR Spectroscopy

In parallel to the IR spectroscopic investigations, Nuclear Magnetic Resonance spectroscopy
(NMR) was applied ex-situ. With the focus on phosphorus containing complexes, proton de-
coupled 3'"P{H}-NMR spectra were acquired. *'P is considered as NMR-sensitive nucleus since
it has an isotopic abundance of 100% and a relatively large gyromagnetic ratio.l''?) Metal com-
plexes with only one monodentate phosphine ligand show a single singlet *'P NMR signal. The
chemical shift ® of that signal is the resonant frequency of the phosphorous nucleus in a mag-
netic field relative to that of phosphoric acid as standard. It correlates with the dia- and para-
magnetic shielding of the phosphorous nuclei and is influenced by bond angles, electronega-
tivity effects and tr-electron overlap. Thus, it is very sensitive to structural changes.!''?-114
Complexes with two phosphorous nuclei in geminal position show a 2J(PMP) coupling and
splitting of each of the signals into doublets. Even though prediction of the chemical shift and
coupling constant is not trivial ["'2-14] 31P{H}-NMR spectroscopy is very useful to distinguish
and to estimate the number of distinct phosphorus containing complexes in the reaction solu-

tion as well as to support or validate structural assignments.
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3.3  XAS Spectroscopy

In X-ray absorption spectroscopy (XAS), the absorption of synchrotron X-ray radiation by at-
oms of a specific element is measured. At a critical wavelength, core electrons from the K-shell
of that element are excited into the continuum resulting in the generation of photoelectrons and
an abrupt increase of the absorption. The latter is referred to as absorption edge. The position
of the edge is element specific and is shifted to higher energies with increasing oxidation num-
ber. Hence, the analysis of the pre-edge and the X-ray absorption near edge structure
(XANES) reveals information about the oxidation state and additionally about the coordination
geometry around the central atom.["]

The ejected photoelectrons can be described as waves. The surrounding atoms scatter those
waves leading to interference between the backscattered- and forward-propagating waves.
The resulting interference pattern is reflected in the extended X-ray absorption fine structure
(EXAFS) at energies higher than 30 eV after the absorption edge.!''® Analysis of the EXAFS
provides information about the type and the number of neighbouring atoms and their distances
from the central atom.!""® However, the analysis of EXAFS spectra is complicated by the fact
that the structural parameters of all species in the reaction solution are averaged in the spectral
signal.[117:118]

The X-ray absorption measurements were carried out at the synchrotron ANKA. The synchro-
tron beam current was between 80-140 mA at 2.5 GeV storage ring energy. A Si(111) double
crystal monochromator was used for measurements at the Fe K-edge (7.112 keV). The second
monochromator crystal was tilted for optimal harmonic rejection. To perform operando studies,
the spectra were recorded in fluorescence mode using a hyper-pure germanium detector. En-
ergy calibration was performed with an iron metal foil prior to the measurements. Samples in
solution were measured in a specially designed fluorescence cell, which allowed securation
and filling under inert gas flow."'® An argon atmosphere was applied to the cell in course of
the measurements in order to allow evolving gas to escape the cell. Details of the analysis are
described elsewhere.['?"]

EXAFS data analysis was performed according to the curved wave formalism of the EX-
CURV98 program with XALPHA phase and amplitude functions.['? The amplitude reduction
factor (AFAC) was allowed to float in the fit. The spectra were Fourier filtered (in the range

between 1.0 — 3.2 A), back-transformed and analysed in k-space

3.4  Cyclic Voltammetry

Cyclic Voltammetry (CV) was used to determine the electrochemical potentials and the revers-
ibility of redox events of the catalysts and the PS. Both, the potential and the reversibility, are

derived from the shape of the cyclic voltammogram. The redox potential E; /, is calculated from
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equation 9 with £,y and E, () being the potential at the peak of the anodic and the cathodic
current. Irreversible redox events show a high current during the forward reaction while a
smaller or no current is observed at the expected potential of the back reaction.!'??!

Bip = 2050 (9)
Cyclic voltammetry measurements were carried out at oxygen-free conditions in dry THF with
[NBus][PFs] or [NBus][CIO4] added as electrolyte to decrease the electrical resistance of the
solvent and the ohmic drop. A 2 mm? glassy carbon electrode was used as working electrode
because this material does not catalyze the reduction of protons by itself and thus shows a
very high over potential for this reaction.l'?® Since redox potentials can only be measured
against a reference, a nonaqueous Ag/AgNOs; reference electrode was applied with a fixed
potential that is stable over the time of the experiment (silver wire in 0.01 M AgNOs/ 0.1 M
[NBus][CIO4]/ acetonitrile, separated from the experimental solution via a Vycor frit). However,
the potential of such nonaqueous electrodes can vary from one experiment to another.l'?* That
is why ferrocene was added and measured as internal reference at the end of each experiment.
This allows for reporting redox potentials against that of the ferrocene/ferrocenium couple

(Fc*®). As counter electrode, a platinum wire was used.

3.5 ESI-MS Spectrometry

In ESI-MS spectrometry, molecules are separated and identified by their mass over charge
ratio (m/z). For the ex-situ ESI-MS measurements, small volumes of the reaction solution were
sampled periodically over the time of hydrogen production via a rubber septum and a syringe
from the reaction vessel. In parallel, the solution was investigated by operando IR spectros-
copy. Before and after each injection of a sample into the ESI-MS spectrometer, the latter was
calibrated for a robust quantification of sensitive reaction intermediates like the copper photo-
sensitizers. The instrument was running in positive ion-mode. By carrying out ex-situ ESI-MS
and operando IR spectroscopy, the concentration of both, the PS and the catalyst species

could by monitored over time.

3.6 Quantum-Chemical Computation

To confirm spectral assignments, quantum chemical calculations have been performed with
Gaussian 09!'2%! with B3LYP/6-31+G** levels of theory!'?6-129], The calculated frequencies have
been corrected with a scaling factor of 0.97 to compensate for the harmonic approximation.

This factor gives best agreement of experimental and calculated frequencies for all
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[Fe2(CO)s(u-CO)(u-P(R)2)]” species. The factor is also very similar to those specified in litera-
ture that were obtained for such iron cluster anions (0.9672)!"3% and an even larger set of
related molecules!'®"],
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Iv. SUMMARY OF THE WORK

In the following, the published work is summarized. The author dispenses with citing the liter-
ature that substantiate the findings. To look up underlying literature, the reader may refer to

the publications itself that are exposed in chapter VI.

41 Investigation of System A (Publications 6.1. and 6.5.)

The IrPS/Fe3(CO)q2 System A presented by F. Gartner et al. supervised by M. Beller had al-
ready been investigated in preliminary mechanistic studies prior to this work. As stated in sec-
tion 1.5.3 and chapter Il, certain obscurities had been remained and were addressed in this
work to give an even deeper understanding of the system and its catalytic cycle:

In stopped-flow IR experiments, carried out by Enrico Barsch and Bastian Hoffmann, sup-
ported by the author of this work, The third component that emerges after adding [Fe3(CO)12]
to THF/TEA/H20 in the absence of light was identified as [Fe(CO)s]. Thus, the catalyst starting
material before initiation of the catalytic reaction was found to consist of a mixture of
[Fes(CO)11] ", [Fe2(CO)g] ™ and [Fe(CO)s].

In the continuing work of the author, the assignment of the “monomeric intermediate” that
evolves besides [HFe3(CO)14]™ after addition of IrPS and initiation of light irradiation was re-
vised and corrected. It was identified to be the [HFe(CO)4]~ complex. This was found by com-
parison of the experimental IR spectrum with literature data, DFT calculated frequencies and
the spectrum of synthesized [NEt4][HFe(CO)4] in THF/TEA/H20O (Figure 1V.5, middle, blue).
Preliminary mechanistic studies had been carried out with a solvent mixture of THF/TEA/H20
with a volumetric ratio of 16/4/1. However, the performance experiments by F. Gartner et al.
had been carried out with a solvent mixture with a ratio of 4/1/1. Therefore, the dependence of
the water content on the transformation process of precursor Fe3(CO)1, was investigated. Ex-
periments show that [HFe3(CO)+1]” and [HFe(CO).]™ are in equilibrium, which is shifted towards
the latter with increasing water concentration. Thus, In a THF/TEA/H.O ratio of 4/1/1,
[HFe3(CO)14]" is quasi fully converted into [HFe(CO)4]™ within one hour. This solvent ratio® had
been used for all further spectroscopic investigation of system A and B.

Further on, the transformation processes of the precursors Fe(CO)s, Fex(CO)s and
[NEts][Fe(NO)(CO)s] have been studied under catalytic conditions. All precursors were found
to be transformed into [HFe(CO)4]™. This finding explains the similar catalytic performances of
the iron carbonyl precursors and indicates [HFe(CO).]™ to be a catalytically relevant species.
Notably, hydrogen production only occurs as long as [HFe(CO)4]™ is present in solution and

terminates as soon as the complex is consumed (Figure IV.1). This is another evidence for the

6 Carrying out IR spectroscopic experiments at this high water content (1:5) without total absorption in the spectral
region of carbonyl vibrations was only possible because of the narrow pathlength of the IR cell (100 um) that was
used in this work.
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important role of [HFe(CO)4]". However, two findings point out that the complex is not the cat-
alytically active species: a) its electrochemical reduction potential (E12 = —2.52 V vs. Fc*/0)i24132]
is too low for the species to be reduced by IrPS™ (E12 = —1.80 V vs. Fc*0)?431 b) TDDFT
calculations (Time-Dependent Density Functional Theory calculations) carried out by O. Bo-
kareva show that electron transfer from the reduced IrPS towards the catalyst is only possible
for the complexes [HFe2(CO)s]™ (5.3% probability) and [HFes(CO)11]™ (18% probability) rather
than [HFe(CO).]™ (0% probability). Indeed, [HFe3(CO)11]” has a reduction potential (E12 =-1.71
V vs. Fc*0)24132 high enough for the complex to be reduced by IrPS. Further, DFT calculations
of O. Bokareva predict negative values for the changes in the Gibbs free energy for all steps
in the catalytic water reduction subcycle starting with [HFe3(CO)+4]". This indicates
[HFe3(CO)11]” to be capable of running a full catalytic cycle and to be the catalytically active

species.
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Figure IV.1.Gas evolution curve and concentration curves for iron carbonyl species observed in system A. The
data was obtained in an operando FTIR experiment monitoring an irradiated solution of THF/TEA/H20 (4/1/1) with
added IrPS and catalyst [Fe3(CQO)12]. The gas evolution curve is shown in grey. The concentration curves for the
complexes [HFe3(CO)11]™ (red curve) and [HFe(CO)4]™ (blue curve) are also illustrated. For reaction conditions,
please refer to publication 6.2., Figure 2a.

As confirmed by DFT calculations [HFe3(CO)41]” can decompose in a possible side reaction
into [HFe(CO)4]™ and [Fe2(CO)s]™ after having been reduced. The [Fex(CO)s]™ species can be
converted into [HFe(CO)4]™ upon further reduction. This is in accordance to the above men-
tioned conversion of [HFe3(CO)14]” into [HFe(CO)4]™ under catalytic conditions in a reductive
environment. However, this process was found to be reversible: Irradiating a solution of
[NEt:][HFe(CO)4] in THF/TEA/H20 (ratio 4/1/1) in the absence of IrPS affords conversion of
[HFe(CO).]™ back into [HFe3(CO)+4]". This back reaction is initiated by light and can be consid-
ered to also occur under catalytic conditions, permanently regenerating very small amounts of
[HFe3(CO)1]7, which are undetectable by IR. Thus, [HFe(CO)4]™ can be assigned to be the

dormant- or resting state of the catalytically active complex [HFe3(CO)41]".
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In kinetic investigations, the rate limiting step or rate limiting cycle of the system was deter-
mined. [NEty][HFe(CO).] was directly applied as catalyst and added to the reaction solution to
omit pre-formation reactions. The initial hydrogen evolution rate was found to be independent
from the applied catalyst amount. It was concluded that the catalyst is not involved in the major
rate limiting process. Apart from that, the hydrogen yield grows and the stability of the system
improves with increasing initial catalyst concentration.

In contrast, the initial hydrogen evolution rate does depend on the applied amount of IrPS.
Linear dependence and pseudo-first-order kinetics were found in a range between 0.01 and
0.08 mM for the initial IrPS concentration. This is in accordance with the results of Neubauer
et al. who investigated the IrPS subcycle by photoluminescence spectroscopy. They found that
the IrPS is dominantly quenched reductively. Furthermore, they found that the reductive
quenching of the excited IrPS by TEA is rate determining. By the findings stated above, it was

confirmed that the mentioned process is the rate limiting step of the whole system.
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Figure IV.2. Catalyst transformation and deactivation processes in system A in the absence of light and during
photocatalytic water reduction conditions.

The deactivation process of [HFe(CO).]” was also investigated: At low initial IrPS concentra-
tions (Ir/Fe ratio < 0.4), decomposition of [HFe(CO)4]” was attributed to light induced CO-dis-

sociation and an additional unspecified deactivation mechanism within the catalytic cycle. Both
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loss channels lead to IR inactive products. Notably, at these low Ir/Fe ratios, the hydrogen yield
rises with increasing initial IrPS concentrations (Figure IV.3., grey gas evolution curves; high-
est TONcat,18h = 186 found at 0.16 mM IrPS and 0.4 mM [NEt][HFe(CO)4)).
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Figure IV.3. Gas evolution curves of system A monitored upon application of preformed catalyst [NEts][HFe(CO)4]
and varying initial concentrations of IrPS. For reaction conditions, please refer to publication 6.1., Figure 6a.

However, the hydrogen yield again declines with increasing amounts of IrPS at high initial IrPS
concentrations (Ir/Fe ratio > 0.4; Figure IV.3., black gas evolution curves). This is due to an
additional deactivation mechanism taking effect: The bipyridine ligand is transferred from the
IrPS onto the catalyst. This results in poisoning of the catalyst and formation of [Fe(bpy)(CO)3].
As a consequence, at high IrPS concentrations, the catalyst is rapidly consumed at an early
stage of the reaction leading to a sudden decrease of the hydrogen evolution.

The spectroscopic investigations have contributed to a more detailed understanding of the

catalytic mechanism of system A. The mechanism is summarized in Figure IV.2.

4.2 Investigation of System B (Publications 6.2. and 6.5.)

Investigation on the phosphine modified IrPS/Fe3(CO)12/P(R)s system B focused on the eluci-
dation of the role of the phosphine ligand. The effect of various types of phosphine ligand with
different electron acceptor/donor properties was studied, starting with electron poor P(OPh)s
{P(a)s} towards the electron rich alkyl phosphine P(Bu)s {P(i)s} (Figure 1V.4.). In the upcoming
text, the effect of the phosphines on the reaction is first illustrated with ligand P(CsHs-4-CF3)3
{P(d)s} as an example, which had been found to enhance the performance. Later on, the im-
pact of the other phosphines and deactivation mechanisms are discussed.

As in the phosphine free system A, Fe3(CO)1. is converted into [Fes(CO)1]7, [Fe2(CO)s] ™, and
[Fe(CO)s] after being dissolved in THF/TEA/H20 in the dark. Upon addition of P(d)s, further-
more [Fe(CO)4P(d)s] emerges by quantitative coordination of the phosphine to the iron. This

was found by *'P-NMR spectroscopy with a signal at § 76.1 ppm consistent with literature
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values.” The assignment was further supported by XAS spectroscopy, detecting an emerging
Fe-P coordination shell and a reduced Fe-Fe coordination number.

As soon as hydrogen evolution starts after addition of IrPS and irradiation by light,
[Fes(CO)11], [Fe2(CO)s] ™, and [Fe(CO)s] are transformed into [HFe3(CO)+1]™ and [HFe(CO)4]”
(Figure 1V.5. left, b, 2 min, red and blue contributions), whereas [Fe(CO)4P(d)s] remains in the
solution during the starting phase of the catalytic reaction (Figure IV.5. left, b, 2min, green
contributions). The single component IR spectrum of [Fe(CO).P(d)s] (Figure IV.5, middle,
green spectrum) could be obtained by subtraction of the known component’s spectra from the
sum spectrum, which was recorded two minutes after initiation of light irradiation. The wave-
numbers of the resulting spectrum are in agreement with literature data (see paper 6.2, sup-
porting information, Figure SI1). Since [HFe(CO)4]  is also the major species in the starting
phase of system B, the composition of the reaction solution is broadly similar to that of system

A. Accordingly, same initial gas evolution rates are observed.
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Figure IV.4. Components of System B.

During the first 10 hours of the reaction, all iron material was found to be converted into
[Fe2(CO)s(u-CO)(u-P(d)2)]". This complex is a diferrate with one bridging and six terminal car-
bonyls as well as one bridging phosphido ligand (Figure 1V.5, right, structure of 2COP(R)2").
The assignment is based on IR, NMR and XAS spectroscopy. The in-situ IR spectrum that was
recorded after 15 hours of light irradiation shows the spectra of the known complex
[Fe2(CO)s(u-CO)(u-PPh2)], shifted by an average of 6 cm™ to higher wavenumbers (see Pub-

lication 6.2, Table 1). The spectral shift is caused by the electron withdrawing CF3 substituent

7 Hence, the assignment by Felix Gartner et al., who assumed the formation of [Fe3(CO)11(PPhs)] under similar
reaction conditions, was rejected and corrected.
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at the aryl group of the phosphide ligand. The NMR spectrum of a sample of the solution taken
at the same time shows a singlet at & 123 ppm for [Fe2(CO)s(u-CO)(u-P(d)2)]” again close to
the signal specified in literature for [Fex(CO)e(u-CO)(u-PPh2)]™ (6 127 ppm in CD3sCN). Fe-C
and Fe-P coordination numbers measured by XAS of respectively 3.5 + 0.4 and 0.8 £ 0.2 are
also consistent with the formation of this species. Synthesis and spectral characterization of
[NEts][Fe2(CO)e(u-CO)(u-P(d)2)] reaffirmed the assignment, since this preformed complex

shows the same contributions as in the in-situ IR and ex situ NMR spectra.
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Figure IV.5.In situ and pure component IR spectra as well as the reaction route of system B. Left: experimental
in-situ IR spectra of an irradiated solution of THF/TEA/H20 (4/1/1) with added catalyst [Fe3(CO)12], IrPS, and a)
without phosphine, b) with one equivalent of P(d)s, c) with three equivalents of P(d)s. The spectra were recorded
respectively after 2 min and 20 h. Middle and Right: pure component IR spectra and structures of [HFe3(CO)11]~
(H37, red), [HFe(CO)a]™ (H17, blue), [Fe(CO)4(P(d)3)] (1P(d)3, green), [Fe2(CO)s(u-CO)(u-P(d)2)]” (2COP(d)2", vio-
let) and [Fe2(CO)s(P(d)3)(u-CO)(u-P(d)2)]" (2P(d)sP(d)2", turquoise). For reaction conditions, please refer to publi-
cation 6.2, Figure 1.

As [Fe2(CO)s(u-CO)(u-P(d)2)]” emerges during the catalytic reaction, it progressively contrib-
utes to hydrogen evolution (Figure 1V.6). The complex is more stable than [HFe(CO)4]™ and
maintains H, production even after decomposition of the latter. Hence,

[Fe2(CO)s(u-CO)(u-P(d)2)]” stabilizes the system and increases the H; yield by 200% after 80

hours of light irradiation as compared to system A.
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Figure IV.6. Gas evolution curve and concentration curves for iron carbonyl species observed in system B. The
data was obtained in an operando FTIR experiment monitoring an irradiated solution of THF/TEA/H20 (4/1/1) with
added IrPS, catalyst [Fe3(CO)12] and one equivalent of P(d)s. The gas evolution curve is shown in grey. The con-
centration curves for the complexes [HFe3(CO)11]~ (red curve), [HFe(CO)4]~ (blue curve), [Fe(CO)s(P(d)3)] (green
curve) and [Fez(CO)s(u-CO)(p-P(d)2)]” (violet curve) are also illustrated. For reaction conditions, please refer to
publication 6.2, Figure 2b.

Application of preformed, molecularly defined [NEt4][Fe2(CO)s(u-CO)(u-P(d)2)] (molecularly
defined IrPS/[NEts][Fe2(CO)s(u-CO)(u-P(R)2)] system Bwmp; Figure 1V.7., black curve) results in
a gas curve broadly similar to that of the in-situ system B (Figure IV.7., grey curve). Especially
at extended reaction times, the slopes of the gas curves are equal because then, all iron ma-
terial of system B has been converted into [Fez(CO)es(u-CO)(u-P(d)2)]” and the solution com-
position is similar to that of system Bmp. However, direct application of the molecular defined

catalyst leads to an initial gas evolution rate being increased by 80%.
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Figure IV.7.Gas evolution curves measured applying various starting catalyst material: the preformed
[NEts][Fe2(CO)s(u-CO)(u-P(d)2)] species (black, solid, system Bwp), the in-situ forming catalyst starting with
[Fe3(CO)12] and co-catalyst P(d)s (grey, solid, system B), or plain [Fe3(CO)12] without phosphine (grey, dashed,
system B) were applied together with the IrPS in an illuminated THF/TEA/H20 (3/2/1) solution. For the exact reac-
tion conditions, please refer to publication 6.2, Figure 4.
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It was therefore concluded that photons and thus electrons coming from the IrPS are more
efficiently used for hydrogen production by [Fez(CO)s(u-CO)(u-P(d)2)]” than by the
[HFe3(CO)11]/[HFe(CO).]~ couple which is primarily present in system A and in the starting
phase of system B. Notably, due to the higher initial rates, system Bwmp constitutes an improve-
ment compared to system B with an H; yield increased by 10% (Figure 1V.7). On the basis of
these experiments, [Fez(CO)s(u-CO)(u-P(d)2)]” is confirmed to be a catalytically highly im-
portant key species. It was concluded that the complex can be regarded as a self assembling
mimic of the [FeFe]-H.ase active site, since it is a dinuclear iron complex with two bridging
ligands in butterfly conformation and shows activity in photocatalytic proton reduction.
Different or similar effects on the catalytic system were observed by operando IR spectroscopy,
if phosphines other than P(d); had been applied as co-catalyst. The formation of
[Fe(CO)4P(R)3] or [Fe2(CO)s(u-CO)(u-P(R)2)]” was found to be respectively determined by re-
quirements on the ligand R, which will be specified in the following:
No impact on the catalytic reaction was observed in case sterically demanding phosphines like
P(a); and P(g)s were applied. They have Tolman cone angles bigger than 160° and do not
show any interaction with the iron species. Hence, there are no differences in the process and
H> yield compared with system A.
If the phosphite P(b)s or the alkylphosphines P(h); and P(i)s were applied, exclusively
[Fe(CO)4P(R)s] emerged, which did not contribute to H. production. However, it caused a small
negative effect on the system, most notably in case of the alkylphosphines. Due to formation
of [Fe(CO)sP(R)s], less iron material is available for transformation into
[HFes3(CO)11]/[HFe(CO)4]". Thereby, the latter species are used up sooner and Hz production
stops at an earlier stage with a decline of the Hy yield by down to 16% as compared to sys-
tem A.
Formation of [Fez(CO)s(u-CO)(u-P(R)2)]” was only detected in case P(c)s, P(d)s, P(e)s or P(f)3
were applied. Further, all components of the system (catalyst, co-catalyst, THF/TEA/H20 and
light) except the IrPS were found to be necessary for the generation of this complex. It was
concluded that the phosphine has to meet two requirements to allow for formation of
[Fe2(CO)e(u-CO)(-P(R)2)]™:

(i) the phosphine belongs to the class of arylphosphines

(ii) the ortho positions of the aryl groups are unsubstituted
Most probably, these requirements are attributable to the P-C cleavage reaction prior to the
formation of the P(R). subunit. The reactivity for this process follows the order P-Csp > P-Cgp2
> P-Csp3, which explains the formation of [Fez(CO)s(u-CO)(u-P(R)2)]™ in case of arylphosphines
rather than alkylphosphines. Formation of the diferrate in case of application of phosphites is
also inhibited since the presence of water suppresses analogous P-O cleavage reactions and

can cause decomposition of the ligands due to hydrolysis. As discussed in literature, P-C
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cleavage is supposed to be activated by oxidative addition of the P-C bond to the metal center.
Orthometallation, is argued to occur in a preceding process. This mechanism together with
steric drawbacks might be the reason why ortho substituted phosphines like P(a)s; and P(g)s
do not afford [Fe,(CO)s(u-CO)(u-P(R)2)]".
In case of formation of both electron poor complexes [Fe2(CO)s(u-CO)(u-P(c)2)]” and
[Fe2(CO)s(u-CO)(u-P(d)2)]7, the performance of the system was found to be improved as com-
pared to system A, while it was declining in case the electron rich complexes
[Fe2(CO)s(u-CO)(u-P(e)2)]” and [Fex(CO)s(u-CO)(u-P(f)2)]” were generated. The same trend
was found if these complexes were directly applied as preformed, molecularly defined catalysts
[NEL][Fe2(CO)s(u-CO)(u-P(R)2)] (system Bwmp) with an increasing H; yield and TON the more
electron poor substituent R gets(see Publication 6.2, Table 3). Therefore, to improve the per-
formance of system A by addition of P(R)3, the substituent R has to meet a further requirement:
(iii) the arylgroups R have to be electron withdrawing
It is supposed that the activity dependence of R is associated with the electron density of the
central iron atoms in [Fe2(CO)s(u-CO)(u-P(R)2)]™. Electron density decreases with an increas-
ing electron withdrawing effect of R, which is indicated by an IR shift to higher wavenumbers.
Parallel to that, the electrochemical reduction potential rises, which facilitates reduction of
[Fe2(CO)s(u-CO)(u-P(R)2)]. However, the reduction potential is still too low
([Fe2(CO)s(u-CO)(u-P(d)2)]: Epc) = —2.6 V vs. Fc*©) to enable reduction by onefold negatively
charged Ir-PS (E12 = -1.80 V vs Fc*?). Hence, the exact mechanism of a proton reduction
cycle involving [Fe2(CO)s(u-CO)(u-P(R)2)]” and the included reaction steps (e.g. protonation of
[Fe2(CO)s(u-CO)(u-P(R)2)] prior to reduction) need still to be investigated in future studies.
The best performance of system Bwmp at optimized reaction conditions (see section 1.5.4 for
conditions) was found for [NEts][Fe2(CO)s(u-CO)(u-P(c)2)] with an initial TOF of 309 h™" (within
the first 0.5 h) and a TON® of 1111 (after 20 h).
Investigation of the deactivation mechanisms of system B/Bmp was also part of the research.
Catalyst poisoning at high IrPS concentrations by bipyridine ligand transfer from the PS to the
catalyst was not observed for [Fe2(CO)s(u-CO)(u-P(R)2)]". This is a major reason for the high
stability of system B in comparison with system A. However, [Fex(CO)s(u-CO)(u-P(R)2)]™ is
exposed to other slower light-induced decomposition processes such as CO dissociation. The
decomposition was found to be attenuated under catalytic conditions in the presence of the
IrPS in THF/TEA/H-O and was observed to proceed more quickly without IrPS in pure THF.
Hence, [Fe2(CO)s(u-CO)(u-P(R)2)]™ is stabilized by catalytic turnover.
Due to the slow rate of decomposition, [Fex(CO)s(u-CO)(u-P(R)2)]” is present in solution for

more than 80 hours (in comparison, [HFe(CO).]™ is consumed after 16 hours). Simultaneous

8 Please note that in contrary to the work of F. Gartner et al.[’887] the TON in this work was calculated as n(Hz2)/n(Fez)
rather than n(Hz2)/n(Fes)
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to the degradation of the catalyst, the IrPS is decomposed. This is the reason for the steadily
declining hydrogen evolution rate during the reaction time. Accordingly, by addition of a second

IrPS batch at extended reaction times, gas evolution could be restored for at least four hours.

A worse performance of system B was found if [Fe3(CO)12] was applied as catalyst with more
than one equivalent of P(d); as co-catalyst. At these high phosphine concentrations, a terminal
carbonyl ligand of [Fez(CO)s(u-CO)(u-P(d)2)]” is substituted by P(d)s in a consecutive reaction
and the complex [Fe2(CO)s(P(d)s(u-CO)(u-P(d)2)]” emerges (Figure 1V.5., right, structure of
2P(R)3P(R)27). The species was assigned based on the agreement of its IR spectrum (Figure
IV.5., middle, turquoise spectrum) with those of similar complexes described in literature like
[Fex(CO)s(P(Me)(Ph)2)(u-CO)(u-P(Ph)2)]- and [Fex(CO)s(PH(Ph)2)(u-CO)(u-P(Ph)2)]- (see
publication 6.2., Supporting Information). In the 3'P-NMR spectrum, the complex shows two
doublet signals at & 131.6 (for u-P(d)2) and 81.7 ppm (for t-P(d)s) with a coupling constant of
2Jp.p = 36.6 Hz, which is consistent with the proposed structure. Furthermore, DFT calculations
support the assignment and indicate the terminal phosphine ligand to be in trans position to
the phosphido bridge. The additional phosphine ligand in [Fex(CO)s(P(d)s(u-CO)(u-P(d)2)]” in-
creases the electron density on the iron, which is subsequently even higher than on the iron
atoms in the bad performing complexes [Fex(CO)s(u-CO)(u-P(e)2)]” and
[Fe2(CO)s(u-CO)(u-P(f)2)]” (vide supra). This was concluded from the IR contributions of
[Fe2(CO)s(P(d)s(u-CO)(u-P(d)2)]” observed at lower wavenumbers than those of the electron
rich complexes [Fex(CO)s(u-CO)(u-P(e)2)]” and [Fe2(CO)s(u-CO)u-P(f)2)]”. Hence,
[Fe2(CO)s(P(d)s(u-CO)(u-P(d)2)]” is a complex with a bad catalytic activity, which emerges in
significant amounts in case of application of excessive quantities of P(d); and lowers the per-

formance of the system by competing with [Fex(CO)s(u-CO)(u-P(d)2)]” for electrons.

4.3 Investigation of System C (Publications 6.3., 6.4. and 6.5.)

Basis for the investigation of the noble metal free CuPS/[Fe3;(CO)q2] system C, has been a
work by Armaroli et al. who studied the dissociation of phosphine ligands in copper complexes
akin to the CuPS. Therein, the heteroleptic starting compound [Cu(bathocuproine)(xantphos)]*
(CuPSheteroleptic) Was found to be in equilibrium with the homoleptic complex [Cu(bathocupro-
ine)2]* (CUuPShomoteptic)l'°® (Figure 1V.8.). This is in line with experimental findings by means of
UV/vis spectroelectrochemistry experiments carried out by S. Tschierlei. During alternating
oxidation and re-reduction of the CuPS, S. Tschierlei observed a decline of the spectroscopic
band for CuPSheteroleptic and an increasing band for CuPShomoleptic.: EPR measurements by D.
Hollmann showed, that the CuPS* can be subject to both, the reductive- and oxidative quench-

ing. However, no oxidized copper could be observed after CuPS* reduced [Fe3(CO)+2], which
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indicates an unexpected reaction pathway. It was concluded that CuPS decomposes when

being oxidized. This is supported by cyclic voltammetry data.

CuPS,

CuPS,

heteroleptic homoleptic

Figure IV.8. Equilibrium between the heteroleptic CuPS and the homoleptic CuPS as described by Armaroli et
al..[108]

Hence, the diphosphine ligand is loosely bond to the CuPS. After dissociation, it is located in
a [Cu(xantphos).]* complex or remains free in solution. With [Fe3(CO)+2] and a (di)phosphine
ligand being present, the composition of the starting solution of system C is broadly similar to
that of system B. Therefore, the effects of the ligand dissociation reaction of the CuPS on the
catalyst Fe3(CO)2 in THF/TEA/H2O (4/1/1) under light irradiation, were investigated by oper-
ando IR spectroscopy in this work. As in system A and B, [HFe3(CO)11]” emerges at the be-
ginning of the solution. As the reaction proceeds, it is transformed into
[Fe2(CO)s(u-CO)(u-P(Ph)2)]~, the same species which had been observed in system B by ap-
plication of PPhs (P(e)s) as ligand. After 35 hours reaction time, [Fez(CO)s(u-CO)(u-P(Ph)2)]
is the only iron carbonyl complex present in solution. At that time, Hz evolution is ongoing,
which indicates that [Fe2(CO)s(u-CO)(u-P(Ph)2)]” is catalytically active in system C. These find-
ings reveal that xantphos also undergoes P-C cleavage. Similar to the [Fe3(CO)12])/P(d)s cou-
ple, formation of [Fe>(CO)s(u-CO)(u-P(Ph).)]” is also observed on the absence of the CuPS in
a solution of [Fe3(CO)12] and xantphos in THF/TEA/H.O. However, this occurs at much slower
speed, which is reduced by the factor 7 as compared to the corresponding reaction with the
monophosphine P(d)s. Notably, the presence of the CuPS and light irradiation accelerate the
formation [Fe2(CO)s(u-CO)(u-P(Ph)2)]™. It was concluded that reductive conditions promote the
P-C cleavage reaction of xantphos.

Based on the finding that system C is very dynamic and implies several rearrangement reac-
tions, the CuPShomoleptic Was tested as PS together with free xantphos and [Fe3(CO)12] (system
Cu) by Beller and co-workers for photocatalytic proton reduction. The Beller group also de-
signed a system that omits time consuming synthesis and provides in-situ formation of the
CuPS. This system consists of the components [Cu(MeCN)4]PFs, bathocuproine, xantphos
and [Fe3(CO)12] as starting material(system Cis). In both cases (system Cu and Cis), H2 yields

were observed, which are similar to those of system C.
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In all three systems, the CuPSheteroleptic Was found to be present in solution under catalytic
conditions, as observed by 3'P-NMR spectroscopy. Considering the equilibrium between
CuPSheteroleptic aNd CUPShomoleptic, it Was studied which of these complexes is the active pho-
tosensitizer. Investigation showed that CuP Shomoleptic N€ither shows activity in combination with
[Fes(CO)12] nor with pre-synthesized [NEL][Fe2(CO)s(u-CO)(u-P(Ph)2)], while the CuPShetero-
leptic does. Hence, the latter was confirmed to be the active photosensitizer, which is in line with

the experimental results of Amaroli and co-workers, who found the CuPShomoleptic 10 be inac-

tive.
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Figure IV.9. Operando IR/ex-situ ESI-MS measurements of system C. The concentration curves ([Catalyst]) of the
iron complexes [HFe3(CO)11]™ (red curve), [HFe(CO)4]~ (blue curve), and [Fe2(CO)s(u-CO)(u-PPh2)]~ (violet curve)
are illustrated. Furthermore, the concentrations ([PS]) as function of time are shown for the homoleptic CuPS
(black dots) and the heteroleptic CuPS (orange dots). The gas evolution curve is depicted as shaded area. For
the exact reaction conditions, please refer to publication 6.4, figure 6.

To simultaneously monitor the conversion and deactivation processes of the catalyst and the
photosensitizer, an experiment was carried out with operando IR applied in parallel to ex-situ
ESI-MS (Figure IV.9.). It was found that over the course of the reaction, CuPShomoleptic decays
first, while CuPSheteroleptic is relatively stable during the first 15 hours. As soon as CuP Shomoleptic
is decomposed, rapid degradation of CuPSheteroleptic OCCUrS. It was concluded that dissociation
of the bathocuproine ligand is the major degradation pathway of the photosensitizer. The CuP-
Shomoleptic S€rVEs as reservoir of bathocuproine and regenerates CuPSheteroleptic through adjust-
ment of the equilibrium. This finding is in line with the observation that higher TONs are
achieved with increased amounts of bathocuproine added at the beginning of the reaction.
As was found for system B, [Fe>(CO)s(u-CO)(u-P(R)2)]" is stabilized by catalytic turnover. As
soon as CuPSheteroleptic iS cONsumed, H; evolution stops and consequently rapid decomposition
of [Fe2(CO)s(u-CO)(u-P(Ph)2)]™ follows. Hence, the degradation reactions of both components
are linked to each other and the decomposition of the photosensitizer is the yield limiting pro-
cess of the system.

42



CONCLUSION AND OUTLOOK

V. CONCLUSION AND OUTLOOK

This work demonstrates the potential of spectroscopic and quantum computational techniques
for the investigation of the mechanism of catalytic reactions. For the photocatalytic water re-
duction systems A, B and C, the understanding of such a mechanism has been substantially
improved:

The monomeric intermediate, which was detected in previous studies, has now been identified
as [HFe(CO)4]™. This complex was found to be formed irrespectively of the applied iron car-
bonyl precursor and to be the dormant species of the system in equilibrium with the active
species [HFe3(CO)14]~. Due to the self-assembling nature of these hydride species, they might
be expected to be present, at least in small amounts, in many systems that include carbonyl
comprising iron-based catalysts.

It is pointed out that optimization of the IrPS has to be prioritized in order to improve system A
and B. This is concluded from the finding that in system A the quenching of the IrPS by TEA
constitutes the rate determining step and that the catalyst is poisoned by bpy ligands that were
dissociated from the IrPS. As shown in this work, application of electronic withdrawing phos-
phines results in the formation of the sulfur-free hydrogenase mimic
[Fe2(CO)s(u-CO)(w-P(R)2)], which is inert to poisoning by bpy. The complex
[Fe2(CO)s(u-CO)(u-P(R)2)]™ is furthermore stabilized by catalytic turnover and has a better cat-
alytic performance than the [HFe3(CO)11]” / [HFe(CO)4]™ species. Due to these properties of
the complex, the stability of the system is improved and is subsequently limited mainly by the
degradation of the IrPS. These findings answer the question of the role of the phosphine that
had been brought up in a review article by Du and Eisenberg®9.

Other iron phosphines were identified in this work like [Fe(CO)4P(R)s], which is present at the
beginning of the reaction, and the inactive [Fex(CO)s(P(R)s)(u-CO)(u-P(R)2)]” species, which
is generated at excessive amounts of P(R)s. Moreover, the requirements on the phosphine
and the reaction conditions that allow for the formation of the active [Fe2(CO)s(u-CO)(u-P(R)2)]”
species were presented. This narrows down the list of other potential phosphines that might
be tested in the future to improve the system. It has to be highlighted that due to the self-
assembly of the complex, time-consuming synthesis is omitted. This allows for easy regener-
ation of the catalyst, which is important for the longevity of modern solar fuel devices.['”! How-
ever, it was also shown that direct application of pre-synthesized
[NEts][Fe2(CO)s(u-CO)(u-P(R)2)] increases the initial TOF by 80% and the final H yield by 10%
due to the shortcut for the assembling reaction during the induction phase. The exact proton
reduction cycle of [Fe2(CO)s(u-CO)(u-P(R)2)]” including expected hydride-intermediates have

to be elucidated in future works.
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With focus on the PS, the system might be improved by substituting the former with an iridium
based PS that comprises tridentate ligands.!"333*4 The dissociation of these ligands and sub-
sequent catalyst poisoning could possibly be prevented due to the enhanced chelate effect.
The use of quantum dots as photosensitizer is also very promising, since they are known to
boost the system’s performance significantly, as shown in combination with other iron-, cobalt-
and nickel catalysts (see section 1.5).

There are also starting points to improve the performance of the [Fe2(CO)s(u-CO)(u-P(R)2)]”
catalyst or make use of it in other applications: E.g. usage of sulfonated phosphines like
P(CeHsSO3Na); (TPPTS), might increase the water-solubility of the complex and allow for a
higher water content in the solvent mixture. Also, diferrates that are not accessible by the self-
assembly reaction, like [Fe2(CO)s(u-CO)(u-P(O*0))]” with an electron-poor bridging phosphite
ligand (e.g. dioxaphospholane), might show a good catalytic performance. For integration in
dye-sensitized photoelectrochemical cells, the catalytic complex would need to be immobilized
at the electrode surface (see section 1.6). This immobilization could be realized in-situ e.g. by
application of diarylphosphine-functionalized polystyrene instead of molecular P(R)3.['*® This
polymer would in the same time constitute a protective layer for the electrode and allow for

hyper-quantitative catalyst loading (see section 1.6).

For system C, which makes use of a copper-based PS, the conversion processes of the PS
and the catalyst could also be elucidated and monitored in this work. The finding by Armaroli
and co-workers, that the diphoshine ligand (xantphos) is loosely coordinated to the Copper
was confirmed. It was further found by IR and NMR spectroscopy that the dissociated ligand
degrades, resulting in the formation of [Fex(CO)s(u-CO)(u-P(Ph)2)]".

Based on this knowledge, the Beller group designed an in-situ system where the CuPS self-
assembles from inexpensive [Cu(MeCN)4]PFes and respectively bare diphosphide and batho-
cuproine. This in-situ system dispenses with the CuPS synthesis and allows for an easy and
economic screening of potential ligands and optimizing of reaction conditions. By the latter, the
Beller group could increase the systems activity by 30%.

Regardless of the starting material, both, the homoleptic complex [Cu(N~N).]" and the hetero-
leptic CuPS [Cu(N~N)(P"*P)]* were found to be present in solution and confirmed to be in equi-
librium with each other over the reaction time. This was shown in this work by quantitative ex-
situ ESI-MS measurements that were carried out parallel to operando IR experiments. How-
ever, control experiments starting with pre-synthesized components revealed that the hetero-
leptic CuPS [Cu(N”N)(P*P)]* and the catalyst [Fe2(CO)s(u-CO)(u-P(Ph)2)]” exclusively consti-
tute the active components of the system. Similar to the systems A and B, the degradation of
the CuPS, more precisely the dissociation and degradation of the bathocuproine ligand from

the ligand was found to be the stability limiting process of the system.
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Research addressing the photostability of the copper-based photosensitizer is ongoing in the
scientific community. E.g. homoleptic Cu complexes with heteronuclear ligands like
[Cu(N”P),]* are tested. ['%6.137] Also, the application of multidentate ligands is investigated re-
sulting in complexes like [Cu(X*NAN~X),]* (X = O or S),[138.13% [Cu(PANANAP)]*,[%Y or macro-
cyclic [Cu(NANANAN)]*."* These complexes make use of the chelate effect and aim for con-
serving the tetrahedral coordination sphere upon excitation or for shielding the flattened ex-
cited state from nucleophilic attack by solvent molecules.

Please note that with regards to the catalyst, the CuPS/differate couple might be a promising
candidate to be the template for a Cu/Fe dyad. In literature, related complexes like
[{Fe2(CO)s(u-CO)(u-P(R)2)Cu}2(P*P)] have already been described.'4?

The sum of the ideas presented here, illustrate the potential of Fex(CO)s(u-CO)(u-P(R)2)]™ as

catalyst and its relevance in future applications.
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Mechanistic Study of Photocatalytic Hydrogen Generation
with Simple Iron Carbonyls as Water Reduction Catalysts

Steffen Fischer,” Olga S. Bokareva,™ Enrico Barsch,™ < Sergey I. Bokarev,” Oliver Kiihn,*®!

and Ralf Ludwig*™ 9

This study provides new insights into light-driven hydrogen
generation using an iridium photosensitizer (IrPS) and simple
iron carbonyls as water reduction catalysts (WRCs). Stopped-
flow rapid-scan FTIR and operando continuous-flow FTIR spec-
troscopy as well as time-dependent density functional theory
(TD-DFT) has been applied to study the reaction. The conver-
sion of the WRC precursor [Fes(CO);,] into the radicals
[Fe;(CO);;1"~ and [Fe,(CO)gl" as well as [Fe(CO)s] in the absence
of light in a solvent mixture of tetrahydrofuran, triethylamine,
and water has been studied quantitatively. During light-in-
duced hydrogen production in the presence of the IrPS, the tri-
meric [HFe;(CO);;1- and the monomeric [HFe(CO),]~ anion
could be identified as major WRC species. The equilibrium be-
tween both species can be shifted completely towards
[HFe(CO),]~ by increasing the water content of the solvent

Introduction

Efficient conversion and storage of solar energy in a convenient
chemical form such as hydrogen is one of the most prominent
challenges of modern “green energy” research. From this per-
spective, photocatalytic water splitting represents a very prom-
ising reaction to produce hydrogen with an estimated theoreti-
cal efficiency of more than 15%, generating a product that can
be used in fuel cells without emission of greenhouse gases."
The water-splitting process is usually divided into the oxidation
and reduction half reactions. By adding sacrificial oxidants or
reductants, these half-reactions can be investigated separate-
ly.” Accordingly, a homogeneous photocatalytic water reduc-
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mixture. Application of other iron(0) carbonyl compounds as
WRC precursors also results in the exclusive formation of
[HFe(CO),]1". Kinetic experiments show that the stability of the
system is primarily influenced by the applied amount of WRC
precursor, whereas the reaction rate is mainly determined by
the concentration of the IrPS. At least two loss channels could
be identified: light-induced CO dissociation from the WRC and
decomposition of the IrPS at high IrPS/WRC ratios, accompa-
nied by a ligand transfer from the iridium towards the iron
center of the WRC. To reveal the nature of the catalytically
active complex, binding energies and charge-transfer probabili-
ties of all coordination geometries of various IrPS--WRC com-
plexes have been calculated. These computations indicate an
increased probability of charge transfer for dimeric and trimer-
ic iron carbonyl species.

tion system consists of a sacrificial reductant (SR) as the elec-
tron donor, a photosensitizer (PS) as the light-absorbing and
primary charge-separating unit, as well as a water reduction
catalyst (WRC) as an agent for reducing aqueous protons and
assembling them into molecular hydrogen.”™ For industrial ap-
plications, such a system must be active and stable in the
long-term and be based on low-cost ingredients.”! To satisfy
the latter requirement, noble-metal-free complexes of Co, Ni,
and Fe have been suggested as active WRCs.”* However, a so-
phisticated and time-consuming synthesis of these complexes
is often necessary.

Beller and co-workers have reported the first photocatalytic
water reduction system utilizing simple iron carbonyls as the
WRC.® The iridium complex [Ir(bpy)(ppy),IPFs (IrPS; bpy =2,2'-
bipyridine; ppy =2-phenylpyridine) is used as a PS and triethyl-
amine (TEA) as the SR in a THF/TEA/H,O solvent mixture
(Scheme 1). If [Fe5(CO),,] is applied as the WRC, a turnover
number (TON) of 200 hydrogen molecules per Fe is achieved
after 3 h of light irradiation. This system has been further
modified by replacing the IrPS by a heteroleptic copper com-
plex with bathocuproin and xantphos ligands, resulting in
a photocatalytic water reduction system exclusively consisting
of earth-abundant elements.”

The present mechanistic study combines experimental and
theoretical methods such as IR spectroscopy and DFT calcula-
tions to focus on the homogeneous photocatalytic system
based on IrPS and iron carbonyl WRC and to continue previous

404 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Principle scheme of photocatalytic water reduction making use
of a sacrificial reductant (SR), an iridium photosensitizer (IrPS), and a water
reduction catalyst (WRC)."

investigations of the IrPS® and WRC subcycles.*™® The particu-
lar focus is put on elucidating the light-induced transformation
of the WRC precursor into catalytically active iron carbonyl
complexes and their degradation mechanism.

Results and Discussion
Dark-phase WRC activation

[Fe;(CO),,] is the standard WRC precursor in the photocatalytic
water reduction system as it shows a good activity and can be
handled conveniently. Belousov et al. have intensively investi-
gated the reaction of [Fe;(CO),,] with various Lewis bases."”
Dissolving [Fe;(CO);,] in a mixture of THF, TEA, and H,O leads
to the radical anions [Fe;(CO),,]", [Fe5(CO),,1", and [Fe,(CO) ]
with a ratio of 1:66:32, which has been studied by using EPR in
our previous work®™.

In the present study, we have followed this first electron-
transfer reaction by means of stopped-flow rapid-scan FTIR. Ini-
tially, [Fe;(CO),,] with vibrational bands at 2106 (vw), 2047 (s),
2025 (m), 1860 (vw), and 1825 (w) cm™' (Figures 1 and 2, tur-
quoise spectrum and concentration curve) is converted into
the rather unstable radical [Fe;(CO),,]"” (Figure 2, magenta con-
centration curve).
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Figure 1. Absorption spectra showing the conversion of [Fe;(CO),,] (tur-
quoise) into a mixture of [Fe;(CO),,1, [Fe,(CO)gl"", and [Fe(CO);] (violet).
Conditions: 2 mmol L™' [Fe;(CO),,] in THF/TEA/H,0 8:2:1, 25°C,
Atgpecta=045s.
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Figure 2. Conversion of [Fe;(CO),,] into a mixture of [Fe;(CO),,]",
[Fe,(CO)gl", and [Fe(CO)s] in the presence of TEA and H,O. Iron concentra-
tion determined by c¢x (number of Fe per molecule) of the species
[Fe;(CO),,] (turquoise), [Fes(CO),,]"~ (magenta), and the mixture of
[Fe5(CO),, 1", [Fe,(CO),l", and [Fe(CO)s] (violet). Conditions: 2 mmol L™
[Fe;(CO),,] in THF/TEA/H,O 8:2:1, 25°C.

The reaction rate is strongly accelerated by an increasing
water concentration (Supporting Information, Figure SI1). In
a consecutive reaction of pseudo-first-order type, [Fe;(CO);,]1"
decomposes into [Fe;(CO);1", [Fe,(CO)l"~, and [Fe(CO)s] (Fig-
ures 1 and 2, violet resulting spectrum and concentration
curve; for spectral assignments, see Figure SI3 in the Support-
ing Information). The latter species has been identified to be
the dominant EPR-silent iron species through the work of Holl-
mann et al.”! The rate constant of the decomposition reaction
at 25°C has been determined to be ky-c=0.038 s™' (Figure Sl4
in the Supporting Information).

Light-induced formation of [HFe(CO),]™

We have studied the following reaction processes under water
reduction conditions by means of operando continuous-flow
FTIR spectroscopy on a longer time scale. After adding IrPS to
the activated reaction mixture, hydrogen evolution starts
under exposure to visible light (380-700 nm). The IrPS is excit-
ed by irradiation and subsequently quenched reductively® by
the SR triethylamine. This results in the reduced IrPS and the
decomposition products diethylamine and acetaldehyde. The
latter is observed in the IR spectra at 1724 cm ™' 2%

Owing to the subsequent reduction by the reduced IrPS, all
of the iron carbonyl species [Fe;(CO),]"", [Fe,(CO)l™ and
[Fe(CO)s] are transformed within one minute into [HFe;(CO),17,
with IR-absorption features at 2064 (vw), 1999 (s), 1993 (s),
1975 (m), 1953 (w), 1941 (w), and 1748 (w) cm ™' (Figures 3 and
4, red spectrum and concentration curve),®®*" and the mono-
meric anion [HFe(CO),]”, with contributions at 1998 (w), 1908
(m), and 1878 (s) cm™' (Figures 3 and 4, blue spectrum and
concentration curve). The assignment of [HFe(CO),]™ is sup-
ported by comparison with literature values,"? DFT calculated
spectra, and the IR spectrum of synthesized [NEt,][HFe(CO),]"™
(Table SIT in the Supporting Information). In our previous
work, this complex was assigned as a monomeric intermedi-
ate.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Conversion of [HFe,;(CO),,]” (red) into [HFe(CO),]~ (blue) during the
first 1.5 h of light irradiation as tracked by operando continuous-flow FTIR.
Conditions: 10.0 pmol of IrPS, 6.1 umol of [Fe;(CO);,], 20 mL of THF/TEA/H,O
4:1:1, visible light (1.5 W), 25°C, At,yecta =8 min.
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Figure 4. Concentration curves (cx (number of Fe per molecule)) of iron spe-
cies [HFe;(CO),,]~ (red) and [HFe(CO),]~ (blue) as well as hydrogen evolution
curve (black) in a standard water reduction experiment. Conditions:

10.0 umol of IrPS, 6.1 pmol of [Fe;(CO),,], 20 mL of THF/TEA/H,0O 4:1:1, visi-
ble light (1.5 W), 25°C.

The equilibrium between [HFe;(CO),;]- and [HFe(CO),l~
strongly depends on the water content of the THF/TEA/H,O
mixture. For the volumetric ratio of 4:1:0.25, which was applied
in our previous in situ FTIR study,® both carbonyls are present
throughout the whole reaction time. At higher water concen-
trations, this equilibrium is shifted towards [HFe(CO),] . Thus,
at a THF/TEA/H,0O ratio of 4:1:1, the [HFe;(CO),,]- complex is
converted completely into [HFe(CO),]~ within 1.5 h. Notably,
hydrogen evolution continues for a further 15 h as long as
[HFe(CO),l™ is present in solution (Figure 4). In addition, the
higher water content slightly increases the hydrogen evolution
rate (Figure SI5 in the Supporting Information). All further stud-
ies were carried out with a THF/TEA/H,O 4:1:1 mixture, as this
is the standard ratio of catalytic experiments in the literature.”

In addition to [Fe;(CO),,], various other iron(0) carbonyls
show catalytic activity as WRC precursors.” [Fe(CO)],
[Fe5(CO)ol, [HNEt;][HFe;(CO),,], and [NEt,J[Fe(NO)(CO);]1 have
been applied in operando continuous-flow FTIR experiments.
In all cases we observed a complete conversion into
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[HFe(CO),]~ under water reduction conditions (Figure SI6 in the
Supporting Information). The time needed for full conversion
ranges between 1.5 h for [Fe;(CO),,] and [HNEt;][HFe;(CO),,]
and 12 min for [Fe(CO)s]. In the case of [Fe(CO),], transforma-
tion even partly occurs in the dark, which conforms to the
water gas shift reaction."”

Note that after the preformation reactions, [HFe(CO),] is the
only observable catalyst intermediate during water reduction.
To exclude these preformation reactions, [NEt,J[HFe(CO),] was
directly applied as the WRC precursor in the following kinetic
experiments.

Rate-limiting step and loss channels

As seen in Scheme 1, the photocatalytic water reduction
system consists of two catalytic subcycles: the IrPS subcycle
and the WRC subcycle. To determine which one is rate-limiting,
the initial concentration of each catalyst was varied in kinetic
experiments. First, the WRC was brought into focus by varying
the initial concentration of [NEt,J[HFe(CO),] from 0.12 to
0.45 mmolL™", while the concentration of IrPS was kept con-
stant at 0.62 mmolL'. Experiments show that within the
chosen concentration range, increasing amounts of WRC do
not affect the initial hydrogen evolution rate, which does not
exceed a value of 10.8 mLh™' (Figure 5). The zeroth reaction

c,(HFe(CO),T)
401 [mmoliL]
75
30
z
= 204 ;
> 0.34
104 0.24
0.12
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0 5 10

t[h]

Figure 5. Hydrogen evolution curves for different initial WRC concentrations
in the water reduction experiments. Conditions: 12.5 umol of IrPS, 2.4 to
9.0 umol of [NEt,J[HFe(CO),], 20 mL of THF/TEA/H,0 4:1:1, visible light
(1.5W), 25°C.

order shows that the major rate-limiting step of the whole cat-
alytic system is independent of the WRC. Apart from that, it is
shown that the overall hydrogen yield grows significantly and,
thus, the system’s stability improves by applying higher
amounts of WRC (for TONs, see Figure SI8 and Table SI2 in the
Supporting Information).

Next, the IrPS subcycle was analyzed. Kinetic experiments
with an initial concentration of IrPS in the range from 0.01 to
1.25mmolL™" and a constant WRC concentration of
0.40 mmol L' were performed. The experiments showed an in-
creasing initial hydrogen evolution rate with increasing
amounts of IrPS (Figure 6a). Between 0.01 and 0.08 mmolL™",
a linear dependence on IrPS is found, which shows a pseudo-
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Figure 6. Hydrogen evolution curves (a) and concentration (c x (humber of
Fe per molecule)/absorption curves (b, c, d) of experiments with varying ini-
tial concentrations of IrPS. Iron carbonyl species: [HFe(CO),]~ (blue),
[Fe(CO);(bpy)] (green), y (orange), z (cyan), [HFe5(CO),,]~ (red);
3:[HFe;(CO);;1~ + [HFe(CO),]l~ (dashed violet). Conditions: 0.0 (b), 1.6 (c), or
25.0 umol (d) of IrPS, 8.0 umol of [NEt,J[HFe(CO),], 20 mL of THF/TEA/H,0
4:1:1, visible light (1.5 W), 25°C.

first-order behavior with respect to the IrPS (Figure SI11 in the
Supporting Information). In this range, the experimental results
are congruent with the findings of Neubauer et al.®’ They ex-
clusively investigated the IrPS subcycle by theoretical methods
and photoluminescence spectroscopy at a IrPS concentration
of 0.013 mmol L™ and found the quenching of the excited IrPS
by TEA to be the rate-limiting step. Considering the results of

ChemCatChem 2016, 8, 404-411

www.chemcatchem.org 407

CHEMCATCHEM
Full Papers

this work, it can be concluded that this process is the rate-lim-
iting step of the whole system. However, for IrPS amounts
higher than 0.08 mmolL™", we observed deviations from
pseudo-first-order kinetics (Figure SI12 and Table SI3 in the
Supporting Information). The reason for this may be the solu-
tion’s increased light absorption at a concentration range in
which the Lambert-Beer law is not valid anymore.

At low IrPS concentrations, from 0.01 to 0.16 mmol L' (Fig-
ure 6a, grey curves), an increasing hydrogen yield is observed
and [HFe(CO),]” is the only IR-active species observed through-
out the whole reaction (Figure 6¢c). At these conditions, the de-
composition of [HFe(CO),]™ is considered to be partly induced
by light irradiation, which causes CO dissociation from the
metal center™ and leads to IR-inactive decomposition prod-
ucts.

To study the WRC behavior independently from the IrPS,
[NEt,][HFe(CO),] was dissolved in the THF/TEA/H,O mixture. In
the dark, this solution is stable for at least 20 h. Irradiation of
this solution initiates the formation of [HFe;(CO),;]~ from the
monomeric anion (Figure 6b). Note that with [NEt,J[HFe(CO),]
as the WRC precursor, the trimeric species is only observable in
the absence of IrPS. The presence of even small amounts of
IrPS results in a fragmentation of the trimers , which again
leads to [HFe(CO),]~ as the only observable complex (Fig-
ure 6¢). The overall iron concentration curve in the absence of
IrPS (Figure 6b, dashed violet) still differs from the [HFe(CO),]~
concentration curve in the case of low IrPS concentration (Fig-
ure 6 ¢, blue). This implies an additional loss channel within the
catalytic cycle.

At high IrPS concentrations, from 0.16 to 1.25 mmol L™ (Fig-
ure 6a, black curves), the decomposition of [HFe(CO),]” is even
more accelerated by increasing amounts of IrPS. When
[HFe(CO),]™ disappears, the hydrogen evolution rate decreases
dramatically. For the highest IrPS concentration, this happens
after 2 h (Figure 6d). In that time, [HFe(CO),]” is mainly con-
verted into [Fe(bpy)(CO);] (1972.5 (s), 1890 (s) cm™'; Figure 7,
green spectrum) and the unidentified species y (1965 (m),
1883 (s) cm™'; Figure 7, orange spectrum). Both show a consid-
erably lower activity. In a consecutive reaction, the iron com-
plex z is formed (2033.5 (w), 1989.5 (s), 1892(w) cm™'; Figure 7,
cyan spectrum), which does not show any catalytic activity.
The accelerated decomposition of [HFe(CO),]” at these high
IrPS concentrations leads to a declining overall hydrogen yield
(Figure 64, black curves) and can be attributed to the destruc-
tion of the IrPS and a transfer of the bipyridine ligand from the
IrPS to the iron center of the WRC. This is supported by
a study by Bernhard and co-workers."® They observed a loss of
the bpy ligands from the IrPS to form [Ir(ppy),] . Furthermore,
the formation and assignment of [Fe(bpy)(CO);] is supported
by spectroscopic data"” (Table SI5 in the Supporting Informa-
tion) and DFT frequency calculations (Figure 7, calculated spec-
trum, dashed green).

The catalytically active complex

[HFe(CO),]™ cannot be the catalytically active complex as its re-
duction potential (—1.98 VI'®) is too low for it to be reduced
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Figure 7. Extracted experimental (solid) and calculated (dashed) pure com-
ponent spectra and calculated structures of species observed during photo-
catalytic water reduction when applying [NEt,J[HFe(CO),] as the WRC. Spe-
cies: [HFe(CO),]~ (blue, top structure), [Fe(bpy)(CO),] (green, bottom struc-
ture), y (orange), z (cyan).

by the IrPS (reduction potential —1.38 V'), Instead, it can be
considered to be the resting state of the catalytically active
complex.

Irradiating a [HFe(CO),]~ solution without IrPS results in the
formation of dimers and trimers. Experiments show that these
species are highly reactive towards the reduced IrPS. As ob-
served by IR spectroscopy, they are rapidly reduced and con-
verted into [HFe(CO),]~ under water reduction conditions (Fig-

[HFe(CO).I

[HFe,(CO) |
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ure SI14 in the Supporting Information) and possibly remain
present in amounts below the detection limit.

This first electron transfer onto the WRC is a crucial reaction
step for the catalytically active species and was further investi-
gated by computational studies of IrPS--WRC complexes with
[HFe(CO),]~, [HFe,(CO)sl~, and [HFe,(CO);]~ as the WRC. Bind-
ing energies and probabilities of charge transfer (CT) have
been calculated for all configurations of the IrPS--WRC com-
plexes with a Ir--WRC-center distance of 10 A (Figure 8). The
binding maps of IrPS with the three iron carbonyl catalysts
have maxima or minima at the ligand positions. For the mono-
mer and dimer, the points indicating the catalyst position near
the ligand correspond to attractive regions with binding ener-
gies up to —0.08 eV for the monomer and —0.12 eV for the
dimer; the cavities between ligands provide unbound regions.
In contrast, for the trimer, the binding energies in the cavities
reach values up to —0.17 eV, whereas the other areas are repel-
ling as a result of the larger size of the iron complex. The prob-
ability of CT from the IrPS to the WRC has been evaluated on
the basis of TD-DFT calculations of the lowest doublet excited
states. The spin-density of the IrPS-«-WRC complex in the
ground doublet state is always located on the mt,*(bpy) orbi-
tals, pointing to no CT without irradiation.

If we compare the probability of electron transfer from IrPS
to the Fe catalyst, the WRCs can be organized by their increas-
ing photoactivity: [HFe(CO),]” (0%) < [HFe,(CO)gl™ (5.3%) <
[HFe;(CO);;1 (18 %), where the percentage of points where the
first excited state is of long-range CT nature is given in paren-
thesis. In addition, if we consider the trimer placed on
a sphere of 11 A (Figure SI16 in the Supporting Information),

[HFe,(CO)..I
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Figure 8. Calculated binding energies and charge-transfer configurations (white hollow circles) of IrPS-*WRC complexes (a, b, and c); the WRC is located on

a sphere around the IrPS at the distance R=10 A, as shown in (d) for the example of WRC =[HFe(CO),]". The projections of atoms of the bpy and ppy ligands
onto the sphere are also given. (e) and (f) Examples of transition density differences for IrPS-localized and intermolecular transitions are shown. Blue and red
colors indicate regions of electron loss and gain, respectively.
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the repelling areas near the ligand positions disappear and the
binding map is similar to those of the monomer and dimer at
a distance of R=10 A. However, increasing the distance be-
tween IrPS and [HFe,(CO);,]” leads to a decreasing number of
points where CT is the first excited state, from 18 to 5.3%,
which is again similar to the dimer case. Note that despite the
absence of CT-favorable points in the case of the monomer,
the reaction could nevertheless take place because higher ex-
cited states can be involved or the reaction can be assisted by
direct solvent complexation as proposed in previous work.
For the monomer placed on a sphere of 7 A, the percentage of
favorable combinations (15%) is comparable with that of the
trimer. However, a situation in which the WRC comes very
close to IrPS, “pushing aside” the solvent molecules, can hardly
be achieved.

These results confirm that the active complex can only be
a dimeric or trimeric iron carbonyl species. DFT calculations
predict negative values for the changes in the Gibbs free
energy (AG) for all steps in a water reduction catalytic subcycle
(Figure 9) starting with [HFe;(CO);;]". This shows that the tri-

o [HFe.(CO)T o
[HFe,(CO). T

[Fe,(CO).I"
o [Fe.(CO).I

" = @ [HFe(CO).]
+e & +H"
[Fe,(CO).T [H.Fe,(CO).J

-H,

Figure 9. Evolution of [HFe;(CO),;]~ in THF solution in the course of catalysis
as predicted theoretically. The scheme does not consider a particular source
of free electrons. For all reactions, the corresponding change in Gibbs free
energy, AG (in kcalmol™), is provided by the numbers in the circles. Inset:
the structure of [HFe,(CO),,]".

meric species can be considered to be a catalytically active
complex.®™™? Fragmentation into the dimer [Fe,(CO),l" and
monomer [HFe(CO),]~ can occur after the first reduction step.
The small negative AG value for this process suggests that the
fragmentation products are thermodynamically favored. Subse-
quently, [Fe,(CO)gl"™ can be further reduced and converted into
the resting state, [HFe(CO),]~, as shown experimentally (Figure
SI14 in the Supporting Information).

Conclusions

In this work, the mechanistic understanding of the WRC cycle
in the photocatalytic water reduction system has been further
improved. The emerging picture is summarized in Scheme 2.

By means of stopped-flow rapid-scan FTIR spectroscopy,
transformation processes of the precursor [Fe;(CO);,] in the
dark, in the solvent mixture of THF/TEA/H,O has been quanti-
tatively determined. Owing to reduction by TEA, the unstable
radical [Fe;(CO),,]~ is formed and rapidly converted in
a pseudo-first-order reaction (k,s-c=0.038 s™') into a mixture of
[Fe5(CO) I, [Fe,(CO)gl, and [Fe(CO)s].
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Scheme 2. Transformation and deactivation processes of the WRC in the ab-
sence of light and during photocatalytic water reduction.

By using operando continuous-flow FTIR spectroscopy, the
WRC species present under water reduction conditions have
been identified and their catalytic role and decomposition pro-
cesses have been elucidated. By adding IrPS and irradiation of
the reaction mixture, all the iron carbonyls originating from
[Fe;(CO),,] are converted into [HFe;(CO),;17, which in turn is
transformed into [HFe(CO),] . The latter conversion proceeds
completely only at relatively high water concentrations such as
in a THF/TEA/H,0 mixture with a ratio of 4:1:1. The exclusive
formation of [HFe(CO),]™ also takes place if other WRC precur-
sors such as [Fe,(CO),l, [Fe(CO)s], or [NEt,][Fe(NO)(CO),] are ap-
plied. Remarkably, hydrogen evolution can only be observed
as long as [HFe(CO),]” is present in solution, a species that is
decomposed over the reaction time, partly as a result of light-
induced CO dissociation. However, this species can only be
considered to be the resting state of the catalytically active
water reduction complex as its electrochemical potential is too
low to allow an electron transfer from the IrPS.©

Kinetic experiments showed that the WRC is not involved in
the system'’s rate-limiting step. Thus, an increase in the initial
concentration of the precursor [NEt,J[HFe(CO),] does not lead
to an enhanced hydrogen evolution rate, but to a higher hy-
drogen yield, owing to the larger WRC reservoir. If the concen-
tration of the IrPS is increased, the initial hydrogen evolution
rate rises. As first-order kinetics with respect to the IrPS were
found for IrPS concentrations between 0.01 and 0.08 mmol L™,
the quenching of the excited IrPS by TEA can be considered to
be the rate-limiting step of the overall system, as also found
by Neubauer et al. for the IrPS subcycle.® However, with in-
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creasing initial IrPS concentration, the hydrogen yield passes
through a maximum at 0.16 mmolL™" (TONg=186) and de-
creases at very high concentrations of IrPS. The accelerated de-
activation of the catalytic system at these high IrPS concentra-
tions is due to the bpy ligand transfer from the IrPS onto
[HFe(CO),]™, resulting in the much less active [Fe(bpy)(CO)s].

TD-DFT calculations show that charge transfer from the IrPS
to the WRC is only possible for dimeric or trimeric iron species.
As calculated, [HFe;(CO),,]™ is theoretically able to run a WRC
subcycle as the catalytically active complex, producing hydro-
gen or decomposing into the resting state [HFe(CO),]” and
[Fe,(CO), I~ after the first reduction step. The latter species can
also be reduced and converted subsequently to form
[HFe(CO),]™ as shown experimentally. Finally, the resulting rest-
ing state, [HFe(CO),]™, can be considered as a WRC reservoir to
continuously produce the catalytically active dimeric and tri-
meric species upon light irradiation, which is observed in ex-
periments without IrPS.

Concluding, the photocatalytic system with simple iron car-
bonyls as the WRC is very dynamic. For further improvement
of the system, at least two directions should be explored:
design of light-resistant trimeric or dimeric WRC compounds
to increase the system’s stability (e.g., addition of CO-substitut-
ing phosphine ligands®”) and improvement of the per-
formance of the IrPS to enhance the system’s activity. Further-
more, the ground, excited, and reduced states of the IrPS
should be inert towards ligand dissociation (for example, see
reference [20]) to allow reaction conditions with an excess of
IrPS.

Experimental Section

All experiments were carried out in an argon atmosphere and
under exclusion of air. Solvents were purified and degassed by
standard procedures prior to use. The catalyst precursors were pur-
chased from a commercial supplier (Sigma-Aldrich). [Ir(bpy)-
(PpY),IPF6, 2" [HNEt;][HFe;(CO);,1,*? [NEt,J[HFe(CO),1," and [NEt,]
[(NO)Fe(CO);]* were synthesized according to literature proce-
dures.

The time-resolved infrared experiments for the dark phase were
carried out on a stopped-flow unit (TgK Scientific, UK) combined
with a VERTEX 80 (Bruker) with rapid-scan extension. The solutions
and the IR cell were thermostated to 25°C. The IR cell has CaF,
windows. The optical path length was specified by the supplier as
100 um. The spectra (2 scans per spectrum) were taken with a reso-
lution of 2 cm™". At a mirror velocity of 320 kHz, we were able to
record an IR spectrum every 116 ms.

The experimental setup (Scheme SI1) for time-resolved operando
continuous-flow FTIR experiments under light irradiation consists
of a reaction vessel connected to a FTIR-spectrometer and to an
automatic gas burette. Hence, this setup provides the tracking of
gas evolution and the simultaneous acquisition of IR spectra and
differs from the setup of the Beller group'® only by the additional
IR unit.

A mercury vapor lamp (LUMATEC) was attached to the double-
walled thermostatically controlled reaction vessel at a fixed posi-
tion by a fiber optic cable. This lamp emits visible light between
380 and 700 nm. The reaction solution was stirred by a magnetic
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stirrer at constant and reproducible speed and was continuously
circulated by a microannular gear pump (HNP) through the ther-
mostated measuring cell of the IR spectrometer. The cell was
equipped with CaF, windows and has an optical path length of
100 um. The FTIR measurements were carried out with a Bruker
Tensor 27 spectrometer with a mercury-cadmium-telluride (MCT)
detector. Tracking of gas evolution was realized by an automatic
gas burette (MVESSEN NORD). Its temperature was kept constant at
25°C. A condenser was installed in between the reaction vessel
and the gas burette and operated at 5°C to retain volatile sol-
vent.?¥

A typical experiment was carried out as follows: the whole appara-
tus was evacuated and purged with argon five times to provide
oxygen-free conditions. The reaction vessel was filled with 20 mL
of solvent. After temperature adjustment, an IR spectrum was
taken and used as the background. The solid catalysts were added
to the system. After reaching thermal equilibrium between the gas
and condensed phases (10 min), the reaction was started by irradi-
ating the solution (1500 mW). An IR spectrum with 20 scans was
taken every 30s. The monitored hydrogen evolution curve was
corrected for the system’s blind value, which was obtained in an
experiment without catalysts.

The pure component spectra and the associated absorption and
concentration profiles were extracted with an algorithm based on
factor analysis.”” In Figures 2, 4, and 6b, the concentrations of the
complexes were multiplied by the number of their iron atoms to
facilitate identification of conversion processes. This is indicated
with the entry “cx(number of Fe per molecule)”. In Figure 6c and
6d, the absorption curves indicate the maximum of each species’
absorption spectrum as a function of time.

Theoretical methods

Quantum chemical calculations have been performed with (TD)-
DFT by using the long-range corrected density functional approach
(LC-BLYP) to correctly account for charge-transfer excitations.”®!
This approach has previously been used to investigate the vertical
excitation energies of the bare IrPS®” and it was applied further to
describe other steps of the photocatalytic cycle.”® An important
aspect concerns the choice of the so-called range separation pa-
rameter, w, which defines the switching between short- and long-
range parts in the exchange-correlation potential. Following the
strategy put forward in Ref. [29], this parameter was tuned such as
to guarantee the fulfilment of Koopmans' theorem; the details can
be found in a separate publication.®® The value w=0.18 bohr'
has been applied for all calculations.

Numerical calculations and frequency calculations were performed
by using the Gaussian 09" program with the LANL2DZ ECP®? and
basis set for Ir and Fe and the 6-31G(d)*® basis set for all other
atoms. For DFT/TD-DFT calculations, no symmetry restrictions were
applied. The environment effects of THF solvent have been includ-
ed through the Polarizible Continuum Model (IEFPCM).B* Calculat-
ed IR bands were plotted with a half width of 8 cm™' and harmonic
IR frequencies were corrected by a scaling factor f=0.9795, which
was chosen to give best agreement of calculated with experimen-
tal data.

As no stable complexes between IrPS and WRC are supposed to
be formed in solution, the binding energies and energies of the 10
lowest excited states have been calculated for 152 configurations
for each WRC, similar to our previous study of interaction between
IrPS and TEA.®! The center of masses of the iron catalysts (M,) were
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placed on spherical grids around the IrPS. The relative orientation
of iron catalyst towards the Ir-M_ axis was kept fixed; no geometry
relaxation was included. The distance between Ir and M. was 10 A
(Figure 9). For the monomeric WRC, this study was repeated for
a distance of 7 A (Figure SI13 in the Supporting Information);
owing to steric hindrance, it was not done for the dimer and
trimer forms.
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Shortened Abstract

In this mechanistic study, Fischer et al. identified catalyti-

cally relevant key species in photocatalytic proton reduc-
tion through an iron carbonyl catalyst, an electronic with-
drawing phosphine co-catalyst and an iridium dye. By
means of operando FTIR, NMR and XAS spectroscopy,
the sulfur free [FeFe]-Hydrogenase active site mimic

[Fe2(CO)s(u-CO)(u-P(aryl)2)]” was found to self assemble

and to show good catalytic performance depending on the

applied phosphine. The authors specified reaction condi-
tions necessary for catalyst formation and deactivation mechanisms, thus providing a deeper

understanding of the system for improvements in future applications.

Contribution to this Work (50%)

Steffen Fischer designed and carried out all NMR and operando continuous flow FTIR experi-
ments as well as DFT calculations. He analyzed the spectroscopic data and identified all iron
phosphides mentioned in this work. Further, he investigated the requirements for formation
and activity of the diferrate [Fe2(CO)s(u-CO)(u-P(aryl)2)]” and studied the deactivation mecha-
nism of the system. He was involved in the synthesis and performance experiments of the
molecularly defined [NEt][Fe2(CO)s(u-CO)(u-P(aryl)2)] catalysts. Steffen Fischer was also in-
volved in design and implementation of the XAS experiments as well as in design and data
analysis of the cyclic voltammetry measurements. He formed the concept of this work, led the
discussion of the experimental results, and wrote the manuscript. The overall contribution is
about 50%.

59



PUBLICATIONS

60



.@2 ChemPubSoc
x Europe

DOI: 10.1002/chem.201802694

CHEMISTRY

A European Journal

Full Paper

Check for
updates

l Photocatalytic Proton Reduction |Hot Paper|

Diferrate [Fe,(CO),(u-CO){u-P(aryl),}I~ as Self-Assembling Iron/
Phosphor-Based Catalyst for the Hydrogen Evolution Reaction in
Photocatalytic Proton Reduction—Spectroscopic Insights

Steffen Fischer,™® Arend Résel,””’ Anja Kammer,'@ Enrico Barsch,” Roland Schoch,
Henrik Junge,” Matthias Bauer,'” Matthias Beller,” and Ralf Ludwig*® ™

/Abstract: This work is focused on the identification and in-
vestigation of the catalytically relevant key iron species in a
photocatalytic proton reduction system described by Beller
and co-workers. The system is driven by visible light and
consists of the low-cost [Fe;(CO),,] as catalyst precursor,
electron-poor phosphines P(R); as co-catalysts, and a stan-
dard iridium-based photosensitizer dissolved in a mixture of
THF, water, and the sacrificial reagent triethylamine. The cat-
alytic reaction system was investigated by operando contin-
uous-flow FTIR spectroscopy coupled with H, gas volumetry,
as well as by X-ray absorption spectroscopy, NMR spectros-
copy, DFT calculations, and cyclic voltammetry. Several iron
carbonyl species were identified, all of which emerge

N

throughout the catalytic process. Depending on the applied\
P(R);, the iron carbonyl species were finally converted into
[Fe,(CO)4(u-CO){u-P(R),}] . This involves a P—C cleavage reac-
tion. The requirements of P(R); and the necessary reaction
conditions are specified. [Fe,(CO)4(1-CO)}{u-P(R),}]™ represents
a self-assembling, sulfur-free [FeFe]-hydrogenase active-site
mimic and shows good catalytic activity if the substituent R
is electron poor. Deactivation mechanisms have also been
investigated, for example, the decomposition of the photo-
sensitizer or processes observed in the case of excessive
amounts of P(R);. [Fe,(CO)¢(u-CO){u-P(R),}1~ has potential for
future applications.

/

Introduction

The use of sunlight, more precisely, the storage of solar energy
in the form of chemical energy carriers, represents one of the
most promising options to approach current energy challeng-
es.! Photocatalytic water splitting into oxygen and energy-
containing hydrogen is very suitable for this purpose. Its two
half-reactions, water oxidation and water reduction, are mostly
studied separately. This allows for simplification of the system
and facilitates a detailed understanding, which is beneficial for
further improvements.” The photocatalytic water reduction re-
action requires the application of a sacrificial reagent (SR) as
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electron donor. Furthermore, a light-harvesting and charge-
separating photosensitizer (PS) is necessary. The PS transfers
electrons to a catalyst, the proton reduction catalyst (also
named as the water reduction catalyst), which combines them
with protons from water to accomplish the hydrogen evolu-
tion reaction.” The catalyst is preferably made of abundant
and low-cost metals, such as iron, cobalt, nickel, copper, or
zinc, and must show long-term stability.” Molecular iron-based
catalysts have mainly been inspired by the structure of the
active site of [FeFe]-hydrogenase ([FeFel-H,ase;” (Figure 1,
gray background), which has been the focus of numerous re-
views 246l

Embedded in a protein matrix, the diiron complex shows
specific structure motifs, for example, terminal cyanide and car-
bonyl ligands as well as a bridging carbonyl and an azadithio-
lato ligand (adt"). In adt", the nitrogen bridgehead acts as a
pendant base and plays an important role in the biological cat-
alytic cycle.

A successful [FeFe]-H,ase active-site mimic applied in a pho-
tocatalytic water reduction reaction was introduced by Wang,
Sun and co-workers.”? They used [Fe,(adt®)(CO)s{P(Pyr);}] (Pyr=
N-pyrrolyl; Figure 1) as catalyst together with an iridium-based
PS, [Ir(bpy)(ppy),IPF¢ (Ir-PS, bpy =2,2'-bipyridine, ppy = 2-phe-
nylpyridine; Figure 2), and triethylamine (TEA) as SR. The
diiron complex achieved a turnover number (TON) of 466 mol-
ecules of H, per molecule of catalyst after 8 h of light irradia-
tion.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Photosensitizers employed in photocatalytic proton reduction.

Zeng, Yang, Li and co-workers employed the same PS and
SR.® Concerning the catalyst, they made use of dendritic archi-
tectures that encapsulate the active-site model of the [FeFel-
H,ase to mimic the protein matrix of the enzyme. For catalysts
incorporating one to four dendrimer generations (as an exam-
ple, the two-generation catalyst is depicted in Figure 1), TONs
of 18100 to 22200 were observed. However, the system was
only tested on a very small scale with 10 nm catalyst. Systems
like these show that the nitrogen atom in the thiolate bridge
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of the catalyst is not indispensable, because abiological reac-
tion mechanisms are also suitable for the reduction of proto-
ns.[

With [FeFe]-H,ase active-site mimics in combination with a
different class of PS, namely quantum dots like CdTe, TONs of
up to 52800 have been observed by Jian, Wu and co-work-
ers.” The same group revealed that this high TON should
mainly be attributed to the PS rather than the catalyst."” In
fact, a similar system using [Fe,{u-S(CH,),SO;Na},(CO)4] as cata-
lyst (Figure 1) and ascorbic acid as SR showed a TON of 26 500
if the quantum dot CdSe (Figure 2) was employed, but only a
TON of 178 if a ruthenium-based PS [Ru(bpy);][PFsl, (Ru-PS,
Figure 2) was used, the latter belonging to the same class as
|I’-PS.[”'12]

A thiolate-free photocatalytic system with a self-assembling
catalyst was presented by Beller and co-workers."® This system
consists of the Ir-PS and commercially available iron carbonyls
such as [Fe;(CO),,] (3CO) as catalyst precursor. Thus, time-con-
suming synthesis of the catalyst is avoided. The components
are dissolved in a THF/TEA/H,O mixture (4:1:1, v/v/v), and TEA
again acts as the SR. After 6 h of irradiation by visible light, a
TON of 400 was achieved. Extensive spectroscopic studies by
our group and colleagues™ revealed important mechanistic
information, which will be summarized below.

The Beller system was later modified by the addition of spe-
cific electron-poor arylphosphines (P(R);) as co-catalysts
(Figure 1, bottom).'* The addition of P(C¢H,-4-CF,); (P(d)s) led
to an increased TON of approximately 50% up to 675 after 3 h.
Under optimized reaction conditions and the application of
P[C¢H,-3,5-(CF5),]; (P(c);) as co-catalyst, a TON of even 1610
was achieved after 24 h. Notably, the reaction can be driven by
visible light only. This was shown by the application of 385
and 420 nm UV cutoff filters, which led to a decrease of the
TON by not more than 5 and 10%, respectively, as compared
with the measurements with unfiltered Xe light. Further im-
provement of the system was accomplished by use of an Ir-PS
derivate with an isopropyl substituent (Ir-PS;,, Figure 2), which
led to a final TON of 2770 after 20 h of irradiation with blue
light (440 nm)."

Acknowledging these high TONs and taking into account
the widely differing reaction scale or photosensitizer applied in
the aforementioned systems, 3CO together with P(R); still rep-
resents an outstanding iron catalyst that combines easy access
with a comparably high performance.

Du and Eisenberg highlighted the system of Beller and co-
workers in a review and at the same time remarked on the ob-
scurity of the role of phosphine.”? Moreover, it was not clear
why phosphites or phosphines that differ from the above-men-
tioned do not enhance or even reduce the catalyst per-
formance. Another unexplained issue is the decline in activity
that was observed if the otherwise enhancing P(d); was ap-
plied in amounts greater than one equivalent with respect to
3Co.l

In this work we have investigated these issues by monitor-
ing the system by operando continuous-flow FTIR spectrosco-
py coupled with simultaneous measurement of the evolving
H, volume. We therefore applied various types of P(R); with
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different electron-acceptor/donor properties, starting with the
electron-poor P(OPh); (P(a);) through to the electron-rich alkyl-
phosphine P(Bu); (P(i);; Table 1, first and second column). For
the phosphine P(d); we additionally performed a more detailed
analysis by NMR spectroscopy, DFT calculations, and cyclic vol-
tammetry. Furthermore, X-ray absorption spectroscopy (XAS)
was carried out to substantiate our analysis. We start the fol-
lowing section by describing the species that emerge through-
out the reaction if 3CO and one equivalent of phosphine are
applied. Subsequently, we present the results of our XAS study
and specify the catalytic relevance of the identified species. At
the end of this work, we discuss the deactivation processes of
the system and illustrate the results of our electrochemistry ex-
periments.

Results and Discussion

Emerging species due to the application of 3CO and one
equivalent of phosphine

In the original phosphine-free system of Beller and co-workers,
a preliminary reaction preceding light irradiation was ob-
served: The moment the precursor [Fe;(CO);,] (3CO) was dis-
solved in THF/TEA/H,0, it started to convert within 2 min into
a mixture of [Fe;(CO),,1", [Fe,(CO) ", and [Fe(CO);]. This was
caused by the presence of TEA and water and has been report-
ed in our previous publications."*%

If the system was modified by the additional application of
one of the phosphines P(b);, P(d);, P(e);, P(f);, P(h);, or P(i);
(Table 1), the same conversion reaction of 3CO took place, but
additionally a further species emerged, identified as
[Fe(CO),{P(R);}1 (1P(R);; see Figure SI1 in the Supporting Infor-
mation). The assignment of 1P(R); was supported by *'P NMR
analysis of a solution of 3CO with one equivalent of P(d); in
THF/TEA/H,O (4:1:1). The spectrum shows a singlet at 0=
76.1 ppm, which is in good agreement with the signal for
1P(d); reported by Howell et al.'® at 6 =78.8 ppm in CDCl,."”
Noteworthy, the phosphine ligand coordinates quantitatively
to iron, because no signal is found for free P(d); at 0=
—5.6 ppm (see Figure SI2 in the Supporting Information).

The conversion of 3CO and P(R); into 1P(R); has already
been reported to occur under significantly harsher condi-
tions."® However, in these reports it was proposed to be initi-
ated by CO loss from 3CO™ and the formation of radicals,”"”
as is also the case in the reaction presented here (see above).

Complexes 1P(R); were not formed when P(a);, P(c);, or P(g);
were applied. This might be explained by steric hindrance due
to the wide cone angles of the phosphines (Table 1, second
column). Although this argument holds for P(a); and P(g)s, this
is not necessarily the case for P(c);, because this phosphine
has a cone angle similar to those of P(d); and P(e)s, as reported
by Howell et al.'®

In the next step of the catalytic reaction, hydrogen gas was
generated following the addition of the Ir-PS and initiation by
light irradiation.?” Our previous studies revealed that the Ir-PS
is excited by light and reductively quenched by TEA. The de-
composition of the latter gives rise to acetaldehyde, which
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shows an IR contribution at 1724 cm ™'

Supporting Information)."*

Subsequently, the iron carbonyls [Fe;(CO),,]"", [Fe,(CO)gl™,
and [Fe(CO);] were converted into the hydride species
[HFe5(CO;;)1” (H37) and [HFe(CO),l~ (H17) within 1 min, due to
electron transfer from the reduced Ir-PS and reaction with
water (Figure 3, right)."* This happened in the phosphine-
free as well as the phosphine-containing systems, as proven by
IR spectroscopy. The resulting spectra (Figure 3, left, a and b,
spectra at t=2 min) show contributions of H3~ at 2064 (vw),
1999 (s), 1993 (s), 1975 (m), 1953 (w), and 1941 cm™' (w;
Figure 3, middle, red spectrum) together with contributions of
H1~ at 1998 (w), 1908 (m), and 1878 cm™' (s; Figure 3, middle,
blue spectrum).

Because 1P(R); remains in solution during the beginning of
the reaction of the phosphine containing system, its pure IR
spectrum could be revealed by subtracting the pure spectra of
the known compounds from the sum spectrum. The resulting
spectrum of the observed 1P(R); species (e.g., 1P(d);, Figure 3,
middle, green spectrum) consists of three bands and shows
the IR profile of the well-reported 1P(e);.?" This profile is shift-
ed to higher or lower wavenumbers depending on the elec-
tron-acceptor/donor ability of the respective substituent R in
the applied phosphine. The wavenumbers are listed in Table 1
and are in good agreement with literature values!'s'819.21¢22
(for direct comparison with the literature, see Table SI1 in the
Supporting Information).

In the case of the application of P(c);, P(d);, P(e);, and P(f);,
all the iron material was further converted into another iron
phosphide species, which was identified as the diferrate
[Fe,(CO)s(u-CO)X{p-P(R),}1~ (2COP(R),") and contains one bridg-
ing and six terminal CO ligands as well as one bridging phos-
phido ligand (Figure 3, right, violet-labeled structure). The com-
plex shows four characteristic IR bands, which emerge during
the catalytic process in the spectral region of the terminal car-
bonyl groups (e.g., R=d Figure 3, left, b, spectrum at t=20 h).
The contribution of the bridging carbonyl ligand cannot be de-
tected because it overlaps with the broad and intense band of
acetaldehyde, the decomposition product of TEA.

The wavenumbers of the bands observed for each
2COP(R),” complex are listed in Table 1. Again, they are shifted
depending on the electron-acceptor/donor ability of R. For
2COP(e),, the experimental wavenumbers of this work match
with the IR data reported in the literature.22% 2COP(e),” was
first described by Osterloh™ and is the only one of the
2COP(R),” compounds reported here that had been character-
ized prior to this work (see Table SI2 in the Supporting Infor-
mation). We further confirmed the assignment of 2COP(R),” by
DFT calculations of the IR spectra (see Figure SI12 in the Sup-
porting Information) and synthesis of the pre-formed com-
plexes [NEt,][2COP(c),], [NEt,J[2COP(d),], [NEt,J[2COP(e),], and
[NEt,J[2COP(f),]. The IR spectra of these synthesized com-
pounds (e.g., [NEt,J[2COP(d),], Figure 3, middle, violet) equal
the corresponding in situ spectra observed in the catalytic pro-
cess of the phosphine-containing system. Furthermore, they in-
clude the band of the bridging carbonyl"* (see Figure SI10 in
the Supporting Information).

(see Scheme SI2 in the
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Figure 3. Left: In situ IR spectra of the reaction solution of a) the phosphine-free system with 3CO as catalyst precursor, b) the phosphine-containing system
with 3CO and one equivalent of co-catalyst P(d);, and ¢) the phosphine-containing system with 3CO and three equivalents of P(d),. For all three cases, two
spectra are shown recorded at 2 min and 20 h after initiation of light irradiation. Reaction conditions: 0.5 mm Ir-PS, 0.305 mm 3CO, 20 mL THF/TEA/H,O
(4:1:1, pH 12), visible light (380-700 nm, 1.5 W), 25°C, a) 0 mm P(d);, b) 0.305 mm P(d),, and c) 0.915 mm P(d),. Middle: Pure component spectra of
[HFe5(CO;)1™ (H37, red), [HFe(CO,)1™ (H17, blue), [Fe(CO),{P(d);}] (1P(d);, green), [Fe,(CO)s(u-CO){u-P(d),}1~ (2COP(d), , violet), and [Fe,(CO)s{P(d);}(u-CO){u-
P(d),}1” (2P(d);P(d),”, turquoise). The spectra of H3~, H1~, and 2COP(d),” were recorded by measuring the respective synthesized compound dissolved in
THF/TEA/H,0 (4:1:1, pH 12). The spectra of 1P(d); and 2P(d);P(d),” were extracted by subtraction of the spectra of the known compounds from the in situ
spectra. Contributions of all five species in the in situ IR spectra on the left of the figure are marked with * in the corresponding color. Right: Conversion of
the precursor 3CO+ P(R); as detected by IR spectroscopy throughout the reaction. The scheme starts with processes observed in the absence of light (gray
background) and continues with the conversion of the phosphine-deficient species occurring within minutes of visible-light irradiation. Depending on the

substituent R, on a time scale of hours, all the species were further converted into 2COP(R),~

The formation of 2COP(R),” was also confirmed by NMR
spectroscopy. Thus, a sample was taken from the solution of
the precursor system 3CO + P(d); after 15 h of light irradiation.
At this time, all iron material has been converted into
2COP(d), , as reflected in the IR spectra. Consistently, the
'PNMR spectrum shows only one singlet signal at 6=
123.0 ppm, which corresponds to the signal of the synthesized
[NEt,][2COP(d),] in [DgITHF (see Figures SI2 and SI3 in the Sup-
porting Information). In the "F NMR spectrum, the signal aris-
ing from 2COP(d),” appears at 0 =—62.8 ppm. An additional
signal at 0=—62.7 ppm could be assigned to trifluorotoluene
(dH; see Figure Sl4 in the Supporting Information). The latter
derives from the cleavage of one of the substituents from
phosphorus during the formation of the phosphido bridge in
2COP(d), (P—C cleavage reaction, see below).
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. If an excess of P(R); was applied, 2P(R);P(R),” was formed.

To determine the conditions for the formation of 2COP(R),~
we carried out experiments successively excluding one of the
system’s components apart from 3CO and P(R); apart from
3CO and P(R); (represented by P(d);). The results show that the
Ir-PS is not necessary for the formation of 2COP(d), . On the
other hand, the experiments indicate that all the other compo-
nents, THF, TEA, and H,O as well as light irradiation, are essen-
tial (see Figure SI14 in the Supporting Information). The need
for TEA and H,O is most probably attributable to the fact that
they initiate the formation of radicals (see above)."*¥ TEA and
H,O were found by Rahaman et al. to promote the generation
of a phosphido-bridged diiron complex akin to 2COP(R), by
treatment of 3CO with Na"[Ph,CO]"" and P(2-furyl); in THF at
room temperature.””

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Cone angles® () of phosphines® and IR data” of the in situ
generated iron phosphides.
R Structure 011 #(t-CO) [cm™']
of R P(R); 1P(R); 2COP(R),”
F F
a ?QF 184 nf. nf.
F F
2064 (m)
b 128 1989 (m) n.f.
-0 1958 (s)
CF3 2025 (m)
% 1977 (s)
[d]
c 160 nf. 1947 (m)
CFy 1926 (m)
2054 (m) 2021 (m)
% CF 145 or 1971 (s)
d B @ 1981 (m)
164 1947 (s) 1941 (m)
1921 (m)
2048 (m) 2016 (m)
R i‘@ 145 or 1971 (m) 1965 (s)
1554 1942 (s) 1934 (m)
1916 (m)
o 204
f i~ )0 145 1967 (m)
N 1938 (s) 192 (m)
1913 (m)
g % 212 n.f. n.f.
2044 (m)
h i—CHj 118 1964 (m) nf.
1931 (s)
2043 (m)
i N 132 1964 (m) nf.
1930 (s)
[a] Cone angles reported by Tolman™ unless stated otherwise. [b] The
substituents R of the phosphines are listed according to their electron-
withdrawing character, which decreases from top to bottom of the table.
[c] Solvent: THF/TEA/H,0O, 4:1:1. t-CO=terminal carbonyls, n.f.=not
formed, w=weak, m=medium, s=strong. [d] Cone angles reported by
Howell et al."”

The choice of the ligand P(R); was also found to be relevant:
As concluded from our study, the formation of 2COP(R), is
only observed if the phosphine meets the following two re-
quirements: 1) P(R); has to be an arylphosphine and 2) the
ortho positions of the aryl group have to be unsubstituted.

These requirements are most probably attributable to the
P—C or P—O cleavage reaction, prior to the formation of the
phosphido bridge. Such transition-metal-mediated P—C cleav-
age reactions have been widely reported in the literature.”
They occur even under mild conditions at temperatures as low
as 25°C.%%9 Consistent with our observations, they commonly
include hydrido intermediates and yield bi- or higher-nuclear
complexes featuring bridging phosphido groups.”® The reac-
tivity of the cleavage process decreases in the order P—C,,>
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P—Cyp > P—C,5, ™™ which explains the formation of 2COP(R),”
upon application of arylphosphines rather than alkylphos-
phines. For phosphites, analogous P—O cleavage reactions with
subsequent formation of bridging ligands are also known.*”
However, the in situ formation of 2COP(R),” by application of
phosphites is inhibited, because the presence of water sup-
presses these P—O cleavage reactions®® and can also induce
decomposition of the ligands due to hydrolysis.*” The mecha-
nism of the P—C cleavage reaction has not yet been complete-
ly investigated.”® Thus far, mechanistic studies point to the
oxidative addition of the P—C bond to the metal center as the
activating step.?®*3"! This requires a coordinatively unsaturat-
ed metal atom,”? for example, provided by light-initiated CO
dissociation. It is assumed that other processes precede the P—
C cleavage reaction. These processes include, for example, n°
coordination of the phosphine aryl rings to neighboring metal
atoms in polynuclear complexes®® or the oxidative addition of
the ortho-C—H bond to the metal center, known as “orthome-
talation”.”®*! These processes together with steric drawbacks
might explain why ortho-substituted arylphosphines do not
undergo P—C cleavage® and 2COP(R),” is not observed when
P(a); and P(g), are applied.

Results of the analysis by X-ray absorption spectroscopy

To further substantiate the results of the IR analysis of the
formed species, XAS was carried out. Unlike IR spectroscopy,
XAS directly provides bond distances and coordinating atoms
in an element-specific manner by evaluation of the extended
X-ray absorption fine structure (EXAFS) above the absorption
edge. However, the analysis of EXAFS spectra is complicated
by the fact that the structural parameters of all the species in
the reaction solution are averaged in the spectral signal.*
Figure 4 shows the experimental Fourier-transformed EXAFS
spectra, and the corresponding y(k) functions and XANES (X-
ray absorption near-edge structure) spectra are given as Fig-
ures Sl 15-17 in the Supporting Information. Analysis was car-
ried out on Fourier-filtered data in the range of 1-3.2 A by
using the radial distribution function approach, because the

200
/\ \ [NEt,J]2COP(e),]
150 - N~
1 // 3CO + P(d),
2 0 __‘/_/\/\, l/‘ o *Ir-PS*hy
= o m—— NN e e
x
E k_f’co +P(d
501
//\’j \W
0- ; — s

R/ A -
Figure 4. Fourier-transformed EXAFS function of the samples given in

Table 2. The experimental spectra are shown as black solid lines and the
fitted spectra are given as gray dashed lines.
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nature of the formed species was unknown. Because mixtures
of species were also expected, no multiple scattering analy-
sis®? was carried out and the rather intense multiple scattering
signal of the CO ligands was fitted by using a single scattering
Fe—O shell.?” The signal in the case of 3CO +P(d); + Ir-PS + hv
is slightly reduced compared with the other spectra, as the
fluorescence signal was superior to the absorption data due to
the presence of the iridium photosensitizer. However, the
signal is affected by self-absorption effects, which can be ac-
counted for by an overall amplitude reduction factor of 0.68,
whereas for all others it was 0.9. All the obtained structural pa-

rameters are summarized in Table 2.

CHEMISTRY

A European Journal

Full Paper

The reaction system (3CO + P(d); + Ir-PS + hv) was subjected
to a full EXAFS characterization after 8 h. It is clear that the
nearest neighbor Fe-C coordination number is reduced to
around four, whereas the Fe-P coordination number increases
to nearly one. These coordination numbers and the distances
of both shells agree very well within the error bar with those
of the reference compound [NEt,J[2COP(e),] with one
coordinating bridging phosphine and four CO ligands per
iron center?® The results thus confirm the formation of
2COP(d),  previously concluded by IR analysis. However, due
to the reduced reaction time and the high concentrations of
the reaction components (concentrations are increased by a

factor of 10 as compared with the other experiments

with theoretical models.

Table 2. Structural parameters obtained by fitting the experimental EXAFS function

of this work), full conversion to this species is not
complete, which is evident from the Fe-Fe coordina-
tion number of 1.6, which is slightly too high even if
the error is taken into account. The presence of

Abs-Bs® N(Bs)™  R(Abs-Bs)9 [A] o [A] R [%]
- other species contributing to the spectra is also rec-
3C0 Fe-C 47405 1.8040.02 0.067+0.002 20.91 izable f the | Debye_Waller fact d
Fe-Fe  18£03 2514003 003240001 ognizable from the farge Lebye-tvaller factor an
Fe—09 70414 2994003 0.067 4 0.002 was confirmed by an analogous in situ IR experiment
3CO+P(d)," Fe-C 52405 1.7540.02 0.074+0.002 16.88 carried out under the same reaction conditions as ap-
Fe-P 04+0.1 223002  0.039+0.001 plied in the XAS experiment. Accordingly, the IR
Fe-Fe 06402 2714003 0.097 £0.020 d h i h H3-
Fe-0 150432 2994003 0.077 £ 0.002 speﬁctrum measured at the same time shows ,
3CO 4+ P(d); +Ir-PS+ " Fe-C 35404 1784002 0.10240.020 1822 H1", and 1P(d); to be present in addition to the
Fe-P 08402 2.1340.02 0.045-£0.009 major species 2COP(d),” that shows the biggest
Fe-Fe 1604 2.46+0.03 0.110£0.022 share of 43% (see Figure SI18 in the Supporting In-
Fe-09 9.1+1.8 294+0.03 0.07440.015 f i
[NEt,][2COP(e),]¥ Fe-C 41 1754002  0.059+0012 2273 ormation).
Fe-P 1t 2.1640.02 0.071-0.002
Fe—Fe 1w 2.5340.03 0.107+£0.022 ~
Fe-0'Y 15430 2.9940.03 007740016 Influence of 1P(R); and 2COP(R),” on the H, evolu-

[k] Value fixed to the crystallographic number.

[a] Abs = X-ray absorbing atom, Bs =Back-scattering atom. [b] Number of back-scatter-
ing atoms. [c] Distance between absorbing and back-scattering atom. [d] Debye-
Waller factor. [e] Quality of fit. [f] 0.01 M 3CO in THF/TEA/H,O (4:1:1). [g] Although de-
noted as a single Fe-O scattering path, the underlying signal contains a significant
amount of multiple scattering from the CO ligand. [h] 0.025m 3CO and 0.025m P(d);
in THF/TEA/H,0 (4:1:1, pH 12), measured 3 h after preparation of the reaction solution.
[ 0.0033 ™M 3CO, 0.0033 ™ P(d);, 0.0022 ™ Ir-PS, and hv in THF/TEA/H,O (4:1:1, pH 12),
after 8 h of reaction time. [j1 0.05m [NEt,J[2COP(e),] in THF/TEA/H,O (4:1:1, pH 12).

tion

For a better understanding of the differing effects of
specific phosphine co-catalysts, we start this section
with a brief summary of the results of previous mech-
anistic studies on the phosphine-free system with
3CO as exclusive precursor.

The catalytic cycle begins with the excitation of

The parameters obtained for 3CO in THF/TEA/H,0 (4:1:1) so-
lution agree very well with previous EXAFS studies.®¥ The Fe-
Fe coordination number deviates slightly from the expected
number of two, which is in line with the presence of iron spe-
cies of lower nuclearity. Nonetheless, the bond distances agree
very well with the crystal structure data of 3C0.5”

By adding one equivalent of P(d);, a characteristic Fe—-P shell
appears with a coordination number of 0.4. Together with the
significantly reduced Fe-Fe coordination number of 0.6, it is in
very good agreement with a quantitative coordination of P(d),
to iron (expected Fe—P coordination number 0.33). The average
of 0.6 iron neighbors cannot be explained by only trinuclear
phosphine-free species, as in this case an average value of >1
would be expected. Thus, a mixture of mono-, di-, and trinu-
clear iron carbonyl compounds ([Fe(CO);], [Fe,(CO)s]", and
[Fe;(CO),17) is confirmed, which is also in agreement with the
Fe-C coordination number of 5.2.17
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the Ir-PS by light and subsequent reductive quench-
ing by TEA. The latter process was found by means
of photoluminescence spectroscopy and kinetic anal-
ysis to be the rate-limiting step of the system.¥ After that,
the reduced Ir-PS transfers electrons to the active catalyst,
which we proposed to be H3™. This proposition was based on
time-dependent DFT calculations and is supported by the find-
ing that H3~ shows a more positive reduction potential than
the Ir-PS."*>¥ The transferred electrons either are directly used
within the catalytic cycle for proton reduction and H, genera-
tion or they induce the fragmentation of H3~. Through the
latter process, quasi-full conversion of H3™ into the resting
state H1~ occurs within 1 h. However, both species are in equi-
librium because a light-induced back reaction continually re-
generates H3~ in small amounts (Scheme 1)."* Over the fur-
ther course of the reaction, H1~ decomposes due to processes
discussed in a following section of this article (Figure 5, top,
blue concentration curve). After 16 h, H1™ is fully consumed.
As a consequence, catalysis ceases and gas evolution stops
(Figure 5, top, gray gas evolution curve)."*

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Gas evolution curves (gray) and concentration curves for H3™ (red),
H1~ (blue), 1P(d); (green) and 2COP(d), (violet) in the original phosphine-
free proton reduction system with 3CO as catalyst precursor (top) and the
phosphine-containing system with 3CO and the co-catalyst P(d); (bottom).
Reagents and conditions: 0.5 mm Ir-PS, 0.305 mm 3CO, 20 mL THF/TEA/H,0
(4:1:1, pH 12), visible light (380-700 nm, 1.5 W), 25°C, (a) 0 mm P(d);,,

(b) 0.305 mm P(d),.

Modification of the system by application of one equivalent
of phosphine ligand has varying effects on the production of
H,, depending on the choice of the phosphine ligand and the
emerging iron phosphides associated therewith.

As described previously, sterically demanding P(a); or P(g);
do not show any interaction with the iron species (see Figures
SI20a and SI20g in the Supporting Information). Hence, their
application has no impact on the catalytic process and the
same amount of gas is produced as in the phosphine-free
system (Figure 6).

The phosphite P(b); and the alkylphosphines P(h); and P(i);
do coordinate to iron and form exclusively 1P(b);, 1P(h);, and
1P(i);, respectively. This has a small negative effect on the H,
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Figure 6. Evolved H, gas after 20 h of light irradiation in the original phos-
phine-free system (first data point) and the phosphine-containing system as
a function of the applied co-catalyst P(R);. The formation of iron phosphides
1P(R); (green) and 2COP(R), (violet) is denoted by the color of the bar in
the case of their formation during experiments with the respective co-cata-
lyst; gray denotes no formation of 1P(R); or 2COP(R), . Reagents and condi-
tions: 0.5 mm Ir-PS, 0.305 mm 3CO, 20 mL THF/TEA/H,0 (4:1:1, pH 12), visi-
ble light (380-700 nm, 1.5 W), 25 °C, first data point: 0 mm P(R), other:
0.305 mm P(R)s.

productivity of the system, most notably in the case of the al-
kylphosphines, with a decline in the yield of H, by 15%
(Figure 6). Due to the formation of 1P(R), less iron material is
available for transformation into the catalytically relevant spe-
cies H3” and H1". As a consequence, these two species are
present in lower amounts and are used up sooner over the re-
action time. Because 1P(R); does not contribute to the produc-
tion of H,, gas evolution stops at an earlier stage as compared
with the phosphine-free system (see Figures SI20h and SI20i in
the Supporting Information).

In contrast, the application of the electron-poor arylphos-
phines P(c); or P(d); highly improves the system due to the for-
mation of 2COP(c),” and 2COP(d),, respectively. We illustrate
this for the example of P(d); (Figure 5, bottom): At the begin-
ning of the experiment, H1~ (Figure 5, bottom, blue concentra-
tion curve) is the major iron species in solution. Thus, at this
point, the system shows similar catalytic activity to the phos-
phine-free system. However, during the first 6 h of the reac-
tion, 2COP(d),” emerges (Figure 5, bottom, violet concentra-
tion curve) and progressively contributes to gas evolution
(Figure 5, bottom, gray gas evolution curve). This complex is
more stable than H1~ and maintains H, production even after
the decomposition of the latter. This reveals the catalytic activi-
ty of 2COP(d), . Hence, the formation of 2COP(d),” improves
the stability of the system and increases the yield of H, by
108% after 20 h (Figure 6) and by even 155% after 48 h of
light irradiation as compared with the phosphine-free catalytic
reaction (see Table SI4 in the Supporting Information).

Direct application of the pre-formed molecularly defined
[NEt,][2COP(c),] or [NEt,J[2COP(d),] as catalyst results in a gas
evolution curve broadly similar to that of the respective in situ
system 3CO+P(c)s/P(d); (Figure 7, black gas evolution curve
for [NEt,][2COP(d),], solid gray gas evolution curve for 3CO+
P(d)). Especially at extended reaction times, the slopes of the
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Figure 7. Comparison of the performances of the molecularly defined cata-
lyst [NEt,][2COP(d).] (solid black), the in situ system 3CO + P(d); (solid gray),
and 3CO (dashed gray) in the light-driven generation of hydrogen under the
optimized conditions: 1.5 mm Ir-PS, 10 mL THF/TEA/H,0 (3:2:1, pH 12), 20 h
Xe light irradiation (1.5 W, no filter), 25 °C, solid black line: 0.5 mm [NEt,]
[2COP(d),], solid gray line: 0.33 mm 3CO+0.5 mm P(d);, dashed gray line:
0.33 mm 3CO.

gas evolution curves are equal, because at this point all the
iron material of the in situ assembly 3CO + P(c),/P(d); has been
converted into 2COP(c),” or 2COP(d),” and the solution com-
position is similar to that of the molecularly defined system.
However, direct application of the molecularly defined catalyst
leads to an initial gas evolution rate increased by 80% com-
pared with the in situ system (Table 3). We can therefore con-
clude that photons and thus electrons coming from the Ir-PS
are more efficiently used for proton reduction by 2COP(c),” or
2COP(d),” than by the H37/H1~ couple, which is primarily
present in the phosphine-free system and in the starting phase
of the in situ 3CO+ P(c);/P(d); system. Notably, the higher ini-
tial rates derived from the application of the molecularly de-

Table 3. Precursor 3CO, the in situ systems 3CO+P(R);, and the pre-
formed catalysts [NEt,J[2COP(R),] used in the light-driven generation of
hydrogen under the optimized conditions.”’ Initial rate of gas evolution
and TOF of the catalyst during the first 0.5 h of light irradiation as well as
evolved gas and TONs of the catalyst after 20 h of light irradiation.

Entry 0.5 h 20h
Precursor or Initial rate  TOF.,®  Evolved gas TON_,"
catalyst [Lh™"] h™"] [mL]
1 3CO 21 (260) 33 (408)
21 3CO+P(c); 21 172 (260) 130 1073 (1610)
3 3CO+P(d), 21 172 (260) 120 980 (1485)
4 [NEt,][2COP(c),] 37 306 136 mm
5 [NEt,][2COP(d),] 38 309 134 1095
6 [NEt,J[2COP(e),] 31 257 80 653
7 INEt,J[2COP(f),] 27 222 49 400

[a] Reagents and conditions: 1.5 mm Ir-PS, 10 mL THF/TEA/H,0 (3:2:1,
pH 12), 20 h Xe light irradiation (1.5 W, no filter), 25°C, entry 1: 0.33 mm
3CO, entries 2 and 3: 0.33 mm 3CO and 0.5 mm P(R);, entries 4-7: 0.5 mm
[NEt,J[2COP(R),]. [b] TON =n,,/n .y, TOF =ny,/n./t with n, =amount of
2COP(R),” or P(R);, because the quantity of P(R); determines the maxi-
mum possible amount of 2COP(R),” to be formed in the in situ system
(in parentheses: n.,=amount of 3CO). [c] Values taken from ref.:"* TON
after 24 h, TOF during first 3 h.
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fined catalysts lead to yields of H, enhanced by up to 10% as
compared with the in situ catalysts. For [NEt,]J[2COP(c),], the
highest TON“" was found to be 1111 after 20 h under the opti-
mized reaction conditions (for details, see Table 3). The IR spec-
trum of the reaction solution containing pre-formed [NEt,]
[2COP(d),] shows predominant contributions from 2COP(d),”
throughout the active phase of the system. Only minor, very
weak IR bands at 2043, 1988, 1956, 1890, and 1871 cm™" aris-
ing from as-yet unassigned species are observed in the same
time span as well as H1™ in very low concentration at the be-
ginning of the experiment (see Figures SI22z and SI23 in the
Supporting Information). On the basis of these experiments,
2COP(c),” and 2COP(d),” are confirmed to be catalytically
highly important key species. Our results suggest that these
complexes can be regarded as a mimic of the [FeFe]-H,ase
active site, because they are dinuclear iron complexes that
show catalytic activity and possess carbonyls as well as two
bridging ligands in butterfly conformation.

However, the activity of compounds with the 2COP(R),"
structure is highly dependent on the electron-acceptor/donor
ability of the substituent R. This is shown by application of the
precursor 3CO together with the co-catalysts P(e); or P(f),.
During the reaction, electron-rich 2COP(e),” or 2COP(f),” is
formed. In contrast to their electron-poor counterparts
2COP(c),” and 2COP(d),, they cause a decrease in the yield of
H, (Figure 6). Direct application of the pre-formed [NEt,]
[2COP(e),] or [NEt,][2COP(f),] accordingly results in lower TONs
as compared with [NEt,][2COP(c),] or [NEt,][2COP(d),] (Table 3).

Hence, we conclude the formation of 2COP(R),” to be neces-
sary but not sufficient to improve the performance of precur-
sor 3CO by the addition of P(R);. For the latter, R has to meet a
further requirement: R must be electron-withdrawing.

This dependence of the activity on R is consistent with the
findings described in the literature. Best and co-workers found
2COP(e), to be an inactive side-product during electrochemi-
cal proton reduction by [Fe,(CO)s{u-P(Ph),},].2** In our previ-
ous work, the formation of 2COP(e),” was also observed in
photocatalytic proton reduction by a non-noble-metal-based
system introduced by Beller and co-workers.”® The system in-
volves a copper complex as PS ([Cu(Xantphos)(Bathocuproi-
ne)]PFy) and 3CO as catalyst. The phosphorus ligand in
2COP(e), originates from Xantphos, which was found to dis-
sociate from the PS and undergo P—C cleavage. TONs similar
to those of the phosphine-free Ir-PS system were observed.

Deactivation processes during photocatalytic water reduc-
tion

As described in our previous work, the phosphine-free system
is deactivated by the decomposition of H1~ (Figure 8, top,
blue curve). Decomposition mechanisms were found to be
light-induced decarbonylation and poisoning of the catalyst by
2,2"-bipyridine (bpy). The latter process occurs at high concen-
trations of the Ir-PS (Ir/Fe ratio > 0.4), which degrades over re-
action time and releases bpy as a result of light irradiation.
This was shown by Bernhard and co-workers by means of ESI-
MS."¥ The bpy ligand is transferred to the catalyst resulting in
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Figure 8. Top: Performance (gray gas evolution curve) of pre-formed [NEt,]
[H1] (blue concentration curve) applied at high Ir-PS concentration. Deacti-
vation occurs due to transformation of the catalyst into [Fe(CO);bpy]
(orange concentration curve and structure). Bottom: Performance (gray gas
evolution curve) and concentration curve of the molecularly defined [NEt,]
[2COP(d),] (violet) applied at high Ir-PS concentration in THF/TEA/H,O
(solid) and concentration curve of [NEt,][2COP(d),] applied without Ir-PS in
THF/TEA/H,0 (dashed) or in THF only (dotted). Reagents and conditions:
0.4 mm [NEt,J[H1] (top) or 0.2 mm [NEt,][2COP(d),] (bottom), 1.25 mm Ir-PS
(solid) or 0 mm Ir-PS (dashed, dotted), 20 mL THF/TEA/H,O (4:1:1, pH 12,
solid and dashed) or 10 mL THF (dotted), visible light (380-700 nm, 1.5 W),
25°C.

the formation of the less-active [Fe(CO);(bpy)] (Figure 8, top,
orange curve). The assignment of this species was discussed in
our previous work and is based on the good agreement be-
tween the wavenumbers of our in situ IR experiments and
those quoted in the literature and obtained from DFT calcula-
tions 1'%

In contrast to H1~, catalyst 2COP(R)," is inert to bpy poison-
ing because the formation of [Fe(CO),(bpy)] is not observed in
experiments at high Ir-PS concentration with [NEt,][2COP(d),]
as the pre-formed catalyst (Figure 8, bottom, solid curves). This
property is a major reason for the high stability of the phos-
phine-containing system compared with the phosphine-free
system. Nevertheless, 2COP(R),  is exposed to other slow light-
induced decomposition processes such as CO dissociation:*
Although stable in the dark, [NEt,J[2COP(d),] disintegrates
upon light irradiation in pure THF in the absence of the PS
(Figure 8, bottom, dotted curve). Remarkably, the process is at-
tenuated in the THF/TEA/H,O mixture (Figure 8, bottom,
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dashed curve)." Under the catalytic conditions with Ir-PS

present, the decomposition further slows down at extended
reaction times (Figure 8, bottom, solid violet curve).*” Parallel
to catalyst decomposition, the concentration of the Ir-PS
decays due to light irradiation."***" That is why the rate of H,
evolution steadily declines throughout the reaction while
2COP(R),™ is still present. Accordingly, the activity can be re-
stored by the addition of a second batch of Ir-PS at extended
reaction times (see Figure SI24 in the Supporting Information).

Deactivation by excess of phosphine

Beller and co-workers"* observed a decline in activity if the
catalytic reaction was performed with more than one equiva-
lent of electron-poor phosphine with respect to 3CO. To ex-
plore this issue in more depth we studied the system by apply-
ing 3CO and three equivalents of P(d);. Under these conditions,
we found that in a portion of the emerging 2COP(d),” com-
plex a terminal carbonyl group was replaced by one P(d);

ligand (Scheme 2). As a consequence, the compound
d ’ d ]
| O | O
- _C d—p C
oc_ FIEF _co = oc_ F[BF /€O g
oC,_;e s,,nco + P(d), OC,::e \e"“'P;—-d + CO
oc co oc €O “g
(2COP(d),) (2P(d);P(d),)

Scheme 2. Substitution of a terminal CO ligand in 2COP(d),” by P(d); yields
the complex 2P(d);P(d), . This reaction is induced by light irradiation.

[Fe,(CO)s{P(d);}(n-CO){u-P(d),}1~ (2P(d);P(d),”) was formed and
shows IR bands at 1988 (m), 1932 (s), 1911 (m), 1896 (m), and
1872 cm™' (sh; Figure 3, left, ¢, in situ spectrum at t=20h,
Figure 3, middle, turquoise pure component spectrum, and
Figure 3, right, turquoise-labeled structure). We could assign
this species based on the agreement of its IR spectrum with
those of similar complexes like [Fe,(CO)s(PMePh,)(u-CO)(u-
PPh,)]~ ™ or [Fe,(CO)s(PHPh,)(u-CO)(u-PPh,)] 2*** (see Table
SI3 in the Supporting Information). DFT calculations of distinct
isomers of 2P(d);P(d),” indicate that the position of the termi-
nal phosphine ligand is in a trans position with respect to the
phosphido bridge (see Figure SI13 in the Supporting Informa-
tion).

We also generated a mixture of 2P(d);P(d),” and 2COP(d),”
by another reaction route, namely by irradiating a solution of
[NEt,][2COP(d),] and P(d); in pure THF with UV light (320-
400 nm) for 30 min (see Figure SI5 in the Supporting Informa-
tion). The 3P NMR spectrum of this solution shows two dou-
blet signals for 2P(d);P(d),” at 6=131.6 (for p-Pd,) and
81.7 ppm (for t-Pd,, t denotes a terminal ligand) with a cou-
pling constant of %J,,=36.6 Hz (see Figure SI6 in the Support-
ing Information), which is consistent with the proposed struc-
ture and the NMR spectra of the aforementioned similar com-
plexes.
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Although 2P(d);P(d),” was formed to only a minor extent
with one equivalent of P(d); with respect to 3CO under the
catalytic conditions (Figure 9, cyan solid absorption curve for
2P(d);P(d), "), three equivalents of P(d); led to 2P(d);P(d),” as
the major species (Figure 9, cyan-dotted absorption curve for
2P(d);P(d),"). The additional phosphine ligand in this complex
increases the electron density on the iron, which is indicated
by the IR bands of 2P(d);P(d),” being found at lower wave-
numbers as compared with the 2COP(R),” species.”” Hence,
the electron density on the iron in 2P(d);P(d),” is even higher
than those in the electron-rich complexes 2COP(e),” and
2COP(f),”. As a consequence, H, evolution is reduced in the
presence of significant amounts of 2P(d);P(d),” (Figure 9, gray
gas evolution curves). Thus, to achieve the highest possible
yield of H,, 3CO and P(R); need to be applied in equal quanti-
ties.
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Figure 9. Gas evolution curves (gray) and absorption curves of 2COP(d),~
(violet) and 2P(d);P(d),  (cyan) in the phosphine-containing system starting
with precursor 3CO and 1 equiv of P(d); (solid) or 3 equiv of P(d); (dotted).
Reagents and conditions: 0.5 mm Ir-PS, 0.305 mm 3CO, 0.305 mm P(d),
(solid) or 0.915 mm P(d); (dotted), 20 mL THF/TEA/H,O (4:1:1, pH 12), visible
light (380-700 nm, 1.5 W), 25°C.

Electrochemistry

To have an idea of the reasons for the differing performances
of [NEt,][2COP(R),] depending on the substituent R, we investi-
gated their electrochemical properties in a brief preliminary
study. The violet graph in Figure 10 shows the cyclic voltam-
mogram of [NEt,][2COP(d),] in THF containing [NBu,J[CIO,]. It
displays the electrochemical stability of the iron compound in
the potential range between —2.3 and —0.8V versus Fc"
(Fc”* =ferrocene/ferrocenium redox couple). At more positive
potentials, a quasi-reversible oxidation occurs (E°egox1 =
—0.58 V vs. Fc¥ ™). At lower potentials, two reduction steps are
found (peak potentials E,.,,=—2.60V and E,4;=—298V vs.
Fc”*). The same signals are found for the other [NEt,]
[2COP(R),] complexes, shifted to lower potentials the more
electron-rich R becomes (see Table SI5 in the Supporting Infor-
mation). A lower reduction potential corresponds to a lower
electron-acceptor capability, which impedes the electron trans-
fer from the Ir-PS to the catalyst. This might be one possible
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Figure 10. Cyclic voltammograms of [NEt,][2COP(d),] without (violet) and
with additional amounts of tosylic acid (pTsOH). To provide an overview, the
forward scan is denoted as a solid line and the backward scan as a dotted
line. Parameters: 1 mm [NEt,][2COP(d),], 0-12 mm pTsOH, 0.1 m TBACIO,/THF
(TBA =tetrabutylammonium), =100 mVs™', 2 mm? glassy carbon working
electrode, Pt counter electrode, and Ag/AgNO; reference electrode. Poten-
tials are reported with respect to the ferrocene/ferrocenium redox couple.

explanation for the poorer performances of the electron-rich
[NEt,][2COP(e),] and [NEt,][2COP(f),] in the photocatalytic reac-
tions.

We conceive the reductions steps E,.4, and E,.4; to be irrever-
sible, because we did not observe corresponding re-oxidation
signals with the same magnitude of current density. The com-
plexes 2COP(R),” perhaps decomposed at these low potentials.
Evidence for the degradation is indicated by an anodic signal
that emerges during the back scan to positive potentials at
—1.72 V in each of the cyclic voltammograms of the 2COP(R),~
complexes (see Figures SI26 and SI27 in the Supporting Infor-
mation). The signal is also found at the same position in the
cyclic voltammetric measurement of [Fe(CO),]*~, which would
be a potential decomposition product deriving from the degra-
dation of 2COP(R),™ upon reduction.

We were also interested in the performance of [NEt,]
[2COP(d),] in electrocatalytic proton reduction. For similar
complexes like  [Fe,(CO)s{u-P(Ph),},] and  [Fe,(CO){up-
PPh(CH,);PPh}], Best and co-workers observed catalytic cur-
rents at —2.25V versus Fc”" upon addition of tosylic acid
(pTsOH).2**4 To obtain comparable results we applied the
same proton source in the experiments with [NEt,J[2COP(d),],
although recent research has revealed that pTsOH has draw-
backs in the sense that it starts to be directly reduced on
glassy carbon working electrodes without a catalyst at
—1.5 V.Y

The addition of pTsOH changes the appearance of the cyclic
voltammogram of [NEt,J[2COP(d),]. At three equivalents of
pTsOH, the first reduction signal is shifted by 0.24V to more
positive values (—2.36 V vs. Fc”*). This indicates protonation
of 2COP(d),” prior to reduction, which is confirmed by NMR
and IR spectroscopy. Namely, the spectra of a solution of [NEt,]
[2COP(d),] and pTsOH in pure THF show several signals and
bands of as-yet unassigned species (see Figures SI7 and SI8 in
the Supporting Information). However, the high number of
these spectral contributions provides indication of a side-reac-
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tion of 2COP(d), with the conjugated base of pTsOH.®? With
increasing concentration of the proton donor, the first reduc-
tion peak is again shifted cathodically. In parallel, the magni-
tude of the peak current rises. The latter can be attributed to
both the electrocatalytic proton reduction by the catalyst and
the direct reduction of pTsOH at the electrode overlapping in
this potential range (see Figure SI29 in the Supporting Informa-
tion). However, the performance of 2COP(d),  in electrocatalyt-
ic proton reduction is rather low, and therefore the catalytic
current increase should be higher. Also, the catalytic peak po-
tential is expected to remain steady and should be closer to
the thermodynamic potential for proton reduction at —0.95 V
versus Fc”" (estimated in THF, —0.65V vs. Fc”" in acetoni-
trile)®"*¥ offset by only a small overpotential.

Hence, 2COP(d),” in combination with pTsOH does not show
an electrocatalytic performance as good as [Fe,(CO)s{u-P(Ph),},]
or [Fe,(CO)4{p, u-PPh(CH,);PPh}].

The electrocatalytic experiment was performed in acidic
electrolyte whereas photocatalytic water reduction was carried
out in basic solution. Hence, we suppose the differing catalytic
activities of 2COP(d),” can be attributed to the distinct solvent
environments in which the two measurements were per-
formed. Heterogeneous nickel alloys, for example, are known
to catalyze electrocatalytic proton reduction only in an alkaline
electrolyte.’* Also, irradiation and photoexcitation of the pro-
tonated catalyst possibly improves the performance in electro-
catalytic proton reduction.”™ We would like to point out that
the processes observed in the electrochemistry experiments
can be considered as only a few of the many processes occur-
ring during photocatalysis. Further electrochemical studies
with different reaction conditions have to be carried out in
future work.

Conclusion

Through this detailed spectroscopic study we have determined
the role of phosphines applied as co-catalysts together with
[Fe;(CO);,] in the photocatalytic proton reduction system of
Beller and co-workers."** ' By means of IR, NMR, and X-ray ab-
sorption spectroscopy, we detected [Fe,(CO)s(u-CO){u-P(R)}1™
as the key species in this system. In order that this complex
can be formed in situ and show good catalytic activity, the
phosphine co-catalyst has to meet the following requirements:
1) It must be an arylphosphine, 2) the ortho positions of the
aryl groups have to be unsubstituted, and 3) the aryl groups
should be electron poor, for example, with electron-withdraw-
ing substituents in the meta or para positions. Furthermore,
[Fe;(CO),,] and P(R); have to be applied in equal amounts be-
cause excessive P(R); deactivates [Fe,(CO)s(u-CO){u-P(R),}1™ by
substitution of a terminal CO group.

Compared with the original phosphine-free system with
[HFe;(CO),;,]~ and [HFe(CO),]~ as catalytically relevant species,
the main advantages of the electron-poor [Fe,(CO)4(u-CO){u-
P(R),}]” complexes are their greater durability and resistance to
poisoning by the decomposition products of the iridium pho-
tosensitizer. Consequently, the stability of the iridium photo-
sensitizer limits the yield of the system. The exact mechanism
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and catalytic cycle of the proton reduction by [Fe,(CO)¢(u-
CO){u-P(R),}1™ is not known yet and has to be elucidated in
future work.

We classify [Fe,(CO)s(u-CO){u-P(R),}1™ as a sulfur-free [FeFe]-
H,ase mimic. Due to its self-assembly (even in the absence of
the photosensitizer), a time-consuming synthesis is not neces-
sary. This allows for easy regeneration of the catalyst, which is
important for the longevity of modern solar fuel devices."

The system is improved by the direct application of the mo-
lecularly defined [NEt,][Fe,(CO)s(n-CO){u-P(R),}] instead of the
in situ system, increasing the rate and yield of proton reduc-
tion, with the highest initial TOF_, of 306 h™' and TON,,, of
1111 at 20 h for R=C¢H,-3,5-(CF;),.

In contrast to neutral diphosphido-bridged diiron com-
pounds like [Fe,(CO)¢{u-P(Ph),},] investigated by Best and co-
workers, >4 [Fe,(CO)q(u-CO){p-P(CsH,-4-CF5),}1~ did not show
a good performance in electrocatalytic proton reduction in an
acidic electrolyte with tosylic acid as the proton source. We
have attributed the differing performances in the electrochemi-
cal and photochemical catalytic reactions to the distinct sol-
vent environment, because the photocatalytic system works in
a mixture of THF, triethylamine, and water at pH 12.

There are several further possibilities for the future improve-
ment or application of the photocatalytic system, for example,
the use of quantum dots as photosensitizer or the application
of water-soluble phosphines like P(C¢H,SO;Na);, which allows
the water content in the solvent mixture to be increased. Im-
mobilization of the catalyst on polymer supports or electrode
surfaces would allow for its integration into dye-sensitized
photoelectrochemical cells.*® Such devices dispense with the
use of sacrificial reagents. The immobilization could be realized
in situ, for example, by application of diarylphosphine-func-
tionalized polystyrenes instead of molecular P(R);.”** In addi-
tion, derivates that have not yet been accessible by the self-as-
sembly reaction could be applied as catalysts in molecular sys-
tems, for example, complexes of the type [Fe,(CO)s(u-CO){p-
P(OANO)Y™ or [Fe,(CO)s(u-CO)Mu-P(R),IMY,].2*>7 As regards the
latter, with MY, =Cu(Bathocuproine), even light-harvesting
dyads are conceivable. These ideas illustrate the potential of
[Fe,(CO)s(u-CO)Np-P(R)}1™ as catalysts and their relevance in
future applications.

Experimental Section

General: All experiments and synthetic procedures were carried
out in an argon atmosphere and under the exclusion of air by
using Schlenk techniques.

Chemicals: Solvents were purified and degassed according to stan-
dard procedures prior to use. The compounds 3CO, P(a-i);, [NBu,]
[PF¢], and [NBu,][CIO,] were purchased from a commercial supplier
(Sigma-Aldrich, Alfa Aesar, Acros). The complexes [Ir(bpy)(p-
pY),1PF,5¥ [HNEt;][HFe;(CO),;1,%¥ and [NEt,J[HFe(CO),1®” were syn-
thesized according to literature procedures.

Synthesis of the complexes [NEt,][2COP(c-f),]: [NEt,J[2COP(e),]
was synthesized by the procedure reported by Walther et al.**
The other diferrates [NEt,][2COP(c),], [NEt,J[2COP(d),], and [NEt,]
[2COP(f),] were synthesized starting with the preparation of
[NEt,],[Fe,(CO)s].*Y The subsequent reaction with PCIR, was carried
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out according to a procedure similar to those described by Oster-
loh and Reina et al.?*%? [NEt,],[Fe,(CO)g] (0.6 mmol) was dispersed
in THF (18 mL) at 50°C. After the addition of PCIR, (0.6 mmol), the
deep-red slurry was stirred for 30 min. Subsequently, further PCIR,
(0.15 mmol) was added and stirring was maintained for another
10 min. The solution was then irradiated by UV light (320-500 nm)
for 2 h at room temperature. During this time, the color turned
from deep red to deep brown. After filtration, the solution was
concentrated to dryness and the solid was suspended in pentane
(5 mL), filtered, and washed with additional pentane (5 mL). The re-
sulting brown residue was dissolved in a mixture of CH,Cl, (1.3 mL)
and diethyl ether (1 mL). Pentane was added until the product pre-
cipitated as brownish yellow crystals. The latter were filtered,
washed with pentane, and dried under vacuum. Yields: 35-67 %.

Data for [NEt,][2COP(c),]: "H NMR (300 MHz, [Dg]THF): 6=8.15 (d,
J=10.3Hz, 4H), 793 (s, 2H), 3.23 (m, 8H), 1.21 ppm (m, 12H);
YENMR (282 MHz, [DgTHF): 6=-632ppm (s); *'PNMR
(121.5 MHz, [Dg]THF): 6=122.3 ppm (s); IR (THF): #=2025 (m),
1977 (s), 1947 (m), 1928 (m), 1747 cm™" (w).

Data for [NEt,J2COP(d),]: 'H NMR (300 MHz, [DgITHF): =7.79 (t,
J=9.0Hz, 4H), 7.53 (d, J=7.7Hz, 4H), 327 (q, J=7.2Hz, 8H),
1.27 ppm (t, J=7.2Hz, 12H); "FNMR (282 MHz, [Dg]THF): 6=
—62.8 ppm (s); >'P NMR (121.5 MHz, [Dg]THF): 6 =122.8 ppm (s); IR
(THF): #=2021 (m), 1971 (s), 1941 (m), 1921 (m), 1741 cm™" (w).

Data for [NEt,]J[2COP(e),]: "H NMR (300 MHz, [DgITHF): 6=7.61 (m,
4H), 7.17 (m, 6H), 3.26 (q, J=7.3 Hz, 8H), 1.26 ppm (t, J=7.3 Hz
12H); *'P NMR (121.5 MHz, [DgTHF): 6 =125.9 ppm (s); IR (THF):
7=2016 (m), 1965 (s), 1934 (m), 1916 (M), 1736 cm ' (w).

Data for [NEt,]J[2COP(f),]: '"H NMR (300 MHz, [DgITHF): 6=7.50 (dd,
J=10.4, 8.8 Hz, 4H), 6.73 (dd, J=8.8, 1.5 Hz, 4H), 3.72 (s, 6H), 2.79
(m, 8H), 0.82 ppm (m, 12H); *'P NMR (121.5 MHz, [Dg]THF): 0=
123.2 ppm (s); IR (THF): %=2014 (m), 1963 (s), 1932 (m), 1913 (m),
1736 cm™" (w).

Experimental setup, procedure, and data analysis: The experi-
mental setup (see Scheme SI1 in the Supporting Information) for
time-resolved operando continuous-flow FTIR experiments under
light irradiation consists of a reaction vessel connected to an FTIR
spectrometer and an automatic gas burette. Hence, this setup
allows monitoring of gas evolution and the simultaneous acquisi-
tion of IR spectra. A mercury vapor lamp (LUMATEC) was attached
to the double-walled thermostatically controlled reaction vessel at
a fixed position by means of a fiber optic cable. This lamp emits
visible light between 380 and 700 nm. The reaction solution was
stirred with a magnetic stirrer at a constant and reproducible
speed and was continuously circulated through the thermostatted
measuring cell of the IR spectrometer by using a microannular
gear pump (HNP). The cell had CaF, windows and an optical path
length of 100 um. The FTIR measurements made with a Bruker
Tensor 27 spectrometer equipped with a mercury-cadmium-tellur-
ide (MCT) detector. The gas evolution was monitored by using an
automatic gas burette (MESSEN NORD) at a constant pressure of
1020 mbar and its temperature was kept constant at 25°C. A con-
denser was installed in between the reaction vessel and the gas
burette and maintained at 5°C to retain volatile solvent.”?

A typical experiment was carried out as follows: The whole appara-
tus was evacuated and purged with argon five times to provide
oxygen-free conditions. The reaction vessel was then filled with
solvent (20 mL). After temperature adjustment an IR spectrum was
recorded and used as a background spectrum. The solid catalysts
were added to the system. After reaching thermal equilibrium be-
tween gas and condensed phase (10 min), the reaction was initiat-
ed by irradiation of the solution (1500 mW). An IR spectrum con-
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sisting of 64 scans was recorded every 2 min. The obtained hydro-
gen evolution curve was corrected by the system’s blind value,
which was obtained in an experiment without catalysts. Turnover
numbers were calculated according to the expression TON=V,,,/
Vin/Neaatyse in which Vy, is the volume of hydrogen gas, Ng,ys is the
amount of catalyst and V,,=24.3035 Lmol~' (molar volume of an
ideal gas at 1020 mbar and 298.15 K).

Extraction of the IR concentration profiles and determination of
the IR extinction coefficients were carried out by alignment of the
pure component spectra onto the in situ IR spectra. The pure com-
ponent spectra were obtained from solutions of synthesized com-
pounds (H37, H1~ and 2COP(c—f),”) or by subtraction of these
from the in situ spectra (1P(R); and 2P(d);P(d),”). The spectrum
and concentration curve of [Fe(CO);(bpy)] was extracted by an al-
gorithm based on factor analysis.® The extinction coefficient of
[Fe(CO);(bpy)] was presumed to be equal to that of H17. In
Figure 9, the absorption curves were recorded at the maximum ab-
sorption of each species as a function of time.

Hydrogen evolution experiments under optimized conditions
(Figure 7, Table 3) were performed in a similar experimental setup
to that already described elsewhere by Beller and co-workers.!*'¥
It differs from the setup described in the previous paragraphs by
the absence of the microannular gear pump and the IR unit. A
300 W Xe lamp (Lot-Oriel-300-W-Xe-lamp, LSB530) was used as the
light source. At the end of these experiments, the collected gas
was analyzed by GC (gas chromatograph HP6890N, carboxen 1000,
TCD or TCD + methanizer/FID, external calibration). Apart from
argon, traces of solvent vapor, and CO dissociated from the cata-
lyst, only hydrogen was found in the gas mixture. Turnover num-
bers were calculated according to the expression TON=V,./V,/
Neatalyst With Vi =24.465 Lmol™" (molar volume of an ideal gas at
1 atmosphere and 298.15 K).

NMR spectra were recorded with a Bruker Avance AV-300 ('H:
300 MHz, *'P: 121 MHz, '°F: 282 MHz) or a Bruker Avance AV-400
("H: 400 MHz, *'P: 162 MHz) instrument. 'H shifts are reported in
parts per million downfield from tetramethylsilane. *'P NMR shifts
are proton-decoupled and reported in parts per million downfield
from H;PO, . 'F NMR spectra were recorded with Ir-PS as the in-
ternal standard (0=-71.80 and —74.31 ppm). The chemical shifts
are reported in ppm downfield from CFCl,.

The X-ray absorption measurements were carried out at the ANKA
synchrotron facility. The synchrotron beam current was in the
range 80-140 mA at 2.5 GeV storage ring energy. A Si(111) double-
crystal monochromator was used for measurements at the Fe K-
edge (7.112 keV). The second monochromator crystal was tilted for
optimal harmonic rejection. To perform operando studies, the
spectra were recorded in fluorescence mode by using a hyperpure
germanium detector. Energy calibration was performed with an
iron metal foil prior to the measurements. Samples in solution
were measured in a specially designed fluorescence cell, which al-
lowed evacuation, flushing with inert gas and filling under inert
gas flow.™ An argon atmosphere was applied to the cell in the
course of the measurements to allow evolving gas to escape the
cell. Details of the analysis are described elsewhere.*® EXAFS data
analysis was performed according to the curved wave formalism of
the EXCURV98 program with the XALPHA phase and amplitude
functions.®” The amplitude reduction factor (AFAC) was allowed to
float in the fit. Fourier-filtered back-transformed spectra were ana-
lyzed in k-space. Fourier filtering was applied in the range 1.0-
3.2A

Cyclic voltammetry experiments were carried out with a Metrohm
Autolab PGSTAT302N or PalmSens EmStat3+ Blue potentiostat.
Electrodes from the company ALS were used: 2 mm? glassy carbon
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disc working electrode, platinum wire counter electrode, and Ag/
AgNO; reference electrode (silver wire in 0.01m AgNO;/0.1m
TBACIO,/acetonitrile). The reference electrode was separated from
the experimental solution with a vycor frit. Ferrocene as internal
standard was added at the end of each experiment.
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ABSTRACT: This study provides detailed mechanistic insights into light-driven hydrogen - A
production using an abundant copper—iron system. It focuses on the role of the heteroleptic HO 00

copper photosensitizer [Cu(P*P)(N"N)]*, which can be oxidized or reduced after
photoexcitation. By means of IR, EPR, and UV/vis spectroscopy as well as computational
studies and spectroelectrochemistry, the possibility of both mechanisms was confirmed. UV/
vis spectroscopy revealed the reorganization of the original heteroleptic photosensitizer
during catalysis toward a homoleptic [Cu(N"N),]* species. Operando FTIR spectroscopy EPR

showed the formation of a catalytic diiron intermediate, which resembles well-known

hydrogenase active site models.
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he global rising population and energy demand are

leading to a faster depletion of fossil resources and boost
the search for sustainable alternatives."” These options ideally
utilize natural energy sources such as water, wind or solar
power that produce no waste and emissions such as carbon
dioxide.>* A second major requirement is the constant
availability of energy, which calls for efficient energy storage
materials and capacities.” Currently, several approaches are
controversially discussed in the literature, ranging from
electricity storage in batteries and supercapacitors to chemical
energy storage mainly in hydrogen or hydrogen-releasing
molecules (liquid organic hydrogen carriers).® In particular,
hydrogen is very attractive because of its high energy content
and clean combustion.” However, sustainable hydrogen
production from water using sunlight is still demanding and
needs further improvement in several aspects, such as the
replacement of noble metals, increased efficiency, use of pure
visible light and a thorough understanding of the underlying
processes.”” Recent progress on the replacement of noble
metals showing high hydrogen production rates for a system
composed of a nonprecious iron water reduction catalyst
(WRC), a heteroleptic copper photosensitizer (CuPS 1), and
triethylamine acting as sacrificial reductant (SR) was made in
our groups.

Systematic variation of the CuPS and its ligand structure
resulted in the most efficient fully noble-metal-free hydrogen
generating system so far, with a maximum turnover number
(TONy) of 1330.'*'> However, the lifetime of the overall

-4 ACS Publications  © 2014 American Chemical Society
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catalytic system varied from S to 60 h, depending on the
applied conditions and copper complexes. Preliminary experi-
ments suggested the predominance of an oxidative reaction
pathway in which the CuPS is first oxidized after photo-
excitation (Scheme 1).

Interestingly, negligible activity was observed with the
homoleptic sensitizer [Cu(N"N),]** (CuPS 2) with two
phenanthroline ligands, although it also absorbs UV—vis light
and should thus be able to act as a photosensitizer, as well. The
missing activity may be due to two possible reasons: The redox
potentials required for the electron transfer are not sufficient?
or the lifetime of the excited triplet state of complex 2 is too
short."*

Information about the different activation and deactivation
pathways of the iron WRC and the CuPS as well as their
catalytic intermediates is still rare. Thus, a detailed under-
standing of the catalytic cycle may contribute to the
development of more efficient systems. Therefore, it was the
aim of this study to investigate the mechanism of the light-
driven production of hydrogen by a heteroleptic CuPS and an
iron WRC using several methods, such as operando FTIR
spectroscopy, UV/vis and in situ EPR spectroscopy, as well as
their combinations with spectroelectrochemical'®"” techniques.
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Scheme 1. Reductive (red) and Oxidative (blue) Reaction
Pathway and the Initial Structures of the Applied Copper
Photosensitizer (CuPS, e.g., 1) and Water Reduction

Catalyst (WRC)
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‘Koxidative WRC
SRﬁ CuPs*

WRC”

WRC
CuPs”

reductive

(CO)4

PFG Fe
i N N \
Cu (OC)3Fe /Fe(CO)3
P Ph c

The experimental results are supported by computational
studies as well as by catalytic measurements.

The heteroleptic copper complex 1 [Cu(P"P)(N"N)]*
which contains bidentate PP (Xantphos) and NN (2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline) chelate ligands,
exhibits a distorted tetrahedral structure of the Cu" center in
the ground state (Scheme 1).'®7*° Upon photoexcitation, a
metal-to-ligand charge transfer (MLCT) to the phenanthroline
ligand occurs, followed by a structural transformation to a
triplet excited state; with a more square planar geometry in
terms of the ligand orientation around the formal Cu®* center;
and finally, an intersystem crossing.”' This long-lived excited
state can now be reduced or oxidized, depending on the
reaction partners in the catalytic system, resulting in 1~ or 1%,
respectively.'* Both pathways could be considered to be
responsible for photocatalytic activity. At the beginning, the
reductive pathway was investigated by means of EPR
spectroscopy. In this context, a reduced CuPS was detected
under UV/vis irradiation in the presence of triethylamine
(TEA), which acts as a sacrificial reductant (Figure 1la).

EPR intensity / arb.u.

2.02 2.01 2.00 1.99 g value 1.98

Figure 1. EPR spectra of (a) CuPS 1 in THF/TEA (4/1) under UV/
vis irradiation, (b) the respective EPR simulation (g = 2.0034, line
width AB = 2.5G, 2 X Ay = 10.0G, 2 X Ay = 7.0G, 2 X Ay = 34G, 1 X

Ac, = 34G), and (c) 1~ obtained at —1.5 V vs Ag/Ag".

Analysis of the superhyperfine structure (shfs) revealed the
coupling of the free electron to all hydrogen and nitrogen
nuclei of the aromatic system in the phenanthroline ligand (4 X
H (I=1/2),2 XN (I=1)) as well as to the copper nucleus (I
= 3/2) (Figure 1b). In combination with the g value of 2.0034,
which is close to that of the free electron, the shfs coupling
constants suggest a complete electron delocalization within the

1846

NN ligand,” in contrast to a partial ligand-metal delocaliza-
tion observed in an analogous iridium photosensitizer (IrPS).**
This finding was further supported by EPR spectroelectro-
chemistry, providing the same EPR spectrum (Figure 1lc).
Moreover, the full reversibility of the reductive cycle along with
the high stability of complex 1 under reductive conditions was
proven by UV/vis absorption spectroscopy (Supporting
Information (SI) Figures S1, S2). Here, the electrochemical
as well as the photochemical reduction did not lead to any
changes in the absorption behavior.

In contrast to the reductive pathway, the formation of 1*
within an oxidative pathway can occur with [Fe;(CO);,] as an
electron acceptor (Scheme 1). Applying EPR spectroscopy,
characteristic decomposition products [Fe;(CO),]*7,
[Fe;(CO),,]°", and [Fe,(CO)g]*", which were detected for
the analogous IrPS system, as well,”™ were monitored. Neither
Cu"PS* nor Cu'PS* species have been detected in the present
study. Even with EPR spectroelectrochemistry (+1.5 V vs Ag/
Ag"), no oxidized copper complex was observed, indicating an
unexpected reaction pathway under oxidative conditions.

This oxidation pathway was examined by UV/vis spectros-
copy, which can distinguish among various redox states of the
copper species by their different MLCT transitions. For
instance, in complex 1 only the phenanthroline moiety
contributes to the MLCT transition around 390 nm. This
band decreases after several redox cycles, each composed of an
oxidation step, followed by a rereduction process (Figure 2),

wavelength/nm 550

Figure 2. Oxidation (O, +1.5 V) and rereduction (R, at —0.5 V vs Ag/
Ag") cycles (duration of each step: 100 s) of 1 in acetonitrile solution
monitored by UV/vis spectroelectrochemistry.

indicating that the concentration of 1 in the solution becomes
lower. Furthermore, a new band at 475 nm rises during each
rereduction step, which corresponds to the well-known
homoleptic CuPS [Cu(N"N),]* (2), showing an absorption
band exactly in this range (see SI). Thus, the concentration of
the new generated complex 2 increases during the redox cycles.
Consequently, the concentration of the oxidized species 27,
formed within these oxidation steps, also rises. However, the
absorption spectra of the oxidized species 1* (still present) and
2" (gradually formed) during the several oxidation processes
are almost identical, which is caused by the exclusive
contribution of the phenanthroline ligand to the MLCT
transition in the respective complexes (O in Figure 2).

In addition, the absorption spectra were measured under
photochemically induced oxidative conditions with methylviol-
ogen (MV, 1,1’-dimethyl-4,4'-bipyridinium dichloride) as
chemical oxidant and light irradiation at 350 nm. 26.27 Again,
the MCLT band of 1 decreases, and the band of complex 2
appears in the visible region over time (SI Figure S2).

dx.doi.org/10.1021/cs500387e | ACS Catal. 2014, 4, 1845—1849
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As mentioned above, the absorption behavior suggests that
the original heteroleptic complex 1 is decomposed exclusively
under the oxidative conditions by a dissociation of the sterically
demanding diphosphine ligand. Indeed, DFT calculations of the
oxidized species of 1 point to an elongation of the Cu—P bond
from 0.233 nm (1) to 0.239 nm (1%) and 0.240 nm in (1**)
and to a decreasing P—Cu—P bite angle in the order 116.8° (1)
>109.2 (1%) > 103.2 (1**), which provides further evidence for
the proposed dissociation reaction (SI Table S1). However, this
dissociation does not lead to a complete destruction of the
structure of 1. Instead, a second phenanthroline ligand
coordinates to resaturate the copper center, forming the
homoleptic complex [Cu(N"N),]* 2. This dynamic ligand
exchange between hetero- and homoleptic copper complexes
was also recently reported for related CuPS."®

Following the aforementioned results, the crucial role of the
diphosphine ligand became obvious. Caused by an electro-
chemical oxidation of 1, without [Fe;(CO);,] as electron
acceptor, the PP ligand is converted to Xantphosdioxide, as
proven by *'P NMR spectroscopy (SI Figure $4).%® In contrast,
the irradiation of 1 in the presence of the electron acceptor MV
does not lead to Xantphosdioxide, revealing a different
mechanism under photooxidative conditions (SI Figure S4).
Thus, especially the role of the electron acceptor seems to
determine the respective reaction.

Consequently, the reaction of the diphosphine ligand with
the iron precursor [Fe;(CO);,] has been studied by operando
FTIR spectroscopy. Starting with 1 and [Fe;(CO),] in a
solution of THF/TEA/H,0, the conversion of the iron
precursor to [HFe;(CO);;]” is observed within the first
minute of irradiation, giving rise to characteristic bands at
2064(w), 1999(s), 1993(s), 1975(m), and 1748(m) cm™
(Figure 3, red).”**” This complex is already known as active
WRC in related iridium-based photocatalytic systems.**** As
the reaction proceeds, [HFe;(CO),;]” is transformed into
[Fe,(u-PPh,)(u-CO)(CO)4]~ (3) with four intense bands at
2015(m), 1965(vs), 1934(m), 1916(s) cm™"' (Figure 3, blue).
This transformation is accompanied by an enhanced hydrogen
evolution (Figure 3, black curve). Temporarily appearing

100

80+

§ 1 2050 2000 1950 1900 1850
> 404 ¥iem’ (CO)sFe (CO)s
3
20 _J\__A/\/\_
2050 2000 1950 1900 1850
' Viem'
0 T M T T M T T T

0 20 40 60 80 100 120

t/h

Figure 3. Results of the operando FTIR measurements: gas evolution
curve (black) and IR spectrum of the solution at ¢ = 1 min (red) and
t = 35 h (blue). Conditions: 7.0 umol of 1, 10.0 umol of [Fe;(CO);,],
20 mL of THF/TEA/H,0 (4/1/1), visible light irradiation (1.5 W),
25 °C.
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intermediate complexes are not identified yet (SI Figure SS).
After 35 h, 3 is the only carbonyl compound present in
solution. In the further course, its concentration drops after
120 h, which is consistent with the end of hydrogen evolution,
showing the catalytic relevance of this species (SI Figure S6).

The assignment of 3 is supported by spectral data specified in
works of Ellis, Walther, or Best et al.**~>* (SI Table S2) and by
DFT calculations (SI Figure S7). Its structure is analogous to
monoreduced diiron hydrogenase mimics, which possess
similar IR patterns.”* >° The present PPh, ligand most
probably originates from the decomposition of free Xantphos,*”
which is closely related to observations made with PPh; in the
presence of hydrogen or heat.***

After complete conversion of [Fe;(CO),,] to 3, assured by
operando FTIR spectroscopy, a sample of the reaction mixture
was analyzed by means of NMR spectroscopy. The respective
31P NMR spectrum (Figure 4, blue) displays a singlet peak at

= 1269 pgm, which is in good agreement with the chemical
Shlft of 3.3

‘ «-174
Xantphos

-11.9 »
1
1 126.9 - -12.0 » |, - -14.1
+ Fe,(CO),,
T T v T T T

T T T
*hy 150 100 50 0 -50
5/ ppm

Figure 4. *'P NMR investigations: black, free Xantphos ligand; red, 1;
blue, 21.3 pymol of 1 and 22.6 umol of [Fe;(CO);,] in 20 mL of
solvent mixture after 5.5 h of visible light irradiation (6 W). All
compounds were dissolved in THF/TEA/H,0 (4/1/1).

The additional signal at 6 = —12.0 ppm can be assigned to
complex 1, showing that even after long reaction times, some 1
is still left, whereas the small signal at § = —14.1 ppm does not
match to the uncoordinated Xantphos and remains unassigned.
The corresponding 'H NMR spectrum of the reaction mixture
reveals no hydride signal, which supports the structural
assignment of the catalytically active species 3.

Indeed, application of the homoleptic complex 2 along with
the Xantphos ligand and [Fe;(CO);,] yielded the same
photocatalytic activity as determined for 1 and [Fe;(CO),]
(Figure S and SI Table S4). The respective turnover numbers
(TONy,) and frequencies (TOF) are nearly the same within
the error of the catalytic experiments (SI Table S4). Note that
under these conditions, CuPS 1 has been detected by *'P
NMR. This indicates a ligand exchange that leads to a “rebirth”
of the active photosensitizer 1.

It can be concluded that in both cases, the catalytic activity
originates from the same dinuclear iron-diphenylphosphido
species 3, arising from a self-organization process. The nature of
this essential species was further proven by an experiment
without the diphosphine ligand, in which no activity could be
observed (Figure S, gray curve). Hence, the diphenylphosphido
fragment is a crucial part of the active species, and only its
existence enables an efficient hydrogen production within this
fully noble-metal-free system.

In the present work, the mechanism and catalytic
intermediates of the photoinduced iron-catalyzed hydrogen

dx.doi.org/10.1021/cs500387e | ACS Catal. 2014, 4, 1845—1849
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Figure S. Hydrogen evolution curves using CuPS (S pmol) in the
presence of [Fe;(CO);,] (5 umol) as WRC in a mixture of THF/
TEA/H,0 (4/3/1, 10 mL). Black dashed, 1; black solid, 2 with

Xantphos (S pmol); gray solid, 2 without Xantphos; gray dashed, only
Xantphos and [Fe;(CO),,]. See SI Table S4.

production in the presence of a heteroleptic CuPS were
investigated. First, the attention was focused on the photo-
sensitizer, which could be oxidized or reduced after photo-
excitation. UV/vis and in situ EPR spectroscopy and their
combination with electrochemistry revealed the existence of
both an oxidative and a reductive pathway. The latter one is
reversible with respect to the CuPS. Instead, the obtained
results for the oxidative pathway, supported by DFT
calculations, evidenced a photoinduced reassembling of the
copper-bound ligands forming partly a homoleptic phenanthro-
line complex. After liberation from copper, the uncoordinated
phosphine ligand releases a (PPh,) fragment, which reacts with
[Fe;(CO)1,] to [Fey(u-PPh,)(u-CO)(CO)s]™ (3). The
structural assignment of this catalytic intermediate was
confirmed by operando FTIR and NMR spectroscopy as well
as DFT.

This unique self-organizing process provides a comfortable
access to an efficient and fully noble-metal-free system for the
photocatalytic reduction of protons without demanding
synthesis. Furthermore, the detailed understanding of the
mechanism supports rational catalyst design.
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system that is formed in situ. Mechanistic studies confirm a heteroleptic Cu complex as the
active photosensitiser (PS) and an in situ formed Fe—phosphido dimer complex as the water
reduction catalyst (see scheme). The in situ method was used to screen a range of ligands for
the active PS, which led to the identification of a number of structural features important to

longevity and performance.
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Copper-Based Photosensitisers in Water Reduction: A More
Efficient In Situ Formed System and Improved Mechanistic

Understanding

Alastair J. J. Lennox,”? Steffen Fischer,™
Henrik Junge,™

~

Abstract: The reduction of water has been achieved
through a non-noble-metal-based homogeneous catalyst
system that is formed in situ. Optimisation of the ligand
quantities increased catalyst turnover numbers compared
to preformed complexes. Mechanistic studies confirm
a heteroleptic Cu complex as the active photosensitiser
(PS) and an in situ formed Fe-phosphido dimer complex
as the water reduction catalyst. The in situ method has
been used to screen a range of ligands for the active PS,
which has led to the identification a number of structural
features important to longevity and performance.

- /

Transfer to a “hydrogen economy™ is considered a viable so-

lution to prevent the well-documented negative effects associ-
ated with the rate of our fossil fuel consumption. Presently, H,
is generated by steam reformation of fossil fuels themselves,
thereby rendering the whole process ineffectual in its original
objectives. Sustainable generation of this energy-dense and
clean-burning gas, using renewable energy and materials,
must therefore be realised>® To this end, solar-promoted
water-splitting has become a hugely popular research endeav-
our,” ¥ from which the exploitation of homogeneous photoca-
talysis has experienced particular success,”"" especially in the
utilisation of visible light, in contrast to the vast volume of lit-
erature on UV-absorbing semiconductor-based heterogeneous
systems 121

There is a class of molecular systems that are composed of
three-components and linked through a cascade.” They were
originally inspired by nature, where reduction equivalents are

[a] Dr. A. J. J. Lennox, M. Jurrat, Dr. N. Rockstroh, Dr. H. Junge,
Prof. Dr. M. Beller
Leibniz Institute for Catalysis at the University of Rostock
Albert Einstein-Stral3e 29a, 18059 Rostock (Germany)
E-mail: Matthias.beller@catalysis.de

S. Fischer, Prof. Dr. R. Ludwig
Institute of Chemistry, Department Physical Chemistry
University of Rostock, Dr. Lorenz-Weg 1, 18059 Rostock (Germany)

Dr. S.-P. Luo

State Key Laboratory Breeding Base of

Green Chemistry-Synthesis Technology, Zhejiang University of Technology
310014 Hangzhou (PR. China)

Supporting information and ORCID(s) from the author(s) for this article are

=

@ available on the WWW under http://dx.doi.org/10.1002/chem.201503812.

=

[c

Chem. Eur. J. 2016, 22, 1233-1238 Wiley Online Library

Mark Jurrat,”’
Ralf Ludwig,” and Matthias Beller*®

1233

Shu-Ping Luo,™ Nils Rockstroh,®

generated by light in combination with coupled redox cycles
in photosystems Il and 1."*'”" An organometallic photosensitis-
er (PS) complex can be excited with visible light by a metal-to-
ligand-charge-transfer (d—m*), which undergoes electron
transfer to a water reduction catalyst (WRC) and from a sacrifi-
cial reductant (SR). The reduced WRC can then reduce aqueous
protons to liberate hydrogen gas (Figure 1). Due to their high
redox potentials and activity under visible light irradiation, PSs
based on Ru™?% and Ir?"?¥ have become popular choices.
However, despite numerous advances, there remain very signif-
icant, fundamental limitations that restrict the utility of this
technology. One such limitation is the cost and complexity of
the catalysts employed, which has prompted the birth of
cheap non-noble-metal systems.”>*¥ |n 2013, we demonstrat-
ed that, in the presence of an iron-based WRC, heteroleptic Cu
complexes, containing a bidentate phosphine and a phenan-
throline ligand, behave as suitable photosensitisers for proton
reduction reactions.”*>? These Cu-based complexes exhibit
long excited-state lifetimes and a wide, ligand-dependent,
range of reduction potentials.®*” We previously found evidence
for both oxidative and reductive quenching pathways of the
excited state (Figure 1).2"

SR* SR

Oxidative
quenching
WRCX \ XWRC' X H*
112 Hy WRC WRC 1/2 Hy
Reductive
quenching SR* SR

Figure 1. The two possible pathways in the generalised homogeneous pho-
tocatalytic cascade mechanism for the reduction of protons to H, gas.

PS =photosensitiser, WRC = water reduction catalyst, SR = sacrificial reduc-
tant.

The Cu PS complexes are prepared by a two-step synthesis
involving an overnight reflux, followed by a second reflux and
recrystallisation. In order to improve the system, bypassing the
synthesis of the organometallic complex is necessary to render
the process operationally simpler and therefore time and cost
effective. In addition, it would provide a facile method by
which a broad range of ligands could be tested in order to es-
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tablish a more stable and active system, whilst rapidly learning
about the important structural features. To this end, a model
system was identified, composed of a simple copper salt
([Cu(MeCN),IPF,, (1)), a bidentate phosphine ligand (xantphos
(2a)), a phenanthroline derivative previously known to be ef-
fective in harvesting light (bathocuproine (3a)) and a WRC pre-
cursor ([Fe;(CO),,] (4)); see Figure 2, right. Employing equimo-
lar amounts of each component, it was established that upon
their dissolution in THF and water, with the addition of a sacrifi-
cial reductant (NEt;) and subsequent visible light irradiation, H,
could be generated in comparable volumes to the use of a mo-
lecularly defined, preformed, PS (Figure 2). This confirmed that
rapid and selective formation of the active PS complex occurs
in situ. Analysis of the generated gas mixture showed the pres-
ence of >98% H, with small (< 0.4%) quantities of CO dissoci-
ating from the WRC.

30 [Cu(MeCN)4PFgs (1)
::E‘ PPh,
220 -
£ ~ )
S PPh.
o Ph 2 [Fes(CO)n] (4)
i 10 - Bathocuproine (3a Xantphos (2a) _NEts
esscscasssses )
] « Insitu Pfe formed H,0, THF

e Pre-formed ph2 -
0 T \\N S
0 200 400 600 §
Time (min) PPh2
Figure 2. Gas evolution curves from the use of pre-formed (red) and in situ
formed (black) catalyst systems.

When the catalyst components were added as solids to the
flask, followed by the solvent mixture, the system was found
to be very sensitive and reproducibility was poor. The use of
stock solutions for each reacting component allowed for
a more controlled and accurate addition of each species and
the reproducibility could be improved. However, the catalyst
activity, longevity and decay rates were found to be depen-
dent on the order of their addition. This interesting observa-
tion was initial evidence of the multiple processes occurring in
solution and their relative rates. The most dramatic effect oc-
curred when bathocuproine (3a) was added at the very end,
as no H, was formed, possibly indicating a competitive com-
plexation of the SR to Cu. In addition, it was observed that
higher volumes of gas were produced when the phosphine
was mixed with copper before addition of bathocuproine
(3a).2? The most reliable and active system arose from the ad-
dition of bathocuproine (3a) after allowing xantphos (2a) and
copper (1) to premix, followed by NEt;, water and finally the
addition of the [Fe,(CO);,] (4) complex.

Previous mechanistic studies spectroscopically detected (op-
erando FT-IR) a new iron dimer (5) under the reaction condi-
tions (Figure 3).5" With a bridging diphenylphosphido moiety,
it closely resembles the efficient iron-based hydrogenase water
reduction catalysts."®?**3 Proposed to be a resting state in
the catalytic cycle of water reduction, the formation of this
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species was assumed to arise from oxidative decomposition of
the phosphine-containing heteroleptic PS, by a derivative of
the iron trimer pre-catalyst. Taking into account this phosphine
consumption, and the possibility of further ligand degradation,
the in situ system should allow for higher activities and longer
catalyst lifetimes, as the equivalents of each reacting compo-
nent can be varied. Keeping the concentration of 1 constant,
the quantities of 2a, 3a and 4, were all systematically varied,
and the quantity and rate of H, generation was assessed. Due
to the interconnection of the two catalysts and no clear single
expensive component to optimise the system towards, it is
most logical to judge the efficiency through the system turn-
over number, that is, the combination of catalyst turnover
numbers (TON,, =TONg,"+TON;")."* Indeed, optimisation
of ligand equivalents (Figure 3) provided almost an additional
30% of activity (TON,, =1050 (unoptimised) vs. 1330 (opti-
mised)). The highest activity was observed using equimolar
amounts of 1 and 2a in combination with an excess of 3a
(1.5 equiv) and sub-stoichiometric quantities of 4 (0.7 equiv;
Figure 3).

‘Detected ot 12 A -
byR O n RS JQ
i(ref. [31]) p 2 i
E / ") i E k= 8
i (OC)sFe Fe(CO); 5§ : E
- _
HE®) —@— Bathocuproine
U P —e—(Fe,(CO), ]
5 «=@= Xantphos
Fe (CO), : 0 T T T
/7 \ : 00 08 16 24
(OC) 3Fe\ )Fe(CO)s é?'C“ > Equivalents
¢ | 1.0 equiv [Cu], 1.0 equiv 2a
4 o O [Cu(2a)(3a)]* : 1.5 equiv 3a, 0.7 equiv 4

TONgys = 1330

Figure 3. Left: the previously proposed resting state detected by operando
FT-IR spectroscopy, which is assumed to be formed from reaction between
the iron pre-catalyst 4, or derivative thereof, and the heteroleptic
[Cu(2a)(3a)]. Right: variation of the quantities of the catalyst components in
the reduction of protons to H, gas. General conditions: [Cu(MeCN),IPF¢ (1)
(3.5 pmol, 1.3 mg, 1 equiv), THF (5 mL), NEt; (3.75 mL) and water (1.25 mL),
Xe lamp (input 300 W, output 1.5 W). Xantphos (2a) variation: 3a (2 equiv)
and 4 (0.7 equiv); bathocuproine (3a) variation: 2a (1 equiv) and 4

(0.7 equiv); Fe-trimer (4) variation: 3a (2 equiv), 2a (1 equiv).

An increase in the relative amount of phosphine ligand in-
duces a negative effect on the catalyst activity (Figure 3), a fact
that is surprising considering its apparent extra necessity in
formation of the proposed active WRC and its role in forming
the assumed active heteroleptic copper PS ([Cu(2a)(3a)]™)
complex. Additionally, the highest TON,,, comes from employ-
ing an excess of bathocuproine. It is well known there exists
an equilibrium between copper heteroleptic, for example,
[Cu(2a)(3a)]" and homoleptic, for example, [Cu(3a),]", com-
plexes,®® and thus it seems entirely plausible from the evi-
dence presented thus far that the excess of 3a serves to
favour the equilibrium in the direction of a homoleptic com-
plex ([Cu(3a),]") that is active, as observed in other applica-
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tions.®”*® Thus, the role of 2a would be to provide a phosphi-
do fragment to form the active Fe dimer (5) WRC. In order to
rationalise the optimised conditions and to aid further optimi-
sations, mechanistic investigations were conducted with the
first aim of elucidating the identity of the active PS and WRC
species.

In order to establish the dominant species in solution, the
equilibrium (K.,) between the homoleptic ([Cu(3a),] ") and het-
eroleptic ([Cu(2a)(3a)]") complexes (Figure 4) was studied. The
K.q was measured ('HNMR spectroscopy) in a range of sol-
vents. In DCM, CH;CN, acetone and in THF there was no, or
very little, evidence of [Cu(3a),]” formation. There was evi-
dence for [Cu(3a),]" in MeOH, but, surprisingly, in CDCl; the
equilibrium lies almost entirely towards it. In the reaction sol-
vent (THF/NEt;/H,0 4:3:1) the equilibrium constant was mea-
sured (ESI-MS) as 0.29, meaning that over 65% of Cu exists as
(ICu(2a)(3a)l". By changing the addition order of the ligands
to copper, the rate of equilibration was found to be relatively
slow. When 3a was pre-mixed with 1 before addition of 2a,
the equilibrium favoured [Cu(3a),]" by a further 6%, which
readjusted over a period of 24 h in the dark, or 2 h of light irra-
diation. When this addition order was followed under catalytic
conditions, the activity of the system dropped. This evidence
provides the first hint that the homoleptic complex, which is
formed in a greater proportion when bathocuproine (3a) is
added before copper, is not the active PS species. The influ-
ence of visible light on K., was also tested ("H NMR spectrosco-
py) in [Dg]THF and found to effect a shift towards [Cu(3a),]*.
This is consistent with previous electrochemical studies that
show a progressive build-up of homoleptic complex upon
redox cycling,®" and thus light-induced excitation is shown
here to effect the same process.

Having established that [Cu(2a)(3a)]" is the species in high-
est concentration, it was important to establish their relative
reactivity, due to the possibility of a small proportion of highly
reactive PS responsible for the observed activity. To do this, it
was first necessary to confirm that the observed Fe phosphido-
bridged dimer (5) is an active species. Thus 5 was indepen-

[Cu(2a)(3a)] 3a [Cu(3a),] 2a
054 e Irradiated |
18 I ® e Control
0.4  3a added
| first
17:/ 0.3 o
60.4 - §<g
x° 0.2
.2
0 0.1 ¢
] ° b °
0.0 00t
N @ > o N ¢ . T T T T
(@) (o)
& \%05\0 & PR 0 2 4 & 8

Irradiation time (h)

Figure 4. Equilibrium between [Cu(2a)(3a)]* and [Cu(3a),]", showing the
equilibrium constant (K.,), left, in different solvents and, right, changing
under the effect of light irradiation (Xe-lamp, output: 1.5 W) in a THF solu-
tion.
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dently synthesised,®™ and tested in combination with pre-
formed [Cu(2a)(3a)]" and compared to the use of pre-catalyst
trimer 4. When ensuring the same number of Fe atoms are
present, the same volume of H, was observed (Figure 5), there-
by confirming the role of 5 as an active WRC. This is consistent
with previous studies that have shown improved activities
with the addition of monodentate tris[3,5-bis(trifluoromethyl)-
phenyl] phosphine to [Fe;(CO),,] (4) in combination with a pre-
formed stable Ir-based PS.*” Addition of the same phosphine
to this Cu-based system resulted in no significant increase in
activity.

+ 5+ [Cu(2a)(3a)]’
A30 . r— 4 + [Cu(2a)(3a)]"
E
020+
=
°
210 -
o - 5+[Cu(3a)]"
0 T T T

T 1
0 200 400 600 800 1000
Time (min)

Figure 5. Gas evolution curves for synthesised Fe-dimer 5 with heteroleptic
[Cu(2a)(3a)]", Fe-trimer 4 with heteroleptic [Cu(2a)(3a)]" and Fe-dimer 5
with homoleptic [Cu(3a),]".

Despite this evidence strongly suggesting that [Cu(2a)(3a)]™
is the active PS, the possibility of its disproportionation to
form homoleptic [Cu(3a),] ™ means this cannot be directly con-
firmed. However, when 5 was used in combination with
[Cu(3a),]*, in a system with no available bidentate phosphine
ligand, no gas was evolved, thereby confirming [Cu(2a)(3a)]™
as the active PS. This is consistent with the excited-state life-
time of the homoleptic complex being orders of magnitude
shorter than the heteroleptic complex,%*? which renders the
kinetic requirement of electron transfer much more demand-
ing.

A drawback of the homogeneous systems is their limited ac-
tivity, as H, gas production levels out as catalyst degradation
proceeds. A progressive build-up of black precipitate and the
detection of CO by GC provide evidence for dissociation of the
Fe-stabilising CO ligand and subsequent agglomeration of Fe
atoms. Attempts to prolong activity through the addition of
slow-releasing CO agents, such as Mo(CO), and PhCHO, un-
fortunately failed. Concurrent quantitative monitoring of the
WRC by operando IR analysis of the C=0 stretching vibration
and H, evolution showed the presence of 5 after gas evolution
had ceased.?? This evidence implies that WRC 5 outlives the
PS co-catalyst. Indeed, TON,,, is higher employing sub-stoi-
chiometric quantities of 4, because then it cannot quantitative-
ly destroy all [Cu(2a)(3a)]", when converting its phosphine to
5.

In order to gain a handle on all system components, it was
necessary to combine the operando IR with a technique suit-
able for simultaneously monitoring the PS concentration. Due
to the positively charged copper complex, ESI-MS (positive
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ion-mode) was ideal, as it has proven useful in detecting sensi-
tive reaction intermediates.”**? Thus, with periodic sampling
for ESI analysis and quantification through external calibration
before and after every sample, the developed operando IR/ex
situ ESI technique provided all the information necessary
(Figure 6). An initial rise in the concentration of [Cu(3a),]" was
observed due to light irradiation, as explained by Figure 4.
However, it gradually decays whilst [Cu(2a)(3a)]" remains rela-
tively stable. Upon consumption of [Cu(3a),] ™, rapid degrada-
tion of [Cu(2a)(3a)]™ then ensues. This indicates that 3a disso-
ciation is a major PS degradation pathway and that [Cu(3a),]"
serves as a reservoir of 3a to regenerate [Cu(2a)(3a)]"
through adjustment of its equilibrium. This may explain why
using an increased proportion of 3a provides higher TON,.
Plotting the rate of gas evolution versus both the concentra-
tion of [Cu(2a)(3a)]" and 5 allowed for a quantitative assess-
ment of the catalyst degradation pathways.?? In both cases,
linear relationships were recorded, but the y-intercept only
crossed 0 with [Cu(2a)(3a)]™, that is, 5 was still present despite
the activity having already ceased. In combination with analy-
sis of the gas evolution curves, these data suggest the degra-
dation of the catalysts are linked to each other but led by the
PS through decoordinative loss of 3a. A clear first order decay
of 5 ensues adfter initiation of the rapid degradation of
[Cu(2a)(3a)]". Dimer 5 is stabilised by catalytic turn-over, but
when this starts to attenuate due to PS degradation, CO loss
and Fe agglomeration follows.

0.4 - 0.20
e * . [Fe,(CO),PPh,] (5) 80

0.3 1 o [HFe(CO),I -0.15 -
7 60 2
. ° [HFe,(CO), ] 3 E
é © [Cu(3a),]" c o)
£ 0.24 i 0.10= €
> ® [Cu(2a)(3a)] 5) 40 3
4 =
<5 g >
~0.05 20 8

~0.00 0

0 10 20 30 40 50
t(h)

Figure 6. Operando IR/ex-situ ESI measurements showing concentrations of
Fe species (coloured lines) and Cu complexes (blue dots: heteroleptic
([Cu(2a)(3a)]") and orange dots homoleptic ([Cu(3a),] *)). Shaded area indi-
cates gas volume evolved. Conditions: [Cu(MeCN),JPF (7 umol), xantphos
(7 pmol), bathocuproine (10.5 umol), [Fe;(CO),,] (5 umol), THF/NEt;/H,O
(4:3:1, 20 mL).

A series of control reactions were undertaken to further un-
derstand the mechanism for the formation of 5. C—P bond
cleavage in aryl phosphines has been well studied™*® and
used.#'™ As it has been shown to readily occur under reduc-
tive conditions (e.g., with alkali metals®'*®) we suspected the
formation of PPh,™ to be highly influenced by reduction equiv-
alents produced by the combination of a PS and the TEA elec-
tron source. Indeed, after 5 h of light irradiation on solutions
deficient in either CuPS or TEA, no evidence (IR) of 5 formation
was provided. An extremely attenuated build-up of 5 was in
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fact observed in the absence of CuPS, but the time scale was
far extended beyond that observed under the optimised con-
ditions. In the absence of TEA, all Fe complexes had been con-
sumed after 4 h, but none of which was 5.2 Thus, reductive
C—P cleavage in xantphos provides the anionic PPh,” frag-
ment, which coordinates to a dimeric Fe carbonyl complex to
yield dimer 5.

With an optimised model system in hand and mechanistic
understanding enhanced, the in situ method was exploited to
explore variation of the bidentate phosphine (2), to establish
the important features pertinent to this parameter. The HOMO
of the heteroleptic complex ([Cu(2)(3a)]™) is not purely local-
ised on Cu, but contains a substantial portion of phosphine
character.”?” Thus, the phosphine moiety can modify the elec-
tronic structure and stabilise the excited state. Thirty two dif-
ferent ligands were tested under the optimised conditions, the
majority of which are bidentate phosphines (2a-w),*? but also
a small number of BIANs (6), phosphites (7) and NHCs (8) were
tested. A sample was removed at the start for ESI-MS analysis
to determine the [Cu(2)(3a)]"/[Cu(3a),]" ratio. From the gas
evolution curves, it was immediately obvious that the rate of
H, production, TON, . and lifetime of the system are all depen-
dent on the phosphine ligand.®? The rate differs dramatically,
which could be evidence for a change in the dominant
quenching mechanism (Figure 1). In addition, the proportion
of heteroleptic compared to homoleptic PS is very sensitive to
the nature of the phosphine ("H NMR spectroscopy), as previ-
ously observed by Armaroli and co-workers.®® Plotting this
percentage against TON,, reveals the important influence of
[Cu(2)(3a)l*, and is directly consistent with our mechanistic
studies. With a greater proportion of the active complex, and

thus a lower K., higher turn-over numbers are achieved

(Figure 7).
DPE-Phos (2c) DPMe-Phos (2d)
[ ]
- OO
(o]
o 1.5 4 PPh, PPh, PPh, PPh,
S °
x .
Ny
%'1_0_ ® o me(Ze)EOC dppb (2f)
P4 °
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o o 2f :
00 4+——T——T—T1 PPh,
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% [Cu(2)(3a)]"
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PPh, PPh,

2

Figure 7. Left: TON,, versus %[Cu(2)(3)]", where the remaining copper is all
homoleptic complex [Cu(3),] ", and right: structures of some diphosphines
tested.

Many of the efficient phosphines contain a bridging O-atom,
which may play a role in stabilising the excited state through
a hemi-labile coordination. Comparison of the percentage of
[Cu(2)(3a)]* for DPE-Phos (2¢) and DPMe-Phos (2d) suggests
that the bridging-O aids in increasing the proportion of hetero-
leptic complex and thus the TON,.. Changing the electronics

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. A selection of ligands tested in the developed in-situ system.*?

Ligand® Vol. H, [mL]"®! TON,, % Heteroleptic'
xantphos (2a) 324 1335 65
BISBI (2b) 19.5 760 65
DPE-Phos (2¢) 27.3 1090 73
DPMe-Phos (2d) 204 780 25
bppm (2e) 137 470 17
dppb (2f) 5.0 155 45
xantphos-tBu (2g) 5.2 120 14
thixantphos (2 h) 27.9 1130 57
dixantphos (2i) 1.1 190 3
naphos (2}) 30.0 1220 37
naphos-CF; (2k) 9.1 290 5

[a] See the Supporting Information for the reaction conditions and a full
list of ligands and their structures (2a-w). [b] Volume of H, calculated by
removing the blank volume (measured as 2.40 mL) and taking into ac-
count the %H, detected by GC (generally <989%). [c] TON,,, =TON,"+
TONg". TON rounded to nearest 5. [d] Remaining Cu is all homoleptic

complex, [Cu(3a),] .

and/or the bulk at phosphorous will also have an effect on the
proportion of PS..eo Present. Switching phenyl for any sub-
stituent in the xantphos or naphos range resulted in lower or
no heteroleptic complex formation, which is reflected in lower
catalytic activities (Figure 7 and Table 1). This implies that a bal-
anced electron demand is ideal for high activity.

However, the vertical spread of activity between the points
of similar percent [Cu(2)(3a)]" proves it is not the only impor-
tant parameter. This was further demonstrated by subjecting
a pure preformed heteroleptic complex, with dppp (2q) and
3a ligated to Cu, [Cu(2qg)(3a)]",” to the reaction conditions
and observing no gas evolution. Knér and Monkowius provid-
ed a model that showed increasing bite-angles stabilise the
HOMO by reducing the orbital overlap between ligand and
metal. This effect will widen the redox potential and increase
the thermodynamic driving force, which may provide a ration-
ale for the ineffectual alkyl phosphines with a small bite-angle.
However, comparison between bppm (2e) and dppb (2f),
which share the same bite-angle and similar electronic proper-
ties at phosphorus also reveal the importance of a rigid back-
bone. The flexible dppb (2 f) is the major outlier in Figure 7, as
it forms good proportions of heteroleptic complex but shows
much lower activity than bppm (2e), which is restricted by
a cyclised backbone. This may also be the reason for a lower
activity observed in the case of dixantphos (2i), which is
a more flexible variant of xantphos (2a). In addition to the in-
creased orbital overlap aided by increased flexibility in the di-
phosphine, it is likely that a greater degree of flattening to
a square planar complex occurs upon excitation. This process
leads to shorter lifetimes through solvent-induced exciplex
quenching.®*“¥ Thus, like sterics, rigidity can restrict the distor-
tion away from a pseudo-tetrahedron and stabilise the excited
state.

Replacing the methyl groups at the 2,9-positions of batho-
cuproine (3a) with increasing bulk provides increasingly more
active systems and correlates nicely to Taft's steric parame-
ter.®? This is consistent with the use of preformed complexes,
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the excited-state lifetimes of which were measured and found
to rise with increasing bulk.”” Using the in situ system, it was
found that the ratio of [Cu(2)(3)]" to [Cu(3),]* (ESI-MS) also
rises with increasing bulk in the 2,9-positions. Thus, the in-
creased life-time and concentration of active PS both contrib-
ute to the larger observed rates. The use of stabilising NHC or
phosphite (7) ligands in combination with the light harvesting
bathocuproine showed no ability to generate H, gas. Mono-
dentate NHC leads to a trigonal planar complex, which is par-
ticularly vulnerable to non-radiative decay pathways.”” Addi-
tionally, replacing the bathocuproine completely with a BIAN
(6) ligand in combination with phosphine predictably showed
no activity.

In summary we have demonstrated a viable solution to the
problem of the organometallic complex synthesis in non-noble
metal water reduction systems. Optimisation of the quantity of
ligands led to improvements in the system efficiency. Synthesis
of the dimeric iron WRC 5 established it to be the active spe-
cies. In combination with studies on the homoleptic/heterolep-
tic equilibrium, the heteroleptic [Cu(2a)(3a)]" was also con-
firmed to be the active PS. The dominant degradation pathway
was elucidated through monitoring the reaction by operando
IR/in situ ESI and involves destruction of the active
[Cu(2a)(3a)]", which is likely caused through loss of the 3a
unit. The ease of catalyst preparation by the in situ system al-
lowed for further rapid exploration of the system. A large
range of alternative ligands for Cu were screened and the pro-
portion of [Cu(2)(3)]7, that is, K., was found to be integral for
high activities. Additionally, a rigid backbone, wide bite-angle
and balanced electronic properties at phosphorus were all
found to be important. These data provide a rationale for
future optimisations in the PS and the WRC.
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Abstract

Photocatalytic hydrogen generation is considered to be attractive due to its combination of
solar energy conversion and storage. Currently used systems are either based on homogene-
ous or on heterogeneous materials, which possess a light harvesting and a catalytic subunit.
The subject of this review is a brief summary of homogeneous proton reduction systems using
sacrificial agents with special emphasis on non-noble metal systems applying convenient
iron(0) sources. Iridium photosensitizers, which were proven to have high quantum yields of
up to 48% (415 nm), have been employed, as well as copper photosensitizers. In both cases,
the addition or presence of a phosphine led to the transformation of the iron precursor with
subsequently increased activities. Reaction pathways were investigated by photolumines-
cence, electron paramagnetic resonance (EPR), Raman, FTIR and mass spectroscopy, as
well as time-dependent DFT-calculations. In the future, this knowledge will set the basis to
design photo(electro)chemical devices with tailored electron transfer cascades and without the

need for sacrificial agents
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Abstract: Photocatalytic hydrogen generation is considered to be attractive due to its combination of
solar energy conversion and storage. Currently-used systems are either based on homogeneous or
on heterogeneous materials, which possess a light harvesting and a catalytic subunit. The subject of
this review is a brief summary of homogeneous proton reduction systems using sacrificial agents
with special emphasis on non-noble metal systems applying convenient iron(0) sources. Iridium
photosensitizers, which were proven to have high quantum yields of up to 48% (415 nm), have
been employed, as well as copper photosensitizers. In both cases, the addition or presence of a
phosphine led to the transformation of the iron precursor with subsequently increased activities.
Reaction pathways were investigated by photoluminescence, electron paramagnetic resonance (EPR),
Raman, FTIR and mass spectroscopy, as well as time-dependent DFT-calculations. In the future,
this knowledge will set the basis to design photo(electro)chemical devices with tailored electron
transfer cascades and without the need for sacrificial agents.

Keywords: hydrogen; iron; copper; hydrogenases; photosensitizer; photocatalysis; water
splitting; spectroscopy

1. Introduction

An increasing number of pilot plants combining wind mills or photovoltaic devices with classical
water electrolysis is installed all over the world. This reflects the progressive contribution of the
renewable energies wind and sunlight to a sufficient and sustainable energy supply [1-4] and thereby
raises the necessity to store the harvested electric energy due to its fluctuating occurrence. In this
respect, hydrogen is of particular interest as the primary product of the interconversion of electric
and chemical energy, as well as a secondary energy carrier [1-4]. Besides the hydrogen generation
from water, also its storage and back conversion to electrical energy are current topics of intensive
research [1-7]. A more efficient way for the conversion of the Sun’s energy to hydrogen compared
to the combination of photovoltaic devices with water electrolysis [8-17], which possesses an overall
efficiency between 10% and 14% [18,19], may constitute the direct photocatalytic water splitting into
hydrogen and oxygen. So far, the two half reactions water oxidation and water reduction are mainly
studied separately. Disadvantageously, this requires the application of sacrificial reagents (SR) as
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electron donors or electron acceptors (Scheme 1) [11-17,20-29]. On the other hand, it allows for a
simplification of the complex system of overall water splitting and hence a more detailed understanding
of the basic processes as a prerequisite for improvements. Within the development of more efficient and
stable catalyst systems for photocatalytic hydrogen generation from water, an additional trend towards
the usage of 3d metals is obvious. This is motivated by several advantages of such catalysts due
to lower costs and higher abundance compared to noble metals. Exemplarily, significant efforts
have been reported applying cobalt and nickel complexes as proton reduction catalysts (WRC)
(Although the term “water reduction catalyst” as well as the related abbreviation WRC is commonly
used in relevant literature it should be named proton reduction catalyst in the strict sense) [30—40].
For example, various groups investigated cobaloxime-based catalysts [25,31]. Recently, these systems
have been outperformed by pentapyridyl cobalt complexes achieving a turnover number (TON) with
respect to Co of up to 11,000 with a Re-photosensitizer (PS) and ascorbic acid (SR) [36]. Prominent
examples of nickel catalysts constitute the DuBois catalyst [37], as well as tris(2-pyridylthiolate) [38],
2-aminobenzenethiolate, 2-mercaptophenolate and 2-mercaptopyridyl-N-oxide [39] nickel complexes
by Eisenberg. The DuBois system showed excellent activity with a TOF up to 100,000 s~ 1 in the
electrocatalytic hydrogen evolution reaction (HER) [41,42]. However, in photocatalytic hydrogen
generation, this system achieved only a TONy; of 2700 over 150 h with Ru photosensitizer A and
ascorbic acid (SR) [37], while applying thiolate nickel complexes improved the TONy; up to 7300
after 30 h with fluorescein, a xanthene-type organic dye, as the photosensitizer and TEA as SR [40].
A stability of more than 100 h was obtained using this system with TEOA as the electron donor [39].
More than 280,000 turnovers were obtained by replacing the PS and SR by water-soluble CdSe quantum
dots and ascorbic acid, respectively [39]. Very recently, also stabilized nickel [43], iron [44], zinc [45]
and copper nanoparticles [46] were reported to constitute active WRC in the photocatalytic hydrogen
generation from water.

SR*
PS- WRC® ot

PS WRcred H+
hv.

Scheme 1. The basic concept of hydrogen generation from water (hydrogen half reaction) via a
reductive quenching pathway applying a photosensitizer (PS) and a proton reduction catalyst (WRC)
in the presence of the sacrificial reductant (SR).

In this review, we present a brief overview about iron-based WRC, including noble metal-free
PS systems. Exemplarily, mechanistic investigations and the working mode of a selected system by
employing a tool of combined analytical methods are summarized.

2. Overview of Molecularly-Defined Iron WRCs and the Respective Photosensitizers

Iron is a very important and abundant base metal constituting, e.g., the active centers in
hydrogenases [47-49] and showing impressive activities for hydrogen generation and cleavage with
up to 9000 molecules H, per second and site [50]. Because of this outstanding activity, especially
[FeFe] hydrogenases have attracted much attention for more than a decade, although the real structure
regarding the central atom of the dithiolate bridge was identified to be nitrogen only in 2009 [51,52].
Thus, besides CO and CN ligands, the dinuclear iron complex contains an internal base, which is of
fundamental importance since it allows for the heterolytic splitting /formation of H, by metal ligand
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cooperative catalysis. This principle has also been adopted for other (de)hydrogenation reactions
applying non-innocent ligand iron complexes [53-60].

Inspired by the above-mentioned lead structure several groups, e.g., Wang and Sun [61,62], as well
as Hammarstrom [23], Ott [63] and Reek [64] successfully developed a variety of Fe-based WRC, which
resulted in catalyst turnover numbers of up to 466 regarding Fe (Scheme 2). An overview of the applied
PS is provided in Scheme 3; selected conditions and TONSs are listed in Table 1. It should be noted here
that a direct comparison of turnover numbers is sometimes intricate as it depends on the concentration
of the involved components, i.e., WRC, PS and SR.

Pan, Sun Wang, Sun Hammarstrom, Ott Hartl, van Leeuwen, Reek Beller Beller, Gladiali
2008 [105] 2008 [61], 2010 [62] 2010 [23] 2009 [64] 2009 [20] 2011 [21]
2013 [144,145)
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Scheme 2. Iron-based WRCs inspired by hydrogenases. Turnover numbers (TONs) with respect to the
WRC are reported in Table 1. The used photosensitizers (PS) are shown in Scheme 3.

In 2013, Yu et al. reported a TON of 22,200 with a dendrimer-based diiron hydrogenase mimic
applying only 10 nmol of the catalyst [65]. The same year, other mimics were applied for visible
light-driven hydrogen production embedded in a MOF [66] or later in a protein matrix [67]. However,
in these cases, productivities (TON) of only ca. 5 and 130, respectively, were achieved in the presence
of Ru-PS B (Scheme 3).

Besides the WRC, the photosensitizer (PS) is a second important component in water reduction.
For this purpose, especially ruthenium complexes have played a key role since the 1970s [68-74], later
followed by various iridium [75,76], platinum [77-79] and rhenium [80-85] complexes. In contrast,
more abundant metals or even metal-free photocatalytic systems were reported: examples include, e.g.,
iron [86], zinc [24,25,87-89] and magnesium-based [24,90-94] photosensitizers, CdTe [95], CdSe [39] or
carbon [96] quantum dots or organic dyes [38-40,97-104] together with either cobalt or nickel catalysts.
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Mostly, the reported activities and stabilities were still low. However, Eisenberg recently reported
a TON for a nickel WRC as high as 280,000 together with water-soluble CdSe quantum dots with
tripodal S-donor capping agents as PS and ascorbic acid as the sacrificial electron donor at pH 4.5 [39].

Hartl, van Leeuwen, Reek  Pan, Sun Wang, Sun Hammarstrém, Ott Beller Wang, Sun Zeng, Yang, Li
2009 [64] 2008 [105] 2008 [61] 2010 [23] 2009 [20] 2010 [62] 2013 [65]
R R

A X
F F
A X
() & g g
R R
A B C
Beller Beller, Gladiali Wu Eisenberg Wang, Sun Gloaguen
2013 [144,145,157] 2011 [21] 2011 [158] 2016 [109] 2012 [106] 2014 [107]
2013 [111]
2016 [108]
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Scheme 3. Photosensitizers (PS) applied in iron-based water reduction systems with the WRCs depicted
in Scheme 2. TONs with respect to the photosensitizer are reported in Table 1.

A few of the above-mentioned iron-based WRC were also used as a part of fully noble metal-free
water reduction systems applying either Zn porphyrins [64,105] or organic dyes [106,107] instead of
Ru-PS [23,61] and Ir-PS [62]. Applying the latter (i.e., EY?~) in a micellar solution resulted in a TON of
117 (Scheme 2: 9, Scheme 3: G) [107].

Very recently, CdSe quantum dots were independently successfully applied as light-harvesting
units by Wu [108] and Eisenberg [109] in a system containing different [FeFe]-Hydrogenase mimics
(Scheme 2, 12 and 14). In both cases, outstanding TONs of 26,500 and 29,400, respectively, were
obtained. Applying [Ru(bpy)g]2+ as PSresulted in a comparably low TON of only 178 [108]. In addition,
co-embedded CdSe quantum dots and the [FeFe]-hydrogenase mimic in lipid membranes were used,
however resulting in a much lower TON of 651 [110]. As an alternative, also CdTe quantum dots were
applied resulting in the hitherto highest observed TONF, as high as 52,800 [111] for 11 (Scheme 2).

All of these results might be compared, e.g., with the use of an isolated [NiFe] hydrogenase
in visible light-driven hydrogen production on C3Ny/TiO; with an excellent productivity (TON) of
580,000 [112].

Surprisingly, the promising application of copper (I) complexes with polypyridine ligands as
photosensitizers has been neglected for a long time with only one early communication from the
group of Sauvage [113]. As their photo- and electro-chemical properties have been known for
decades, they are already applied as active components in organic light-emitting diodes (OLEDs),
light-emitting electrochemical cells (LECs) or luminescence-based sensors and dye-sensitized solar cells
(DSSCs) [114-125]. Besides, molecularly-defined copper compounds showed a significant ability to act
as catalysts for electrochemical water reduction [126] and oxidation [127-130] and CO, reduction [131].
In addition, heterogeneous cupric and cuprous oxides have been used as co-catalysts, mainly supported
on titania [132-136], or as light-harvesting semiconductors [137-139] for water reduction. Although a
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variety of homo- and hetero-leptic Cu complexes have been developed [121,125,140-146], only recently,
two different examples of its successful application as photosensitizers in efficient noble metal-free
photocatalytic systems for proton reduction have been reported (Scheme 3) [144,145,147].

3. Light to Hydrogen: Development and Improvement of an Iron Carbonyl-Based
Catalytic System

Within the frame of our project “Light to Hydrogen”, an initial focus laid on the development
of efficient catalysts and photosensitizers based on abundant metals in order to substitute rare and
expensive noble metals. The realization of a noble metal-free system for photocatalytic hydrogen
generation from water was achieved in several steps. In the first step, Beller and coworkers identified
simple, inexpensive, readily-available and abundant iron(0) carbonyl complexes to be appropriate WRC
applying [(ppy)2Ir(bpy)]PF; as PS and triethylamine as SR in 10 mL of a solution of THF/TEA /H,0O
(4/1/1) at 25 °C under Xe-light irradiation for 3 h. In these experiments, turnover numbers with respect
to Fe of 114, 141 and 132, respectively, were achieved with either Fe(CO)s, Fe;(CO)g or Fe3(CO);; as
WRC precursors (Scheme 2 and Table 1, Entry 6). Applying the latter under optimized conditions
(exclusion of UV light by 420 nm cut-off filter, ratio Ir-PS:WRC = 1.61:1) resulted in a maximum
TONF, of 400 and deactivation after three hours (Scheme 2) [20]. A significant improvement of the
WRC was achieved by the addition of 1.5 equivalents of tris(4-trifluoromethylphenyl)phosphine
P(C¢H4(CF3))3 or tris[3,5-bis(trifluoromethyl)phenyl]phosphine (P(CgH3(CF3);)s. Applying
the latter together with Fe3(CO)jp, the in situ-generated WRC achieved a TON of up
to 1610 after 24 h under slightly changed conditions (THF/TEA/H,O = 3/2/1, without
filter) [76]. Thus, besides the productivity, also the stability of the catalyst system could
be increased. Noteworthy, the incident photon to hydrogen efficiency reached 13.4%
at 440 nm.  Further improvement was achieved by application of novel monocationic
Iridium(III)-photosensitizers with the general formula [Ir™(C"N)>(N"N)]* (C*N: mono deprotonated
cyclometallating phenyl pyridine, N"N: neutral bidentate ligand) and [Ir(phenyloxazole),(bpy)]PFg
(bpy:  2,2'-bipyridine) [21,22]. In this series, [(2-phenylbenz-oxazole),Ir(bpy)]PFs and
[(ppy)2Ir(6-Pr-bpy)IPF¢ (Scheme 3, Table 1, Entry 9) turned out to be the most efficient photosensitizer
with [HNEt3][HFe3(CO)11]/tris[3,5-bis(trifluoromethyl)phenyl]-phosphine as the water reduction
catalyst and triethylamine as the sacrificial reductant. Accordingly, TONs were improved up to
2770 for the Fe-WRC and 4550 for the Ir-PS applying 15 umol and 0.5 umol of the photosensitizer
[(ppy)2Ir(6-"Pr-bpy)]PFs, respectively. These experiments have been performed under 440-nm
irradiation by a Lumatec mercury lamp (Figure 1).

250~
200+

150+

H, (mL)

1004

50+

0 T T T T T T T T T ]
0 2 4 6 8 10 12 14 16 18 20
t(h)
Figure 1. Typical hydrogen evolution curve. Reaction conditions: 3.3 pmol [HNEt;][HFe3(CO)11],

15.0 umol Ir-PS, 5.0 umol P(C¢Hj3-3,5-(CF3);)3, 440-nm irradiation 1.5 W, 20 mL THF/TEA/H,0
(3/2/1),25°C.
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The incident photon to hydrogen yield was also increased to 16.4% applying this system [21].
In order to render light the limiting factor, the lamp performance was decreased to a value of
0.09 W-cm~2. The number of photons was then determined by chemical actinometer experiments [148].
Obviously, only 46%-65% of the provided photons were available inside the reactor depending on the
wavelength and the power. Taking this into consideration, significantly improved quantum yields of
up to 48% at a wavelength of 415 nm and 41% at 440 nm, respectively, were achieved (Figure 2).

50 4

n
(6]
|

IS
o
1

] = 415 nm
® 440 nm

photon to hydrogen yields (%)
8 &
1 1
n

N
(6]
1

20 — T T T T T T T T T T T T T 1
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6

lamp power (W/cm?)

Figure 2. Photon to hydrogen yield determination with dependence on lamp performance and
wavelength. Reaction conditions: 3.3 umol Fe3(CO)1;; 15.0 pmol [(ppy).Ir(bpy)]PFe; 5.0 pmol ligand
(tris[3,5-bis(trifluoromethyl)phenyl]-phosphine); (Fe3(CO)12 /PR3 = 1:1.5); 10 mL THF/TEA /H,0 (3:2:1);
25°C,20 h.

Noteworthy, a noble metal-free water reduction system could be realized applying a copper-based
PS instead of the Ir complex. In this respect, we focused on heteroleptic copper complexes with the
general formula [Cu(N"N)(P"P)]* (D in Scheme 3, Table 1, Entries 7, 8 and 16). While the absorption
and fluorescence spectra of these complexes are similar to those of ruthenium [73,74,149-153] or
iridium [21] complexes with polypyridine ligands, the excited state lifetime reaches up to 54 us
and, thus, demonstrates that the non-radiative decay is indeed slow and does not interfere with
photocatalytic electron transfer processes. A key issue is the improvement of steric and electronic
factors in order to get long-lived metal to ligand charge transfer (MLCT) exited states. This was
achieved in heteroleptic complexes, especially those bearing the bathocuproine ligand. The methyl
groups located at the 2- and 9-position are important to avoid the expansion of the coordination sphere
of the metal center [154] and at the same time favor the tetrahedral (T4) geometry. Thus, in the MLCT
exited state, the flattening to the preferred square planar geometry is significantly reduced [155,156].
A number of molecularly-defined Cu-PS has been synthesized based on various combinations of
bidentate phosphines and amines. Subsequent tests as PS in the photocatalytic proton reduction in
the presence of [Fe3(CO)12] as WRC and TEA as SR (THF:TEA:H,O = 4:3:1) revealed a TON of up
to 1330 for the Cu-PS (Scheme 3) [144,145]. Thus, these noble metal-free systems already achieved
productivities in the same order of magnitude as those containing Ru- or Ir-PS.

Finally, the activity of the catalytic proton reduction was improved applying Knolker’s iron
complexes instead of iron carbonyl complexes. In combination with the mentioned Cu-PS, the activity
was increased up to 15 times (Scheme 2 and Table 1, Entry 16) [157]. Noteworthy, this class of
complexes allows for a metal ligand cooperative catalysis, as the oxygen atom at the cyclopentadienyl
ring provides a basic center, which can be protonated like the azadithiolate moiety in the [FeFe]
hydrogenase, enabling facile heterolytic hydrogen generation [157].
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Table 1. Selected reported iron-based WRCs (Scheme 2) in photocatalytic hydrogen generation in the
presence of photosensitizers (Scheme 3) and sacrificial agents.

Entry WRC PS Conditions ! Light (t;,,/h) TONwrc TONps Ref.
_ 10 mL DCM, 25 uM 1; 50 uM A; Xe, A > 400 nm o
1 1 AR=H 5 mM thiosalicylic acid, 1 mM TFA (2.5h) 0.16 i [105]
5 mL ACN, 5 mL H,O, 10 umol 2, Xe, A > 400 nm
2 2 B 1 umol B, 1 mmol ascorbic acid 3 h) 43 86 [61]
acetone/water (9:1 v/v), Xe, A > 400 nm 2
3 2 ¢ 0.05M 2,0.05M C, 0.14 M TEA (8h) 466 - [62]
1.5 mL DMF/H,0 (1:1), 14 uM 3,
4 3 B 140 uM B, 100 mM ascorbic acid 455(;8;’?1;“ 200 20 [23]
(adjusted to pH 5.5 with 1 M NaOH) ’
5 4 AR= 5 mL toluene, 5_um01 4,20 umol A, Xe, A > 390 nm 5 4 [64]
H + OMe 50 umol [N'Prp,EtH] [OACc] (80 min)
10 mL THF/TEA/H,0 (4:1:1v/v/v), Xe, A > 420 nm
6 5 ¢ 18.5 umol 5, 7.5 umol C (output 1.5 W) (6 h) 400 3035 [20]
B 10 mL THF/TEA/H,0 (4:1:1 v/v/v), Xe, A > 200 nm
7 5 DR =Me 5 umol 5, 3.5 umol D (output 1.5 W) (27 h) 547 781 [144]
. 10 mL THF/TEA/H,0 (4:1:1v/v/v), Xe, A > 200 nm
—
8 5 DR ="Bu 5 umol 5, 3.5 umol D (output 1.5 W) (60 h) 931 1330 [145]
20 mL THF/TEA/H,0 (3:2:1, v/v/v), ~
9 6 E 6: 3.3 pmol [Fe] + 5.0 pmol L, (ouIt{gL;t}\1_54\jl\?) r(‘;a h) 2770 4550  [21]
0.5 or 15.0 pmol E put L
~ 10 mL H,0, 156 uM 7, 50 uM F, Hg, A > 400 nm
10 7 FX=Te 85.2 mM ascorbic acid (18 h) 505 & [158]
10 mL EtOH/H,O0 (1:1, v/v), 0.1 mM 8, Xe, A > 450 nm
B 8 G 1.0 mM G, 10% TEA (15 h) 226 5 [100]
10 mL H,0, 0.1 mM 9, 20 mM sodium _
2 9 G dodecyl sulfate, 0.2 mM G, ( LA 35)5 any W 58 [107]
10 vol % TEA outputt: :
10 mL acetone/H,O (9:1, v/v), Xe, 400 < A < 800 nm
13 10 ¢ 0.25-1.0 tM 10, 0.5 mM C, 0.6 M TEA (8 h) 22,200 44 [65]
10 mL H,O/MeOH (3:1, v/v), 1.0 uM 11, ~
4 1 FX=Te 0.684 M F + 10 mg chitosan, LED, ()\6(;?1)10 m 52,800 -2
0.2 M ascorbic acid
_ 10 mL H,0, 1.0 uM 12,52 uM F, LED, A =520 nm >
15 12 FX=Se 0.2 M ascorbic acid (12 h) 26,500 B [108]
10 mL THF/TEA/H,O (4:3:1 v/v/v),
16 13 DR =Me 12 umol 13, 12 umol Et;NOH, ( Xe, }‘5 52%3)“(‘;‘}0 131 449  [157]
3.5 umol D output 1.
5mL EtOH/H,O (1:1, v/0), 0.5 uM 14, ~
17 14 F X =Se 0.2 uM F (with 80 uM capping agent), LED, A = 520 nm 29,400 -2 [109]

0.2 M ascorbic acid

(output 0.15 W) (80 h)

1 Abbreviations: irr, irradiation; ref., reference; DCM, dichloromethane; TFA, trifluoroacetic acid; ACN, acetonitrile;
TEA, triethylamine; DMF, dimethylformamide; THF, tetrahydrofuran. 2 Not provided.

4. Improving Mechanistic Understanding by an Approach of Combined Analytical Methods

The project “Light to Hydrogen” brought together research groups with catalytic, analytical,
opto-physical, as well as theoretical expertise, which provided an excellent opportunity to gain deeper
mechanistic insights. As a consequence, the Ir-Fe water (proton) reduction system belongs to the
most investigated and best understood ones reported so far. Therefore, it will be demonstrated in the
following section how a combination of various analytical and theoretical methods clarifies the intricate
work mode of the different components including the detection of intermediates. These comprehensive
mechanistic studies included Raman, NMR, EPR, in situ, as well as operando FTIR spectroscopy and
DFT calculations [159]. In particular, the trimeric complex [HFe3(CO)11]~ was identified as a key
intermediate during water reduction by NMR, Raman and in situ FTIR spectroscopy. Comparison with
a synthesized [HNEt;][HFe3(CO);1] proved the assignment of the Raman bands at 223 and 165 cm !
to this intermediate, as well as the characteristic band pattern in the IR spectrum (bands at 2064, 1999,
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1993, 1975, 1941 and 1748 cm™!). In addition, the monomeric [HFe(CO)4]™ species was detected via
in situ IR spectroscopy (bands at 1998, 1908 and 1878 cm™!), while EPR spectroscopy enabled the
identification of the dimeric [HyFep(CO)7]™ (g = 2.0432) and [Fep(CO)gl®~ (g = 2.0385) intermediates.
The latter two dimeric species are products of a side reaction and constitute intermediates toward
[HFe(CO)4]™ (M11), which acts as a resting state [160,161]. Deactivation pathways during catalysis
are both CO release from the WRC mediated by light irradiation and the decomposition of the Ir-PS
especially at high PS/WRC ratios. Then, the released ligand is transferred towards the iron center
of the WRC to form [Fe(CO);(bpy)], which was detected by in situ IR spectroscopy. Further, these
assumptions are supported by DFT calculations [161,162]. Based on the obtained data, a proposal for
the mechanism has been developed (Scheme 4).

In the left cycle, electrons of [(ppy)Ir(bpy)]* (M1) are promoted via light irradiation to form
the excited [(ppy)2Ir(bpy)]™* (M2). Time-resolved photoluminescence experiments showed reductive
quenching of M2 by TEA, which is the rate-determining step of the overall system. The resulting
[(ppy)2Ir(bpy)] (M3) possesses a reduction potential sufficiently high to reduce [Fe3(CO);1]°~ (M6),
as well as [HFe3(CO)11]™ (M7) in the right cycle [163]. The sacrificial reductant TEA is converted to
oxidized TEA radicals and finally to acetaldehyde after hydrolysis.

The precursor Fe3(CO)jp (M5) is quickly reduced already in the dark by electron transfer
from TEA forming the electron-rich 19-electron complex [Fe3(CO)12]*~. This unstable complex
undergoes decarbonylation to the electron-deficient 17-electron complex [Fe3(CO)11]°~, as well as
[Fex(CO)g]*~ and Fe(CO)s (M6). Under light irradiation, reduction of M6 by Ir-PS™ and subsequent
proton transfer result in the formation of the active catalyst [HFe3(CO)11]™ (M7). Subsequently,
a second electron transfer is supposed to form [HFe3(CO)11 1%~ (MS8) followed by a proton transfer
to form [HyFe3(CO)11]~ (M9). H, is released from M9, and [Fe3(CO)11]>~ (M10) is restored after
further reduction by the Ir-PS™ in order to restart the cycle. In parallel, M7 can also be converted
into [Fep(CO)g]®~ and the resting state [HFe(CO)4]~ (M11) by incorporation of CO and reduction
(vide supra). The reverse reaction from M11 to M7 and reactivation of the WRC are mediated by
irradiation [76,160,161,163].

It should be noted that this broad range of methods is unparalleled for a single proton reduction
system. The rich chemistry of Fe3(CO)1; in reaction solution in the dark is extended to several more
species under illumination in the presence of an Ir-PS with sufficiently high reduction potential in its
excited state.

Further, the exact role of added phosphine ligand and its enhancing effect on the TON was of
special interest. Recent in situ FTIR experiments reveal the formation of [Fe;(CO)7P(C¢H4(CF3))2]™
(bands at 2021,1971,1941 and 1922 cm 1), when P(C¢H4(CF3)); was added to the reaction mixture
(Figure 3, top). This phosphidodiferrate is more stable than the phosphorus-deficient compounds
[HFe3(CO)11]~ (M7) and [HFe(CO)4]~ (M11), and thus, it constitutes the only iron carbonyl complex
present in solution after 15 h of light irradiation (Figure 3, right). At his time, hydrogen generation still
continues (Figure 3, left, violet curve), while it stops in the absence of a phosphine ligand (Figure 3, left,
grey curve). The spectral assignment of [Fep(CO);P(C¢H4(CF3)),]~ is confirmed by DFT calculations
and comparison with [Fep(CO);PPh,]~ [164-166]. The latter shows the same IR contributions shifted
by 5 cm~! to lower wavenumbers due to the less electron withdrawing effect of the phenyl group
compared to C4gH4(CF3).
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Figure 3. Formation scheme of the phosphidodiferrate [Fe,(CO);P(C¢H4(CF3));]~ and gas evolution
curves with (left, violet curve) and without (left, grey curve) application of P(C¢H4(CF3))3. After 15 h
of light irradiation, the phosphidodiferrate is the only WRC present in solution (right, violet spectrum).
Reaction conditions: 6.1 umol Fe3(CO)13; 10.0 pmol [(ppy)2Ir(bpy)]PFs; 6.1 pmol (violet) or 0 umol
(grey) P(-C¢H4(CF3))3; 20 mL THE/TEA /H,0 (4:1:1); 25 °C; 1.5 W visible light. For experimental
details, see [161,165,166].
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Scheme 4. Proposed catalytic mechanism for light-driven hydrogen generation with [(ppy).Ir(bpy)]PFe
and iron(0) carbonyl precursors. The respective methods of identification are highlighted next to the
involved species [76,160-163,165,166].

Interestingly, an analogue phosphidodiferrate constitutes the active WRC in the photocatalytic
proton reduction applying also Cu-PS and Fe3(CO);2. Mechanistic investigations revealed the existence
of an equilibrium between the homo- and hetero-leptic Cu complexes in solution according to
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Figure 4 [141,165]. Thus, a part of the released xantphos is available as the precursor for the PR,
unit. Besides, the heteroleptic [Cu(bathocuproine)(xantphos)]PF4s was established to present the active
PS [166].

+ e from CuPS cycle
+ Fe,;(CO),,

(OC).Fe—Fe(CO)
e e
’ \ / ’
CO

Figure 4. Equilibrium between hetero- and homoleptic Cu-PS and the formation of the
phosphidodiferrate initiated by reductively-induced xantphos fragmentation. The active Cu-PS and
WRC are highlighted in blue and red, respectively.

Taking the equilibrium in Figure 4 into consideration, we successfully developed an in sifu method
for the synthesis of the organometallic copper complex. Instead of the time-consuming pre-synthesis
of molecularly-defined complexes, the application of this method allowed for further optimization of
the quantity of ligands leading to improved system efficiency [166].

To investigate the primary steps initiated by the absorption of light for both systems,
the Ir-PS/Fe-WRC, as well as the Cu-PS/Fe-WRC, time-resolved UV /Vis absorption and
photoluminescence measurements applying a femtosecond pump-probe setup and a streak camera
were performed. The UV/Vis absorption spectrum of the Ir-PS [(ppy) Ir(bpy)]* C results from
electronic transitions to ligand centered states and to metal to ligand charge transfer (MLCT) states
involving the ppy- and the bpy-ligands at longer wavelengths. After optical excitation ultrafast
intersystem crossing (ISC) takes place within the time resolution of the pump-probe experiment of
150 fs [167]. Then, vibrational redistribution and relaxation within the triplet manifold results in the
population of the lowest triplet MLCT state on the picosecond timescale. In this state, the excited
electron is located on the bpy-ligand, and if the ppy-ligand is originally excited, an ultrafast interligand
charge transfer is observed [167].

In the case of the Cu-PS D, ISC takes 7 ps and is preceded by a flattening of the complex structure
within the first picosecond [156]. As in the case of the Ir-PS C, the long lifetime of the resulting MLCT
is a crucial factor for the performance as a sensitizer in photocatalysis.

The electron transfer steps between the photosensitizer and the SR and the WRC were studied
by quenching of the photoluminescence from the MLCT state (Figure 5). In pure THF, the Ir-PS
[(ppy)21r(bpy)]* C exhibited a lifetime of 0.37 ps, which reduces drastically to 15 ns in the presence of
17 vol % TEA (Figure 5, left). This is caused by reductive quenching, i.e., an electron transfer from the
SR to the metal center of the Ir-PS. The quenching rate can be compared with the calculated diffusion
rate. It turns out that the transfer happens only for a small fraction of collisions between TEA and
Ir-PS molecules since a specific collision geometry is required for this process [163]. However, the
high TEA concentration compensates for the low collision yield and guarantees an effective transfer.
At the applied WRC concentrations, the WRC does not significantly contribute to the quenching.
Rather, it accepts the electron from the already reduced Ir-PS, and the transfer chain follows a reductive
pathway. In the case of the Cu-PS, the situation is different (Figure 5, right). The lifetime of the
SMLCT in THF is 2.9 ps at a Cu-PS concentration of 0.35 mM. This concentration is also applied in the
photocatalytic experiments, but results already in some self-quenching of the PS. If it is reduced to
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0.02 mM, the lifetime doubles to 6.4 us [145]. Adding TEA (17 vol %) causes a moderate reduction of
the luminescence lifetime to 1 ps, while it strongly decreases down to 50 ns if the TEA solution also
contains 0.5 mM of the WRC. Obviously, the first electron transfer step is here from the Cu-PS to the
WRC and is hence associated with an oxidation of the Cu-PS. The reduction of the sensitizer by the
SR back to its original configuration occurs as the second step on longer time scales. Accordingly, the
electron transfer sequence proceeds via an oxidative route. However, the dominant pathway depends
on the specific photocatalytic system, as was shown by the application of Knolker’s iron complexes 13
with Cu-PS D, where the reductive pathway is dominant again [157].

10,000 F 10,000
;:\ 4 R _ ; ]
o Wi A =
5 with TEA 8 1000 [
g 1,000F § t=15ns 8 t1=50ns
c S N
8 8 o7 T .
o b L H .
g P in THE 8 100l ¥ CuPS in THF
= ' IrPS in THF/TEA (5/1) | E E ¢ S T
5 100k o ! rPSin (5/1) 5 i : CuPS + WRC
200 400 600 800 -1 0 1 2 3 4 5 6
time (ns) time (us)

Figure 5. Time resolved photoluminescence and fitted exponential decays of the Ir-PS [(ppy).Ir(bpy)]*
C (left) and the Cu-PS D (right) in THE. Adding 17 volume percent of TEA (red) results in quenching
of the luminescence with respect to pure solvent (blue). This effect is particular strong for the Ir-PS,
while in the case of the Cu-PS, the addition of 0.5 mM WRC [HFe3(CO);1]~ (black) leads to a much
faster luminescence decay.

5. Summary and Outlook

The productivities of non-noble metal-based WRCs were significantly increased during the last
6-8 years: Thus, the TONs for Ni and Co were improved by four and three orders of magnitude,
respectively. The same trend is obvious for iron. While the first successful experiments containing
an iron-based WRC gave a TON of 90 in 2006, already five years later, a TON of 2770 was achieved.
This trend is continuing, as is demonstrated by the latest records of >58,000 turnovers in 2013. Thus,
these WRCs already show a comparable or even better performance compared to previously applied
Pt, Rh- or Ru-based WRCs. An additional trend focuses on the development of fully noble metal-free
photocatalytic systems in order to substitute expensive Ir and Ru photosensitizers by semiconductors,
quantum dots or organic dyes.

In this article, we present the development of a water reduction system containing only base
metals. In the first step, a readily-available, simple and inexpensive iron carbonyl compound
has been shown to catalyze the proton reduction together with an iridium photosensitizer as the
light-harvesting component. The performance of this Fe-WRC was stepwise improved up to a
TON of 2770 by the addition of an appropriate phosphine and the development of the more
efficient PS [(ppy)2lr(6-"Pr-bpy)]PFs. The active Fe-WRC was identified to be a phosphidodiferrate
[Fer(CO)7P(CeH4(CF3))2]~. Quantum efficiencies of up to 48% were achieved with these systems
applying blue light (415 nm). Finally, we successfully substituted the Ir-PS by molecularly-defined
heteroleptic copper photosensitizers of the general formula [Cu(N"N)(P"P)]PFs. A combination of
Fe3(CO)12 and Cu-PS in the light-driven water reduction using TEA as the sacrificial reagent resulted
in turnover numbers of up to 1330 and a stability of more than two days. Noteworthy, the Cu-PS can
even be generated in an in situ method from the precursors during light irradiation, thus avoiding
time-consuming synthesis procedures. Besides the catalytic tests, a careful investigation of the reaction
mechanism allowed for a deep insight into the reaction mode, including loss channels.
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Spectroscopic studies showed that after optical excitation of the photosensitizer, intramolecular
processes result in a fast population of the lowest MLCT state, which itself has an intrinsic lifetime
of some tenth to several ten microseconds depending on the sensitizer. This long lifetime allows
for efficient electron transfer processes from the SR and to the WRC. Whether the reductive or the
oxidative pathway prevails depends again on the specific photocatalytic system.

So far, homogeneous catalyst materials have been tested mainly in the water reduction half
reaction applying sacrificial reagents as electron donors. This allows for a simplification of the complex
system of the overall water splitting and, hence, a more detailed understanding of the basic processes
as a prerequisite for improvements. However, a challenge for the next time has to be the application
of the developed catalyst systems in photocatalytic or photoelectrocatalytic overall water splitting.
This will help avoid the undesired influences of sacrificial reagents onto the catalytic systems, like side
reactions, deactivation and changing driving forces.
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