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ABSTRACT

CREATING COMPETING CHARGE-TRANSFER PATHWAYS FOR
WATER OXIDATION PHOTOCATALYSIS

Hiseyin Orhun TUNCER

M.S. in Chemistry

Advisor: Ferdi Karadas

July 2025

Replacing fossil fuels with renewable energy requires scalable and economic
catalysts. However, solar conversion to chemical energy is heavily dependent on
rare-earth metal-based photosensitizers and catalysts. Thus, it is necessary to build
photocatalytic dyads that consist of first-row transition metals. However, Fe(ll)
polypyridyls, unlike their Ru(ll) and Ir(111) analogues, show weak octahedral field
splitting, which changes the photophysics to be unfavorable for catalysis. In this
thesis, we focused on coupling metal-to-ligand charge transfer (MLCT) states with
metal-to-metal charge transfer (MMCT) states to improvethe water oxidation
catalytic activityof Prussian blue analogue(PBA) based photocatalysts.

We first synthesised two of the most commonly studied Fe(ll) polypyridyls,
Fe(bpyy2(CN). and KaFe(bpy)(CN)s4. Then we coupled these chromophores with
[Co(bpy)(H20)a]** and [Zn(bpy)(H20)s]** groups to prepare FeCo and FeZn
compounds. FeZn compounds are used as a reference to investigate Fe
cyanopolypyridyls in a network system since Zn ions are not expected to exhibit
MMCT. With FeCo systems, it isaimed to investigate the role of the MMCT on the
decay dynamics of the MLCT process. Characterization studies show that the local
environment of Fe sites is affected by the coordination of Co and Zn ions to the
cyanide bridge, resulting in a stabilization of the tog and eq levels. We performed a
series of photocatalytic experiments revealing that the highest catalytic activity is
achieved for systems that possess MMCT processes directly coupled with the MLCT
process through cyanide bridging group. Ultrafast transient absorption experiments
indicate that the photophysics of the MLCT process is significantly different in Fe

and FeCo compounds since *MC is stabilized in energy compared to the *MC state,



and MMCT serves as an alternate relaxation pathway for the excited MLCT state.
Finally, we combined our experimental findings to establish Jablonski diagrams for
Fe, FeZn, and FeCo compounds and further proposed a mechanism for the
photocatalytic water oxidation process.

This thesis indicates that the cyanide bridge could provide an ideal platform to
couple different charge transfer processes due to its rigid and short nature. The
results also suggest that combining charge transfer processes could be a viable

pathway to favor the decay dynamics of MLCT states for photocatalytic applications.



OZET

FOTOKATALITIK SUYUN YUKSELTGENMESI ISLEMI ICIN
REKABETCI YUK-TRANSFERI YOLLARININ OLUSTURULMASI
Hiseyin Orhun TUNCER

Kimya, Ylksek Lisans

Tez Danismani: Ferdi Karadas

Temmuz 2025

Fosil yakitlarin yenilenebilir enerji ile degistirilmesi 6lgeklenebilir ve ekonomik
katalizorler gerektirir. Bununla birlikte, giines enerjisinin kimyasal enerjiye
dontistimii biiyiik 6l¢tide nadirmetal bazli fotosensitizorlere ve katalizorlere baghdir.
Bu nedenle, birinci sira gecis metallerinden olusan fotokatalitik ikililer olusturmak
gereklidir. Ancak, Fe(II) polipiridilleri, Ru(Il) ve Ir(IlI) analoglarmin aksine,
fotofizigi kataliz i¢in elverissiz olacak sekilde degistiren zayif oktahedral alan
bélinmesi gosterir. Bu tezde, Prusya Mavisi Analogu (PBA) bazli fotokatalizorlerin
su oksidasyonu katalitik aktivitesini iyilestirmek i¢in metalden liganda yik transferi
(MLCT) durumlarm1 metalden metale yiikk transferi (MMCT) durumlariyla
birlestirmeye odaklandik.

Ik olarak en sik cahsilan Fe(Il) polipiridillerinden ikisini, Fe(bpy)2(CN)2 ve
K2Fe(bpy)(CN)4’ii sentezledik. Daha sonra bu kromoforlar1 [Co(bpy)(H20)n]?* ve
[Zn(bpy)(H20)n]?* gruplar ile birlestirerek FeCo ve FeZn bilesiklerini hazirladik.
FeZn bilesikleri, MMCT sergilemeleri beklenmediginden ag sistemlerindeki Fe
siyanopolipiridiller i¢in referans olarak kullanilmaktadir. FeCo sistemleri ile
MMCT'nin MLCT siirecinin bozunma dinamikleri iizerindeki roliinlin arastirilmasi
amaglanmistir. Karakterizasyon ¢aligmalari, Fe bolgelerinin yerel ortammin Co ve
Zn iyonlarmin siyaniir kopriisiine koordinasyonundan etkilendigini ve bunun da tag
ve eg seviyelerinin stabilizasyonuyla sonu¢landigmni goéstermektedir. Bir dizi
fotokatalitik deney gergeklestirdik ve en yiiksek katalitik aktivitenin MMCT
slireclerine sahip olan ve siyaniir kdprii grubu araciligiyla MLCT siirecine dogrudan
baglanan sistemler i¢in elde edildigini ortaya koyduk. Ultra hizli gegici absorpsiyon

deneyleri, MLCT siirecinin fotofiziginin Fe ve FeCo bilesiklerinde dnemli Olciide



farkli oldugunu, ¢iinkii >MC'nin *MC durumuna kiyasla enerjide stabilize oldugunu
ve MMCT'nin uyarilmis MLCT durumu i¢in alternatif bir gevseme yolu olarak
hizmet ettigini gostermektedir. Son olarak, Fe, FeZn ve FeCo bilesikleri i¢in
Jablonski diyagramlar1 olusturmak tiizere deneysel bulgularimizi birlestirdik ve
fotokatalitik su oksidasyon siireci i¢in bir mekanizma onerdik.

Bu tez, siyaniir kopriisiiniin sert ve kisa yapist nedeniyle farkli yiik aktarim
stireclerini birlestirmek icin ideal bir platform saglayabilecegini gostermektedir.
Sonuglar ayrica, yiik aktarim siireclerinin birlestirilmesinin, fotokatalitik uygulamalar
icin MLCT durumlarinin bozunma dinamiklerini desteklemek i¢in uygun bir yol

olabilecegini gostermektedir.
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CHAPTER 1

1.0 INTRODUCTION

1.1 Renewable Energy Sources

As the demand for alternative energy sources has become increasingly evident,
research into renewable energy technologies has expanded. These investigations
encompass methods utilizing wind, nuclear, thermal, and solar energy. Among these,
solar energy conversion is of particular interest due to its potential for sustainable
energy storage and utilization.?® Solar energy can be transformed into electrical
energy via photovoltaic cells® or into thermal energy through solar thermal panels.
Additionally, light-driven processes like photoelectrocatalysis are employed to
enhance the electrochemical synthesis of specific chemicals.2*"3 Among various
solar energy conversion strategies, the transformation of solar energy into chemical
energy is considered one of the most sustainable storage approaches. Unlike direct
electrical or thermal methods, chemical energy storage permits the production of
chemical fuels and compounds, including inorganic gases such as hydrogen and
methane, as well as organic molecules. These processes typically involve water
splitting photocatalysis for hydrogen production or photoredox catalysis for organic
chemical synthesis using light. Based on the thermodynamic considerations, light-
induced conversion processes can be classified into reforming and other catalytic

pathways, depending on the free energy change of the system.

1.2  Photocatalytic Water Splitting

Water constitutes a significant proportion of Earth’s surface, making it a primary
resource for renewable fuel production. Unlike organic-based photoredox catalysis—
which operates via both energy and electron transfer mechanisms—water splitting
exclusively involves electron transfer processes because it is governed by two half-
reactions: reduction and oxidation.?*"-%1415 n the reduction half-reaction, water

molecules are converted into hydrogen gas, requiring the transfer of two electrons

1



per molecule®’1015-20; the oxidation half-reaction produces oxygen and involves a
similar number of electrons (Figure 1.1)."!41%2! Since the number of electrons
involved is doubled in oxygen evolution, the reaction timescales differ: hydrogen
generation typically occurs within a 1012-10° seconds, whereas oxygen evolution
requires a longer duration to complete, making oxygen production the rate-limiting
step of water splitting.*” When using sacrificial reagents capable of acting as either
reductants or oxidants, water splitting photocatalysis can selectively produce

hydrogen or oxygen alone. This simplifies the study of individual half-reactions.

Efficient

Sustainable ‘ ‘ |
Green ‘
Fuel
Generation

Figure 1.1. A diagram showing H2/O2 production and consumption by water.

A common approach for substituting the oxygen evolution reaction involves allyl
amines, such as triethylamine, and hydroxy allyl amines, like triethanolamine, which
possess relatively low oxidation potentials and can interact with various catalysts.?*
Evidence suggests that hydrogen produced via this route may include hydrogen
atoms originating from these allyl amines. Other sacrificial reagents include silver
nitrate and ascorbic acid. If the goal is to replace hydrogen production, persulfate
salts can be used as oxidants (Figure 1.2).14?%2L |t is important to note that the
byproducts resulting from these sacrificial reagents are generally of limited interest,
placing such experiments under idealized conditions. Recently, triethylamine has
been replaced by benzyl alcohols, which upon oxidation yield benzaldehydes or

ketones—uvaluable chemicals in their own right.?>%



Figure 1.2. Diagram depicting a water oxidation catalyst and a photosensitizer mixed

in water.

1.3 Light Absorbing Systems

Efficient solar light harvesting remains a significant challenge in both academic
research and industrial applications. Achieving high efficiency in this process
requires a thorough understanding of the photophysical behavior of the light-
absorbing materials.>8151920.26 | jght absorption can occur via two main classes of
systems: bulk semiconductors and molecular photosensitizers, such as

organometallic or organic compounds.

In semiconductors, light absorption leads to the generation of electron-hole pairs,
with charge separation occurring across the extended crystal lattice.?# Due to the
large size and periodic structure of these systems, the discrete molecular orbitals
(HOMO and LUMO) form continuous energy bands, namely the valence band and

conduction band. Electrons in such systems are typically delocalized.



Conversely, in molecular systems, photoexcitation tends to be more localized.
Understanding the dynamics of electron-hole separation and their subsequent
recombination is crucial. 112222327 |n semiconductors, charge separation often
involves spatial migration of electrons and holes to different regions of the material
(e.g., electron to the shell, hole to the core). In contrast, molecular systems often rely
on charge-transfer mechanisms where the electron and hole are spatially separated
within the same molecule. The electronic states are more localized than those of

semiconductors.

1.3.1 Electron Transition Processes

Photosensitizers exhibit two primary types of electronic transitions: localized
(centered) and charge-transfer transitions.>*-32-30 Centered transitions include
Metal-Centered (MC), also referred to as Ligand-Field (LF) transitions, which are
typical for transition metal complexes, and Ligand-Centered (LC), also known as
Intra-Ligand (IL) transitions, common in organic chromophores. Charge-transfer
transitions are categorized into four types: Metal-to-Metal Charge Transfer (MMCT)
or Intervalence Charge Transfer (IVCT), Metal-to-Ligand Charge Transfer (MLCT),
Ligand-to-Metal Charge Transfer (LMCT), and Ligand-to-Ligand Charge Transfer
(LLCT), also termed Interligand Charge Transfer (ILCT) (Figure 1.3).

-I-I-*

}& Ry %” NN

Y

M M




Figure 1.3. MO diagram of LC, MC (blue for centered transitions), LMCT, MLCT,
MMCT, and LLCT (red for charge transfer transitions) processes.

Understanding the nature of electronic transitions is essential in the context of light
absorption and photochemistry. In organic ligands, the highest occupied molecular
orbitals (HOMOs) are typically composed of m orbitals. As a result, the most
common transitions in such systems are spin-allowed singlet-to-singlet (S=0 — S =

0) n—7* excitations, 101618

Most electronic transitions are spin-conserving, as transitions that involve a change
in spin quantum number (AS # 0) are spin-forbidden. Although spin-forbidden
transitions can occur, they are quantum mechanically less probable and exhibit
significantly lower intensity. For instance, spin-allowed n—x* transitions generally
have high molar extinction coefficients (¢ > 1000 M cm™!), whereas spin-forbidden

transitions display moderate values (g ~ 10-100 M cm*).20:16.17

Additionally, allowed transitions typically involve a change in orbital angular
momentum (Al = £1), which is governed by selection rules such as the Laporte rule.
Because d-d transitions involve excitation between orbitals of the same parity (no
change in orbital angular momentum, i.e., Al = 0), they are Laporte-forbidden. These
transitions thus exhibit low absorption intensities, similar to those of spin-forbidden
transitions. When both spin and Laporte selection rules are violated (as in spin-
forbidden d—d transitions), the resulting absorptivity is even lower (¢ = 1-100 M
cm™).3! Despite their low transition probabilities, such formally "forbidden" states
can still be accessed under specific conditions and have proven valuable in
applications like photoredox catalysis, where long-lived excited states are often
advantageous. As previously discussed, d—d transitions are intrinsically forbidden
due to selection rules related to spin and orbital angular momentum. This limitation
necessitates alternative strategies for efficient light absorption using metal centers.
One such approach is through organometallic compounds, where the HOMO and
LUMO are often of distinct orbital character (e.g., metal-based vs. ligand-based),
enabling charge-transfer (CT) transitions, which are generally more allowed than d-d

transitions.1213:22



The probability and efficiency of electronic transitions also depend significantly on
the solvent polarity. Localized transitions are typically favored in non-polar solvents,
whereas charge-transfer states are stabilized in polar solvents.>132224 As a result,
organometallic photosensitizers—particularly those bearing pyridine-like ligands—
exhibit strong charge-transfer absorption bands (with molar absorptivities in the
range of 1,000-10,000 M! cm™) when dissolved in polar solvents such as water or

methanol.

The nature of the HOMO and LUMO, including whether they are metal- or ligand-
centered, their energy levels, the presence of singly unoccupied molecular orbitals
(SUMOs), and the oxidation state of the metal, all influence whether metal-to-ligand
(MLCT) or ligand-to-metal charge-transfer (LMCT) transitions occur.2%3233
Additionally, the redox potentials of the metal centers and ligands contribute to the
energetic feasibility of such transitions. While metal-to-metal charge transfer
(MMCT) can also occur—often at comparable or even lower photon energies—its
role in photocatalytic quenching remains underexplored relative to LMCT and

MLCT processes, which are widely utilized in photocatalytic applications.

1.3.2 Organometallic Photosensitizers

The scenario differs significantly in transition metal complexes. Here, the HOMOs
often consist of metal-centered d orbitals, except in d° systems or metallorganic
compounds with strongly conjugated w-systems.>121324323437  These metal
complexes can exhibit a range of spin multiplicities in their ground states, varying
from singlet (S = 0) to sextet (S = 5/2), due to the unpaired d-electrons. The spin

multiplicity, defined by the term 2S + 1, determines the spin state of the system.

Among the most commonly employed organometallic systems are d*> and d°
complexes, such as Cr(l11), Ru(ll), Ir(l11), and Re(l) complexes.>1213:243234-31 (3
systems often display LMCT transitions. The octahedral Cr(l11) ion has a half-filled
t2g Orbital set, which lies low in energy due to the high positive charge, resulting in a
small energy gap between ligand m orbitals and the metal tg orbitals. d® systems

frequently undergo MLCT transitions. These metals have fully filled t2g orbitals,



which are relatively higher in energy and can efficiently interact with ligand-based

n* orbitals, promoting strong MLCT behavior.

It is essential to first examine the photophysical behavior of Ru(ll) polypyridyl
complexes, since their photophysics is well-established in light-driven catalysis.?>?3
Upon photoexcitation, these complexes typically undergo a singlet metal-to-ligand
charge transfer (*MLCT) transition. This excited state has a very short lifetime
(hundreds of femtoseconds) and rapidly undergoes intersystem crossing (ISC) to
form the corresponding triplet MLCT (3MLCT) state.®®4° This process is facilitated
by strong spin-orbit coupling and the small energy gap between the *MLCT and
SMLCT states.

The 3MLCT state is relatively long-lived (lifetime of nanoseconds) and often
luminescent.*** Excited species emitlight as they decay back to the ground state.
Importantly, the energy loss during the *MLCT — 3MLCT relaxation is minimal,
making these systems highly suitable for photocatalytic applications, where long-

lived excited states are beneficial.

However, a major limitation of these systems lies in their environmental and
economic sustainability. The decomposition of such complexes can release toxic,
water-soluble heavy metals, such Cr, Ru and Ir, and many of the effective d® metals
mentioned are rare and expensive, rendering large-scale catalytic applications

impractical.

1321 Polypyridyl Fe(1l) Complexes

Attempts have been made to replace these rare metals with more abundant
alternatives, such as Fe and Co, aiming to substitute Ru and Ir, respectively.3%3137
However, several challenges remain. Co-based systems typically only exhibit
forbidden metal-centered (MC) transitions in the visible spectrum, though there is
growing evidence in the literature supporting their potential in certain photoredox
catalytic applications.** Fe(Il) complexes can exhibit MLCT transitions similar to
Ru(ll), but their performance is hindered by unfavorable photophysical properties,

such as short excited-state lifetimes and rapid non-radiative decay (Figure 1.4).454'
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Figure 1.4. Several reported Fe(ll) polypyridyl complexes. Reprinted from ! under

Creative Commons, ACS.
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Figure 1.5. All possible spin configurations with the lowest energy of a ds complex.

In contrast to Ru(ll) polypyridyl complexes, Fe(ll) polypyridyl ones exhibit
markedly different behavior due to intrinsic electronic and structural factors. Being a
3d transition metal, Fe(l1) lacks the additional radial node found in 4d orbitals (as in
Ru), leading to greater spatial overlap between Fe 3d and 4s orbitals.®® This
competition weakens metal-ligand (Fe—N) bonding, an effect referred to as the
primogenic effect. As a result, the ligand field strength (octahedral field splitting, Ao)
is reduced. This weaker ligand field leads to a critical consequence: the triplet metal-
centered (*MC) state becomes energetically comparable to or even lower than the
SMLCT state(Figure 1.5). Due to differences in orbital characteristics, there is strong
spin—orbit coupling between 3MLCT and 3MC states, enabling efficient internal
conversion. Consequently, the SMLCT state rapidly decays into the *MC state. The
decay of 3MC to the ground state is a non-radiative process with a very short lifetime
(~10 picoseconds), accompanied by moderate energy loss.>*%%237 Since it is non-
luminescent, this transition is not observable via photoluminescence spectroscopy.
Instead, the 3MC state can be detected through excited-state absorption features, such
as triplet—triplet absorption around 600 nm. If the ligand field strength decreases
further, a quintet metal-centered (*MC) state can drop below the 3MC state in energy.
The relaxation from ®*MC to the ground state is also non-radiative but occurs on a
longer timescale (~100 picoseconds) and with significant energy loss. This prolonged
lifetime arises from the high spin-forbidden nature of the transition (AS =2, As = 1)

and the substantial nuclear distortion involved.
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Figure 1.6. Jablonski Energy Diagram depicting energies of MLCT and MC states

upon decreased ligand field strength.

This distortion is caused by the occupation of two electrons in antibonding eq orbitals
in the °MC state, whereas the ground state lacks such destabilizing occupancy(Figure
1.6).484% If the ligand field weakens further such that the SMC becomes lower in
energy than the initial *MLCT state, the system must undergo even greater
reorganization energy for nuclear distortion during relaxation (Figure 1.7). This

results in both an increased excited-state lifetime and a greater energy loss due to

relaxation processes.
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Figure 1.7. Jablonski Energy Diagram depicting increased reorganization energy

upon °MC stabilization.

In summary, the poor photophysical performance of Fe(ll) complexes compared to
Ru(ll) arises from weaker Fe—ligand bonding (primogenic effect), reduced ligand
field strength, low-lying MC states that deactivate MLCT states, fast and non-
luminescent decay channels, which cannot be examined by photoluminescence
spectroscopy, high energy loss via spin-forbidden and vibrationally distorted
transitions. These factors pose substantial limitations for photocatalytic applications
of Fe(ll) systems, despite their earth abundance and favorable redox properties. In
principle, the effects of ligand field strength can be investigated by analyzing the
energy positions of the forbidden *MC and °MC transitions. However, these
transitions are difficult to observe spectroscopically due to their intrinsically low
absorptivity. The ®MC state, in particular, exhibits very weak absorption features in
the near-infrared (NIR) region, often below the detection limits of conventional
spectroscopic techniques.>®>4 Similarly, the 3MC state, while somewhat more
detectable, typically has an extinction coefficient of only ~50-100 M cm™, making
it challenging to distinguish, especially when it overlaps with the much more intense
MLCT absorption band.

As a result, direct observation of MC states in transient absorption spectroscopy is
often hindered, and the data obtained can be difficult to interpret unambiguously.
This limits the ability to accurately assess ligand field effects through conventional

time-resolved spectroscopic methods, thereby complicating the study of excited-state
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dynamics in transition metal complexes, particularly those involving early 3d metals

like iron.

Although Fe(II) polypyridyl complexes possess redox potentials (Fe**/*") that are
comparable to Ru(ll) analogs, and often show similar ground-state electrochemical
behavior, their excited-state photophysics diverge significantly. This divergence is
primarily due to the primogenic effect, which leads to weaker Fe—ligand interactions,
thereby reducing the octahedral ligand field splitting (Ao). As a result, the *MC
(quintet metal-centered) state is significantly stabilized and becomes the dominant
excited-state species, observable in transient absorption spectroscopy, in contrast to
the desirable MLCT (metal-to-ligand charge transfer) state typically observed in
Ru(1l) complexes.

1.3.2.2  Cyanopolypyridyl Fe(1l) Complexes

To reproduce Ru-like photophysics in Fe-based systems, it is essential to increase the
ligand field strength. One approach has been the substitution of bipyridine ligands
with cyanide (CN-), a well-known strong-field ligand.38484955-8 |n picyano-
substituted Fe(ll) complexes, although some destabilization of the MC state is
observed, it remains the lowest-energy excited state. When a third cyanide is
introduced, 3MC (triplet metal-centered) features become apparent, indicating that
the 3MC state is now more stable than *MC. Adding a fourth cyanide results in

minimal additional effect—the 3MC remains the lowest excited state.

Interestingly, solvent effects play a critical role in the energetic ordering of excited
states. When the solvent is changed from protic solvents like water or methanol to
aprotic solvents such as DMSO, MLCT features begin to emerge. This behavior is
attributed to acid-base interactions between the cyanide ligand and solvent
molecules. In aqueous or methanolic media, hydrogen bonding occurs between the
solvent hydrogen and cyanide nitrogen, resulting in electron donation from water's
oxygen lone pairs into the m* orbitals of the cyanide. This increases ©* electron
density, enhancing m*—tag interactions, which in turn stabilize both tog and eq orbitals,

but with a greater effect on tag.
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As a consequence, the MLCT state becomes destabilized in water/methanol due to
the stronger stabilization of the t2g orbitals. In DMSO, however, no such hydrogen
bonding occurs, and thus the tog orbital is relatively less stabilized, allowing the
SMLCT state to become lower in energy than the 3MC state. This makes
tetracyanoferrate complexes viable photosensitizers in aprotic solvents like DMSO or

acetone, providing a promising Fe-based alternative to Ru(ll) polypyridyl complexes.

Nevertheless, a significant challenge remains for polar protic solvents such as water
and methanol, which are essential for many sustainable photocatalytic applications.
Two main strategies have been explored to address this, which are to replace
polypyridyl ligands with even stronger-field ligands than cyanide or to introduce a
fifth cyanide ligand, though this approach has critical drawbacks.

1.3.2.3  Other Fe(ll) Complexes

The latter approach often necessitates the exclusion of bidentate ligands and leads to
mono-dentate ligand coordination, which is susceptible to ligand loss upon
photoexcitation.®® Because photoexcitation typically involves population of
antibonding orbitals, significant nuclear distortion occurs, potentially destabilizing

the metal-ligand framework and resulting in photodecomposition.

Consequently, attention has turned to the first approach. Recent studies have shown
that N-heterocyclic carbenes (NHCs), with their strong o-donating, radical-like
carbon lone pair, are even stronger field ligands than cyanide.®®"* Importantly, NHC
ligands destabilize the ®MC state more effectively than CN-, promoting long-lived
MLCT character even in aqueous environments. Furthermore, NHCs offer
modularity and synthetic flexibility, with numerous ligand frameworks already

reported in the literature, allowing for fine-tuning of photophysical properties (Figure
1_8)_60,61,63,69
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Figure 1.8. Several Fe(ll) NHC complexes. Reprinted from * under Creative
Commons, ACS.

The design flexibility of N-heterocyclic carbenes (NHCs) arises from their structural
composition—aromatic heterocyclic rings—which can be easily functionalized and
integrated into larger ligand systems, such as pyridyl or imidazole frameworks. This
tunability stands in contrast to cyanide ligands, which, despite their strong-field

character, are chemically less adaptable for modular ligand design.

However, the synthetic accessibility of NHC-based iron complexes remains a
significant challenge. Industrial-scale production of carbene ligands is limited, and

their coordination to Fe requires stringent synthetic conditions. The commonly used
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base, potassium tert-butoxide (tBuOK), is highly caustic and pyrophoric,
necessitating strict air- and moisture-free conditions, often under liquid nitrogen
temperatures. These technical barriers have driven researchers to explore alternative

systems with improved synthetic practicality and photophysical performance.

Recent work has focused on novel cyanometallate derivatives and Fe(l1l)-carbene
complexes. For instance, tetracyano-bipyrimidine complexes, derived from
bipyridyl-like ligands, have demonstrated MLCT stability even in protic solvents like
methanol, as confirmed by Resonant Inelastic X-ray Scattering (RIXS) studies.>’
Furthermore, our group reported that cationic pyrazinium ligands enabled the
formation of photostable and MLCT-stable pentacyano-ferrate(Il) complexes.*
However, these systems suffer from relatively short excited-state lifetimes, primarily
due to vibrational relaxation caused by hydrogen bonding between cyanide and

protic solvents.

Other advances include strained Fe(ll) complexes, which have been shown to
stabilize the *MC state long enough to reach nanosecond lifetimes, a promising

development for Fe-based photosensitizers.”

1.4 Quenching Processes

While organometallic complexes can participate in both energy and electron transfer
processes, redox-based catalysis is typically more effective when a dedicated
catalytic site is involved. As a result, it is common to combine a photosensitizer and
a catalyst, which can be arranged in two main ways: physically mixed, as separate

but coexisting components, and covalently linked.®

1.4.1 Quenching According to Quencher-Sensitizer Positioning

The linkage between the quencher and the sensitizer changes the mechanism of
excited-state quenching, which can proceed via two pathways. Dynamic quenching
occurs when the photosensitizer is first excited by light and then collides with the
quencher (the catalytic site) in solution. This process is diffusion-limited and affected

by concentration, viscosity, and temperature.
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Static quenching happens when the photosensitizer—quencher complex pre-forms
before light absorption. Upon excitation, electron or energy transfer occurs
intramolecularly, which is not limited by diffusion and is typically more
efficient.Static quenching is often preferred due to its predictability and faster

Kinetics, especially in applications requiring high catalytic turnover.

1.4.2 Energy Transfer Quenching

Energy transfer occurs via two distinct pathways, as Dexter Energy Transfer and
FRET. Dexter Energy Transfer consists of a short-range mechanism that requires
orbital overlap between the donor (photosensitizer) and acceptor (quencher). Its
effective only at distances less than ~5 A. It does not require the donor to be
luminescent, making it compatible with non-emissive excited states. It involves the
exchange of electrons and is sensitive to molecular geometry and electronic
coupling. Whereas Forster Resonance Energy Transfer (FRET) is a longer-range
mechanism that can operate over 10-100 A, depending on spectral overlap and
orientation. FRET requires the donor to be luminescent, since the transfer is based on
dipole—dipole interactions and spectral overlap between donor emission and acceptor
absorption. It is often referred to as dispersive energy transfer. While both Dexter
and FRET affect the fate of the excited state, they generally do not alter the catalytic

outcome, as they do not change the energetic states of the components involved.

1.4.3 Electron Transfer Quenching

In organometallic photosensitizers, the ligands are typically aromatic systems, such
as bipyridines or related heterocycles. When these ligands undergo oxidation or
reduction, the resulting ligand-centered radicals tend to be highly reactive and
unstable, making them unsuitable as primary sites for redox activity in catalytic
cycles (Figure 1.9). In contrast, metal-centered redox events—particularly those
involving first-row or second-row transition metals—tend to produce more stable
and controllable oxidation states, which are better suited for catalytic electron

transfer.
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Figure 1.9. Electron transfer quenching according to thermodynamic and light-

excited species of Fe(ll) complexes.

An important factor in photosensitizer design is the stability of the metal in various
oxidation states. For iron, Fe?* and Fe*" are relatively stable and well-characterized,
while Fe*" is highly reactive and short-lived, and Fe* is extremely unstable, rarely
observed under typical photochemical conditions. Thus, redox processes involving
Fe(Il) typically cycle between Fe?" and Fe*', with care taken to avoid accessing
higher or lower oxidation states that could result in decomposition or unwanted side

reactions.

Initially, Fe(11) polypyridyl complexes with long-lived °MC (quintet metal-centered)
excited states were presumed to engage in catalysis through a metal-to-ligand charge
transfer (MLCT) mechanism, analogous to Ru(Il) complexes.”” However, detailed
photochemical Kinetics studies using transient absorption spectroscopy (TAS) have
revealed that catalysis actually proceeds through the *MC state rather than the MLCT
state (Figure 1.10). This finding underscores the need to carefully characterize the

identity and reactivity of the true active excited state in iron-based photosensitizers,
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as °MC states can possess sufficient energy and lifetime to drive redox

transformations, even in the absence of traditional MLCT behavior.”®
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Figure 1.10. Electron transfer quenching through MLCT and °*MC states in Fe(ll)

complexes.

To fully understand quenching mechanisms in dyad systems, it is important to
distinguish between the two main modes of excited-state deactivation: energy
transfer and electron (redox) transfer. While both processes can quench the excited
state of a photosensitizer, only electron transfer mechanisms are directly involved in
catalysis, whereas energy transfer typically affects excited-state lifetimes without

contributing to chemical transformation.

1431 Electron Transfer Quenching with d® Systems

Electron transfer quenching is essential for driving photoredox and water splitting
catalysis. There are two main quenching pathways, which are oxidative quenching
and reductive quenching. With oxidative quenching, the excited-state photosensitizer
donates an electron to the quencher, becoming oxidized. With the latter process, the

excited-state photosensitizer accepts an electron, becoming reduced.213:22:23.76.78

These pathways are central to the photocatalytic cycle, which typically involves three
key steps: photoexcitation, where the photosensitizer absorbs a photon, promoting it
to an excited state (e.g., MLCT or MC); the first redox step (quenching), where
either oxidative or reductive quenching occurs, initiating the catalytic cycle. Finally,
the second redox step, where a subsequent redox event restores the ground-state

photosensitizer, allowing the cycle to repeat (Figure 1.11).
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Figure 1.11. Electron transfer quenching upon MLCT excitation with Ru(11)(bpy)s?*.

This framework emphasizes that both quenching and regeneration of the
photosensitizer are necessary for sustained catalysis. In dyad systems, where the
photosensitizer and catalyst are either physically associated or covalently linked, the
nature of quenching (static vs. dynamic) and the specific quenching mechanism
(electron or energy transfer) profoundly impact efficiency, kinetics, and mechanism

of catalysis.

1.4.4 Photosensitizer-Catalyst Dyads

As most quenching systems consist of two components, photocatalytic dyads, which
consist of chemically bonded photosensitizers and quenching catalysts, are
commonly used in the literature. In the field of photocatalytic dyads, the majority of
molecular systems reported to date rely on rare-earth or precious metal-based
photosensitizers, such as Ru(ll), Ir(l11), or Re(l) complexes.3*™ These systems are
favored due to their favorable photophysical properties, including long-lived MLCT
states and predictable redox behavior. However, their reliance on scarce and

expensive metals poses sustainability and scalability challenges.

To date, only two molecular dyad systems have been reported in the literature that
utilize Fe-based photosensitizers in combination with Co-based catalysts.®>%° In both
cases, the cobalt center was not shown to directly quench the excited-state Fe

photosensitizer, leaving the mechanistic details of the electron transfer processes
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unclear. This lack of demonstrated Fe-to-Co photoredox quenching indicates that
true cooperative dyadic electron transfer remains an unresolved challenge in earth-

abundant metal systems.

Moreover, research into dyads for water oxidation catalysis is significantly
underdeveloped when compared to systems designed for proton reduction and
hydrogen evolution. The two Fe—Co dyads mentioned earlier were also limited to
hydrogen evolution reactions (HER), with no comparable molecular systems

currently reported for oxygen evolution (OER) based on Fe photosensitizers.

This reveals a critical gap in the literature: while Fe and Co are earth-abundant and
attractive for sustainable photocatalysis, integrated dyad systems for overall water
splitting, particularly those involving Fe-based photosensitizers in OER, are nearly
nonexistent. This highlights an opportunity for future work to develop robust, earth-
abundant molecular dyads that operate effectively in both halves of water splitting—
a necessary step toward scalable solar fuel generation (Figures 1.11 and 1.12). For
photocatalytic water oxidation dyads, there are two paths in which quenching can

occur, as shown in Figures 1.11 and 1.12.
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Figure 1.12. WOC initiated by photosensitizer being quenched by the catalyst.

Figure 1.12 illustrates a photocatalytic cycle where the light-excited photosensitizer

is first quenched by the catalytic site. This results in several (4 times) oxidations of
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the catalyst. It can either change the oxidation state of the catalytic metal or the
species of the oxygen (from O% to O-O related species). After 4 e” oxidation, oxygen
is released. Oxidised photosensitizer then reacts with a sacrificial reagent to go back

to its initial state.
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Figure 1.13. WOC initiated by photosensitizer being quenched by the sacrificial

reagent.

The above figure shows the reverse case, where the sacrificial reagent first interacts
with the excited photosensitizer. This can release radicalic species, which can be
used in the later oxidation cycles. Oxidized photosensitizer then reacts with the

catalyst, similar to the previous case. Thus, oxygen is released.

Among the limited examples of Fe-based photocatalytic dyads, only one system has
been reported that incorporates a Fe(ll) photosensitizer.® In that study, quenching of
the excited Fe(ll) state by the Co(lll) catalyst was not observed, suggesting that the
photocatalytic hydrogen evolution reaction (HER) was initiated through electron
transfer between the excited Fe(ll) carbene complex and a sacrificial electron donor,
rather than the Co catalyst itself. Notably, the Fe(ll) photosensitizer in this system
was characterized by a 3MC (triplet metal-centered) excited state, which is typically
considered non-luminescent and unreactive in traditional photoredox schemes.
Nonetheless, efficient hydrogen production was achieved, raising the possibility that
a transient 3MLCT state, though short-lived and not spectroscopically observed,
could still play a mechanistic role. However, this remains a hypothesis without direct

experimental confirmation.
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1.5  Transient Absorption Spectroscopy (TAS)

Normally, photophysics studies of metal complexes, especially those of ds, are done
through photoluminescence spectroscopy.’® Upon excitation of a certain band, the
behaviour of the emitted light is studied. This is helpful to understand the
photophysical and photochemical behaviour of emissive photosensitizers. However,
not all photosensitizers have emissive excited states. Fe(ll) and Co(lll) are among
these photosensitizers. As triplet and quintet MC states just vibrationally relax, no

light is emitted upon this relaxation. 31597

To study the photophysics of such species, another spectroscopy method called
transient absorption spectroscopy (TAS) is used. The aim of this technique is to
measure the change of absorption after a solution of photosensitizer is excited with a
laser, with a so-called pump, under white light, with a so-called probe. The spectra of
the solution is collected at different times after the solution is pumped. This can
either be done at nano to microsecond scale with TAS or at pico to nanosecond scale

with ultrafast TAS.

The main feature of every TAS spectrum is the ground state bleach (GSB). As an
absorbance band is excited, the electronic configuration of the excited species goes
from the ground state to the excited state. As the ground state is less populated, the
absorption will decrease. Along with this, new absorption bands will appear as well.
These are the so-called excited state absorption (ESA). This is due to excitation of

the excited electron or excitation to the hole left in the ground state.

1.6 Prussian Blue Analogues (PBAS)
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Prussian Blue Analogues (PBAs) belong to a class of Hofmann-type coordination
compounds, where cyanide ligands bridge two different transition metals (Figure
1.14).14.202L81 Cyanide (CN") is a simple inorganic ligand consisting of a negatively
charged carbon triple-bonded to a neutral nitrogen, with both atoms carrying lone
pairs. Due to the high electronegativity and negative charge of carbon, primary metal
coordination typically occurs through the carbon terminus. Once all cyanide carbon
atoms are coordinated, available nitrogen lone pairs can bind to secondary metal

centers, provided that steric hindrance around the carbon-bound metal is minimal.

Figure 1.14. Crystal Structure of a PBA with a molecular formula of
Mx[M’(CN)s]y.Reused with permission from Ref.?.

This binding geometry leads to linear, M—C=N-M" bridges, which commonly
generate extended three-dimensional frameworks. Given the octahedral coordination
geometry of most cyanometallates (with ~90° ligand—ligand angles), PBAs typically
adopt cubic crystal structures. These particles often agglomerate into nanocubes,

ranging from tens to hundreds of nanometers in size.

The simplicity of their synthesis, along with their well-defined crystalline structures,
has made PBAs attractive for a variety of applications, including catalysis,

magnetism, and sodium/potassium ion batteries.883
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1.6.1 Catalytic Relevance of Prussian Blue Analogues (PBAS)

From a catalytic perspective, the coordination flexibility of cyanide is particularly
significant. Not all nitrogen sites are fully coordinated, leaving open coordination
sites on the metal centers.** These can interact with solvent molecules, such as water,
introducing potential reactive sites for catalytic processes like water oxidation or

reduction.

Because of their modular coordination environments and synthetic tunability, PBAs
have been actively studied for their photophysical and electrocatalytic
properties.82848 One of the earliest known examples is Fe(ll)Fe(lll) PBA,
commonly known as Prussian Blue, which also holds historical significance as the
first synthetic blue pigment. The importance comes from the MMCT transition
around 700 nm, which causes Fe(Il)-CN-Fe(ll1) to go to Fe(Il11)-CN-Fe(l1). This can

easily happen as the metal-to-metal distance is very short, around 4.8A.8

In our previous works, we explored the catalytic capabilities of PBAs by
systematically modifying the coordination environment at either the carbon-bound or
nitrogen-bound metal centers, focusing particularly on the activity of water-
coordinated metal sites. Our group has reported several key advances, including
electrocatalytic water splitting using PBA frameworks®, photocatalytic water
splitting by integrating PBAs with semiconductors®, tuning the local chemical
environment of the Co site in CoFe PBAs to investigate structure—activity
relationships**®-88 and employing pentacyanoferrate complexes as electron relays to
mediate charge transfer between Co-based catalysts and various organic

photosensitizers.8®

1.7 Objective of the Thesis

Achieving efficient photosensitizer-catalyst communication is a key factor in
achievingefficient photocatalysis. To study the dyad interactions, most groups prefer
long bridging ligands, which are bound to slow down the impending quenching.

Catalytic performance and photophysical interactions of PBA-based dyads with
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Fe(l1) cyanopolypyridyls are yet to be examined. Cyanide acts both as a strong field
ligand and a short-distance bridging ligand. The cobalt site can be modified further to
both increase the solubility of the dyad and decrease the linkage in the PBA network.
The latter part is important for achieving porous structures. Thus, well-studied Fel
and Fe2 are linked to Co(bpy) and Zn(bpy) cores to study the photophysics and
catalytic efficiency of such dyads as the focus of this thesis (Figure 1.15).

Chapter Three focuses on the catalytic systems consisting of Fel and Fe2
photosensitizers. The photophysics implications of binding various transition metals
are studied through ultrafast-transient absorption spectroscopy. These implications
are justified through metal-ligand interactions as observed through FTIR, UV-Vis,
and X-Ray Absorption Spectroscopies. For the first time, the photophysical
behaviour of higher-lying MLCT bands is inspected. Quenching behaviour of FeCo
dyads is inspected through fitting of TAS kinetics.

Figure 1.15. A schematic representation of the Co catalyst bridged to the Fe(ll)
cyanopolypyridyl.
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CHAPTER 2

2 Experimental

2.1  Chemicals and Reagents

Anhydrous cobalt (1) chloride (Sigma-Aldrich), ferrous ammonium sulphate
hexahydrate (Sigma-Aldrich),anhydrous zinc (Il) chloride (Sigma-Aldrich), 2,2’-
bipyridyl (Acros Organics), potassium cyanide (Sigma Aldrich),sodium persulfate
(Acros Organics), tetrabutylammonium perchlorate (Sigma-Aldrich),cobalt (1)
nitrate (Sigma-Aldrich),potassium hexacyanoferrate (111) (Roth), sodium dihydrogen
phosphate and sodium hydrogen phosphate (Sigma-Aldrich), acetone (Sigma-
Aldrich), diethylether (Aldrich), chloroform (Sigma-Aldrich), methanol (Sigma-
Aldrich) were used without further purification. Aqueous solutions were prepared
with Milli Q deionized water (resistivity: 18 MQ*cm).

2.2 Synthesis of Fel and Fe2

Both photosensitizers have been prepared according to Schilt’s method.®

Dicyano-bis-(2,2'-bipyridine)-iron(l11) Trihydrate, Fel, [Fe(bpy).(CN).]*3H.O:

A 7.5 mmol of 2,2-bipyridine (1,10-phenanthroline) together with 2.5 mmol of
ferrous ammonium sulfate hexahydrate were dissolved in 100 mL of de-ionized
water to obtain a dark-red solution and heated to 85°C. After reaching the desired
temperature, a freshly prepared solution of 2.5 g of potassium cyanide in 5 mL of de-
ionized water is added all at once to the hot solution. After thorough stirring for 2
hours, the hot mixture is set aside to cool at room temperature and aged overnight.
The dark violet (almost black precipitate obtained was washed three timeswith 250
mL of deionized water and decanted. 5 mL of concentrated sulfuric acid was added
to the precipitate after the final decantation, and it was diluted slowly with 250 mL of
deionized water while stirring. The recrystallized product was collected by suction
filtration, washed with small portions of water until free of sulfuric acid, sucked dry,
and finally dried in the desiccator at room temperature. C: 58.8%. N: 18.7%. H:
4.14%.
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Potassium  Tetracyano-mono-(2,2'-bipyridine)-iron(ll)  Trihydrate, Fe2,

K.[Fe(bpy)(CN).]*3H.O:

500 mg of [Fe(bpy)2(CN)2]*3H,O was dissolved in 100 mL aqueous solution
containing 2.5 g of KCN in a conical flask. The conical flask was sealed, and the
solution was heated at 90 °C for about 20 hours. Then, the solution was allowed to
cool down at room temperature and filtered to remove any unreacted solids. The
volume of the filtrate was reduced to about 20 mL in the rotatory evaporator, and
crystallized in the refrigerator to obtain a dark orange-red crystalline product. The
crystallized product was collected by suction filtration, washed with small portions
of acetone, and finally dried in the desiccator at room temperature.C: 37.6%. N:
19.5%. H: 2.45%.

2.3 Synthesis of Cobalt and Zinc Precursors

CobpyCl, and ZnbpyCl, are prepared following previously established protocols.*
Briefly, 2 mmol of 2,2’-dipyridyl in 20 mL of acetone was mixed with a solution
containing 2 mmol anhydrous cobalt/zinc(ll) chloride in 20 mL of acetone. The
resulting solution was stirred for two hours, filtered, and dried in a desiccator to
obtain a light-blue or white precipitate, respectively. For Co: C: 42.2%. N: 9.61%. H:
2.82%. For Zn: C: 41.4%. N: 9.01%. H: 2.68%.

2.4 Synthesis of FeM1 Dyads (M=Co, Zn)

0.15 mmol of [Fe(bpy)2(CN)2]*3H20 in 20 mL of methanol was added to a solution
containing 0.15 mmol of CobpyCl2/ ZnbpyCl; in 20 mL of methanol and mixed for 3
hours. The solution obtained was filtered to remove any unreacted solids. Slow
diffusion of diethyl ether into the solution yielded the formation of reddish-
brown/open reddish powders, respectively. The powder was collected by
centrifugation and washed with small portions of acetone, and dried in the oven at
60°C. For FeCol: C: 52.9%. N: 15.0%. H: 4.01%. For FeZn1: C: 48.8%. N: 14.7%.
H: 3.13%.
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2.5  Synthesis of FeM2 Dyads (M=Co, Zn)

0.15 mmol of Kz[Fe(bpy)(CN)4]*3H20 in 20 mL of methanol/water (1:1) was added
to a solution containing 0.15 mmol of CobpyCl2/ZnbpyCl, in 20 mL of
methanol/water (1:1). The resulting solution was stirred vigorously for 3 hours and
allowed to stand overnight. Then, the obtained brown/open brown, respectively,
precipitatesare centrifuged, washed with de-ionized water, and dried in the oven at
60°C. For FeCo2: C: 39.7%. N: 11.3%. H: 3.01%. For FeZn2: C: 44.9%. N: 20.1%.
H: 2.77%.
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2.6 Synthesis of CoFe PBA

CoFe PBA is synthesized according to previous literature.’A 30 mL cobalt(ll)
nitrate solution with a concentration of 30 mM is reacted with 30mL 20 mM
Potassium hexacyanoferrate(l11) for 3 hours. Subsequent centrifugation is followed
by drying the solid in the oven at 60 °C.C: 18.0%. N: 20.5%. H: 2.99%.

2.7 Instrumentation

2.7.1 UV-Visible Spectroscopy

UV-Vis absorption spectra of the solutions were obtained using an Agilent Cary
5000 UV-Vis-NIR spectrophotometer, using a quartz cuvette with a path lengthof 1

cm. All measured solutions had a concentration of 30 uM.

2.7.2 Attenuated Total Reflectance- Fourier Transform Infrared Spectroscopy

(ATR-FTIR)

FTIR spectra were recorded on Bruker Alpha Platinum—ATR Spectrometer model.
The spectra were recorded in transition mode within the wavenumber range of 400 —

4000 cm™! for 64 scans and 4 cm™ resolution.

2.7.3 CHNS Elemental Analysis

The elemental analysis of carbon, hydrogen, and nitrogen were carried out on
Thermo Scientific FLASH 2000 Series CHNS/O elemental analyzer. The
measurements were performed using BBOT as a standard and V.Os as a catalyst.

The data is reported as mass percent.

2.7.4 Differential Pulse Voltametry (DPV)

Electrochemical experiments were carried out on a Gamry Instruments Interface
1000 potentiostat/galvanostat at 25 °C. Using the conventional three-electrode setup,

with Pt wire as the counter electrode, Ag/AgCl (3.5 M KCI) as the reference
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electrode, and glassy carbon (GC) coated electrode (3 mm in diameter) as the
substrate for working electrode.The electrochemistry was performed in a No-

saturated solution of 1mM sample solution in 0.1 M TBAP Methanol solution.

2.7.5 X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis was performed on Thermo Fisher Scientific K-Alpha X-ray
photoelectron spectrometer, using Al Ko micro-focused monochromator, with a
photon energy of 1486.6 eV, as the X-ray source and equipped with a flood gun for
charge neutralization. Charge correction is done according to the previously assigned
Co species of CoFe PB.

2.7.6 X-Ray Absorption Spectroscopy (XAS)

XAS analysis is conducted on the HESEB Beamline of the SESAME synchrothron.
Previously set Fe and Co L-edge parameters on the beamline are used. Total electron
yield is calculated using the current drain from the mirrors that are hit by the incident
and final beams. Normalization is done by subtracting the lowest point of the L3
edge from the data. The data is divided by the maxima of the selected (generally eg)

peak.

2.7.7 Water Oxidation Photocatalysis

Photocatalytic experiments were conducted in a Pyrex flask totally sealed with a
septum with a 4.5 mL headspace. A 10 mL 0.1 M pH7 phosphate buffer solution
(PBS) containing 10 mg catalyst, 5 mM sodium persulfate (Na2S20s), were prepared.
A solar light simulator with a 200W Xe lamp is used. The spot is adjusted to 76 mW
cm?with a Si detector. A 420 nm cutoff filter is used. First, the round bottom flask is
sonicated for half an hour. Then, the mixture was purged with N2 gas thoroughly for
25-30 min. The photocatalytic experiment was carried out for 3 hours, and the
amount of oxygen evolved was determined by injecting 100 uL of the headspace gas
at a 1-hour interval into a gas chromatograph twice (Agilent 7820, a gas

chromatograph equipped with a molecular sieve and a thermal conductivity detector
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(TCD), using argon as the carrier gas). In cases of catalyst addition, 10 mg

photosensitizer compound and 10 mg CoFe PBA is added.

2.7.8 Turnover Number (TON) Calculation

TON was calculated, assuming that evolved oxygen was achieved per every existing
Co in the catalyst or Fe in the photosensitizer.

Moles of 0,

TON =
Moles of Co/Fe (as indicated above)

(eqg. S1)

2.7.9 Ultrafast-Transient Absorption Spectroscopy

We utilized a custom-built ultrafast transient absorption (TA) setup for the fs-TA
measurements. A Ti:Sapphire regenerative amplifier (Coherent, Astrella) generated
~85 fs pulses centered at ~800 nm, operating at a 1 kHz repetition rate. The laser
output was divided: one portion was focused onto a rotating CaF crystal to produce
a white-light continuum spanning 300-800 nm, subsequently divided into reference
and probe beams for the measurements. The second portion was directed into an
optical parametric amplifier (TOPAS prime, Light Conversion) to generate tunable
pump pulses, specifically 370 nm, and 570 nm pulses for this study. A mechanical
chopper reduced the pump pulse repetition rate to 500 Hz for alternating pump-on
and pump-off measurements. The relative polarization of the pump and probe beams
was adjusted to the magic angle (54.7°) using a Berek compensator and polarizer.
Probe and reference spectra were recorded with a Czerny-Turner spectrograph
(Princeton Instruments, SP2150) equipped with CCD detectors (Pascher Instruments
AB). Transient absorption data were analyzed using the python-based KiMoPack
package, where the coherent artifact region was removed (chirp correction) and

global fitting analysis was performed on the chirp-corrected data.

31



CHAPTER 3

3.1 Introduction

Although dyad systems for photocatalytic water splitting gathered large interest,
efficient systems can only be achieved by the usage of photosensitizers and/or
catalysts consisting of expensive rare earth metals.®22233¢."°Dyad bridging is done
through hard-to-synthesise organic ligands?®%®, which increases the cost and
decreases the scalability of such catalysts. The research of such dyad systems
consisting of first transition row metals, which are cheap, is quite rare.3>™
Especially, Fe(ll) photosensitizers tend to be quenched through not the energetically
favored MLCT state but the relaxed SMC state.?%3591
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Figure 3.1. Scheme of Fe photosensitizers and FeZn networks with MLCT states and
FeCo networks with coupled MLCT-MMCT states.

Here, in this work, we studied the coordination environment and photophysics of Fel

and Fe2 photosensitizers in PBA networks to establish a structure-property

correlation (Figure 3.1). Zinc is selected as a transition metal that will not lead to an
MMCT with the Fe ions, whereas cobalt is selected due to its catalytic activity.
Cyanide ligand is selected both to destabilize the *MC state and to place Co and Fe
sites in close proximity (M-M distance is around 5A. Catalytic activity is probed

through water oxidation. Photophysics of Fe (Il) cyanopolypyridyls are studied
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through ultrafast-transient absorption spectroscopy. The ligand field strength effects
are explained by FTIR, UV-Visible, and X-Ray Absorption Spectroscopy techniques.

3.2 Results and Discussions

3.2.1 Synthesis

As shown in our previous works, Co(bpy)Cl> and its zinc analog have been
synthesised. Upon dissolving the blue colored tetrahedral Co complex in methanol,
the solution turnedpinkish. This seems to be due to solvent coordination to Co, which
causes Co to go from tetrahedral to octahedral. Fe(ll) cyanopolypyridyl complexes
have been synthesised according to previous literature.®? Due to solubility concerns
with precursors, dyads with Fel have been synthesised in MeOH, and dyads with
Fe2 have been synthesised in a 1:1 water:MeOH solution. Although Fe2has low
solubility with water, centrifuging was enough to achieve the solid dyad.Precipitation
with diethyl ether and chloroform washing had to be done with Fel dyads. It is
noticed that Fel dyads are more soluble than Fe2 dyads. This is due to decreased
linkage due to decreased cyanide number. Co dyads are more soluble than Zn dyads.
This could either be due to Co sites being octahedral and Zn being tetrahedral or just

due to polarisation difference between Co and Zn.
3.2.2 Characterization
3.2.21 UV-Visible Absorption Studies

Methanol solutions of all compounds were prepared for UV-visible spectroscopy
analysis, with concentrations around 30-300 uM to achieve 0.4 absorbance.
Methanol solutions of all compounds exhibit two main bands at 370 nm and 570 nm,
which are attributed to *MLCT bands of the Fe(ll) chromophores (Figure 3.2.(a) and
Figure 3.2.(b)).%%%
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Figure 3.2. (a) UV-Vis spectra of Fel, FeCol, and FeZn1 between 325-700 nm. (b)
UV-Vis spectra of Fe2, FeCo2, and FeZn2between 325-700 nm.

These transitions occur from the tog band of Fe(ll) center to n* orbitals of the 2,2’-
bipyridyl ligand. It is important to note that the 370 nm band also contains the
Laporte (d-d) forbidden *MC transition (from Fe tzq to €g), and the 570 nm band is
assumed to contain Laporte and spin forbidden *MC transitions (from tz4 to eg). Both
of these transitions are less allowed than the MLCT transitions, which is due to both
the rather high dipole moment of methanol and the forbidden nature of the MC
transitions. Although Fe2 shows only one band at around 550 nm, it is considered to
be the result of two overlapped bands (Figure 3.2.(b)). This becomes apparent upon
binding of the metals to the nitrogen site, as FeCo2 and FeZn2 show double bands.
Going from Fe to FeCo and then toFeZn, increased MLCT bandgaps are obtained,
which are of around 10-40 meV/(Figure 3.2.(a,b)).*® This change is attributed to the
change in Fe tzg level. As the second metal ions are bound to the N-atom of the
cyanide ligand, they act as Lewis acids, causing m-back donation. The relatively
weaker m-back donation between the Fe tog and the n* of the bound CN ligand (-CN-
M) leads to the stabilization of the Fe tag level in FeM1 and FeM2 (M = Co and Zn)
compounds compared to those in Fel and Fe2. No change in bpy ©* level is

expected, since the coordination environment of bpy groups remains the same.%*
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3.2.2.2 Infrared Studies

O-H stretchings are observed in the 2900-3650 cm™ region. These features are

attributed to chemisorbed and physiosorbed water/hydroxyl species. Peaks of v(C-H)
are obtained in the 2950-3150cm region.'*
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Wavenumber (cm-1) Wavenumber (cm-1)

Figure 3.3. FTIR spectra of (a) Fel, FeCol, and FeZnland (b) Fe2, FeCo2, and
FeZn2 in the 400-4000 cm™ region.

This is due to C-H bonding in the bipyridyl groups. Normally, H.O bending would
be observed for PBAs. This peak overlaps with other vibrations of the bipyridyl
group, such as C-C and C-N stretching/bending. One would also observe Fe-C and
M-N (M= Co, Zn) below 800 cm™. But C-C bendings and Fe-N and M-N of

bipyridyl groups also obscure these signals. Thus, structural characteristics of only
the Prussian blue could be obtained from v(C-N).
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Figure 3.4. v(CN) stretching of (a)Fel, FeCol, and FeZnland (b) Fe2, FeCo2, and
FeZn2in the1950-2200cm™ region.

All compounds show asymmetric and symmetric cyanide [v(CN)] stretches in the
2000-2200 cm™ interval (Figure 3.4(a,b)).}*8! Two peaks are seen with Fel, which
are attributed to v(CN)as and v(CN)s, respectively (Figure 3.4(a)). For Fe2, in
addition to these peaks, one peak around 2080 cm™ is obtained (Figure 3.4(b)).
Although this peak has not been previously attributed to any vibrational mode, the
weak intensity suggests that this mode is a combination band, originating from the
combination of 4 CN ligands. Similar to UV-Vis Spectroscopy, a trend is observed,
where v(CN) frequency increases going from Fe to FeCo and then to FeZn

compounds (Figure 3.4. (a,b)). This trend is in agreement with the previous trends of
other PBAs.

As previously mentioned, the cyanide ligand has two main molecular orbitals, filled
c* (HOMO) and empty n* (LUMO), which interact with metals, creating a o-
donation and a m-back donation interaction, respectively.8'The cyanide bond strength

is, thus, sensitive to the nature of the binding metal, including its oxidation number
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and the electronegativity. Since both the HOMO and LUMO of cyanide have anti-
bonding characters, decreasing the electron density of these orbitals results in
increased bond strength. The stabilization of the txy level observed by UV-Vis
spectroscopy studies and the shift of the CN stretch to higher wavenumbers suggest
an enhancedo donation between the Fe center and the CN ligand when secondary

metal ions are coordinated to the N site of the CN ligand.

3.2.23  XPS Studies

The high-resolution XP spectra of N, Fe, and Co elements of FeCol and FeCo2 are
displayed in Figures3.5-7. XP spectra of CoFe(CN)s (CoFe PBA) are also analyzed

as a reference for comparative analysis.

FeCo1

N 1s

Counts (a. u.)

CoFe(CN), N 1s

.

406 404 402 400 398 396 394 392
Binding Energy (eV)

Figure 3.5. N 1s XP spectra of FeCol, FeCo2, and CoFe PBA.
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The N 1s spectrum of CoFe PBA shows two distinct peaks at binding energies of
398.0 eV and 400.0 eV, corresponding to nitrogen in C=N and N-H bonding
environments (Figure 3.5).%®In contrast, the N 1s spectrum of FeCo2 is deconvoluted
into three peaks located at 397.0 eV, 399.0 eV, and 399.8 eV, which are attributed to
C=N, pyridyl-N, and N-H, respectively.The shift of the C=N peak to a lower binding
energy in FeCo2 compared to CoFe PBA suggests variations in the local chemical
environment, probably due to the presence of both bridging and terminal cyanide
ligands within the structure. Similarly, the N 1s spectrum of FeCol resembles that of
FeCo2; however, the observed peaks shift to higher binding energies, indicating a
distinct electronic environment in the FeCol structure. Moreover, the reduced
intensity of the C=N peak in FeCol aligns with a lower cyanide ligand

concentration, further highlighting structural differences among the samples.

FeCof1 +3 + Fe 2p
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Figure 3.6. Fe 2p XP spectra of FeCol, FeCo2, and CoFe PBA.

For all compounds, the Fe 2p signal is deconvoluted into Fe 2ps. and Fe 2pi.peaks
(Figure 3.6). In CoFe PBA, the Fe 2ps, peak exhibits contributions from both Fe?*
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and Fe*" oxidation states, appearing at 708.1 eV and 709.7 eV, respectively, along
with a characteristic satellite shake-up peak at 710.9 eV.%"®However, the Fe*
species is not identified in the Fe 2p spectra of FeCo2 and FeCol, suggesting that
these compounds exclusively contain Fe?*. Furthermore, the Fe 2p peaks in FeCol
are shifted to higher binding energies compared to FeCo2, indicating a more
electron-deficient iron center. This shift is attributed to the coordination environment
in FeCol, where two 7 accepting bipyridyl ligands are bound to the iron center,
whereas FeCo2 contains only a single bipyridyl ligand in its coordination sphere
(Figure 3.1).

FeCo1 Co 2p
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Figure 3.7. Co 2p XP spectra of FeCol, FeCo2, and CoFe PBA.

A clear assignment of Co?" and Co®" oxidation states is challenging due to peak
broadening, multiplet splitting, and the contribution of satellite peaks (Figure 3.7).%°
The Co 2ps2 and Co 2p12 signals can be deconvoluted into two primary components,

accompanied by shake-up satellite peaks at higher binding energies. Previous studies
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indicate that the Co 2ps»—2p12 spin-orbit splitting is typically around 15 eV for
diamagnetic Co®*" complexes and 16 eV for paramagnetic Co?" species.100-101
Furthermore, Co?* ions generally exhibit broader 2ps and 2pi lines with more
intense satellite features compared to Co®.%1%2The presence of broad main peaks
and strong satellite signals in the spectra confirms the existence of Co?*cations.The
possible presence of Co®"is suggested by the observed spin-orbit splitting values,
which range between 15-16 eV, an intermediate region between those of pure Co?*
and Co®*. Nevertheless, a definitive conclusion regarding the precise oxidation states
of cobalt cation on XPS remains challenging. Notably, for FeCol and FeCo2, the
cobalt spectra exhibit a slight shift to lower binding energies, indicating differences
in the local chemical environments of the cobalt centers within these structures. For a
comprehensive comparison, the XPS results of FeZnland FeZn2 samples are
presented in Figure 3.8-10. The N 1s and Fe 2p spectra of these compounds exhibit
profiles that closely resemble those observed for FeCol and FeCo2, demonstrating
consistent electronic and chemical properties across the series. This similarity

reinforces the validity of the interpretations used in describing the XPS analysis.
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Figure 3.8. N 1s XP spectra of FeZnl and FeZn2.
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Figure 3.9. Fe 2p XP spectra of FeZn1 and FeZn2.
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Figure 3.10. Zn 2p XP spectra of FeZn1 and FeZn2.
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3.2.24 XAS Studies

X-ray absorption spectroscopy studies were employed in the HESEB beamline of the
SESAME synchrotron. For Co and Fe, L-edge measurements were performed, where
electronic transitions from core 2ps2 to molecular orbitals occur. Normally, with
transition metal L-edge XAS, major signals come from metal-based orbitals.*048:103
However, with m-accepting ligands, new excited states can occur, which also show

up as major peaks in the spectrum.
(a) (b)
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Figure 3.11. (a) Normalized Fe L3-Edge XA spectra of Fel, FeCol, and FeZnl. (b)
Normalized Fe L3-Edge XA spectra of Fe2, FeCo2, and FeZn2.

From previously measured spectra of cyanopolypyridylferrates, it has been reported
that the ordering of orbital energies is cyanide n*, Fe eg*, and bpy =n*,
decreasingly.*®481%4 Going from simple Fe compounds to dyads, e to CN ©* ratio
stays the same while ey to bpy m* ratio decreases. This shows that Fe can
communicate with Co and Zn-bound bpy species. However, this should not result in
the previously discussed MLCT band shift. One small feature is observed to the right
of the CN 7* band. This is attributed to the weakly interacting empty CN o* orbital

(Figure 3.11.(a,b)). Generally, low-spin Fe** shows g4 feature as double peaks due to
g
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Jahn-Teller distortion. Moreover, Fe®* should exhibit a toq signal at around 704 eV,
neither of which is observed in the compounds of interest. An oxidation state of 2+
for Fe sites is also in good agreement with FTIR and XPS measurements. It was also
noticed that eq signal is stabilized once metal ions are coordinated to the cyanide
ligand. This is due to the previously mentioned decrease of the o-donation
characteristic in the FTIR part. This stabilization is around 200 meV with Fel-based
dyads and 400 meV with Fe2-based ones(Figure 3.12. (a,b)).
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Figure 3.12. (a) Normalized Fe L3-Edge XA spectra of Fel, FeCol, and FeZnl. (b)
Normalized Fe L3-Edge XA spectra of Fe2, FeCo2, and FeZn2.

The difference might be due to the fact that Fe2 has more affected cyanide ligands on
iron, which stabilizes the eg level more effectively. No extra feature related to Co is

observed in FeCo dyads.
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Figure 3.13. Normalized Co L3-Edge XA spectra of KzCo(CN)s and Co(NOs3)..

Co(l11) state is known to be low-spin, while it is high-spin for Co(ll) sites in PBAs.%
Thus, for reference, low spin d® K3sCo(CN)s and high spin d’ Co(NOs), were
measured (Figure 3.13). Interestingly, Co L3 edge spectra of both FeCo dyads do not
match the profile of these references (Figure 3.14-15). However, Co L3-edge spectra

of FeCo dyads resemble the profiles of Co(bpy)Cl.and Co(bpy)2Cl. precursors.
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Figure 3.14. Normalized Co L3-Edge XA spectra of Co(bpy)Clz, Co(bpy)2Cls,
FeCol, and FeCo2.

Although most features are similar, Co(bpy).Cl> shares a double peak feature at
around 778 eV with the dyads, which is obtained as a single peak in the precursor.
Co-L3 edge spectra reveal that Co sites are in a similar coordination environment as

the precursors, which is dominantly a high-spin Co?* species.

3.2.25 Electrochemical Studies

We performed electrochemical experiments to evaluate the HOMO and LUMO of
the compounds (Figure 3.15). Differential pulse voltammetry (DPV) experiments
reveal a reduction at -2.02 V vs Fc for Fel, which is attributed to the bpy reduction

(bpy + 1e"— bpy+").*®
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Figure 3.15. DPV experiments with Fel, Fe2, and FeCol in 0.1 M TBAP in MeOH.

This reduction peak could not be measured with Fe2, suggesting that the reduction of
bpy occurs beyond the methanol reduction. The addition of Co(bpy) group to Fel
causes the bpy reduction to be overcrowded, thus the exact reduction potential is not
seen. Fe(2+/3+) redox potentials of Fe species in methanol are higher than Fe species
in acetonitrile in the literature. This is due to stabilization of the tzg level of Fe due to
the aforementioned decrease in the e density of Fe**. The addition of Co only
decreases the potential to go down from +0.26 V to +0.25 V, which is an
insignificant change, and it contradicts the lowered to4 level, as seen by Figures 3.2
(a,b). Co(2+/3+) oxidation is seen to be higher than the Fe(2+/3+) redox, indicating

that Co has more of an oxidizing character than Fe.

3.2.3 Photocatalytic Studies

Photocatalytic experiments were performed to compare the oxygen evolution
performances of compounds. All experiments were done under neutral conditions
(pH 7.0) in a 0.1 M phosphate buffer and 5 mM persulfate solution with 100 mwW
cm 2 Xe light.
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Figure 3.16. Photocatalytic water oxidation experiments with Fel, Fe2, FeCol,
FeCo2, FeZnl, and FeZn2.

The first set of experiments is performed with Fel, Fe2, FeCol, FeCo2, FezZnl,
FezZn2, and regular CoFe Prussian blue analogue (CoFe PBA). Of these, oxygen
evolution was obtained only with FeCo dyads, suggesting that both Fe and Co sites
are required for the photocatalytic process. The performance of FeCol with 50.3
umolg?h?® O, evolved is slightly higher than the performance of FeCo2(43.1 umolg”
h1). The slight difference in the activities of FeCol (50 umol g* h) and FeCo2 (43
umol gt h) could be attributed to the different solubilities and particle sizes of
FeCo dyads. FeCo2 dissolves less, thus the photocatalyst is more heterogeneous
with larger particle sizes compared to FeCol. Solubility of PBAs is a known factor

in catalyst performance.®*
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Figure 3.17. Photocatalytic water oxidation experiments with FeCol, Fel/CoFe PB,
and FeZn1/CoFe PB.

Experiments with physical mixtures of a Co catalyst and a Fe photosensitizer were
performed to understand the role of the bridging cyanide group on the photocatalytic
activity (Figure 3.17). For this series of control experiments, samples were prepared
that have both the Fe photosensitizer and Co catalyst group, but not coupled directly
through the bridging cyanide group. CoFe PB was chosen as the catalyst since it is
known to be an active water oxidation catalyst in the presence of ruthenium
photosensitizers. Fel and FeZn1 were used as photosensitizers due to their relatively
higher solubilities compared to Fe2 and FeZn2. We observed that the
CoFePBA/FeZnl pair does not reveal any activity, while the CoFePBA/Fel pair
exhibits an activity with only around 30% of that observed for FeCol. It is also
important to note that Fel/CoFe PBA pair exhibits a much poorer activity compared
to FeCol even though it has much higher concentrations of both the catalyst and
photosensitizer groups. As can be seen from Figure 3.18, although the TON of Co is
similar, the TON of Fe photosensitizer by itself with CoFe PB is really low. Overall,

the poor activity observed in systems that do not possess the Fe-CN-Co coordination
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mode reveals that the metal-to-metal charge transfer (MMCT) between the catalytic
site and the photosensitizer could play an active role in the photocatalytic water
oxidation mechanism. To further evaluate the role of the MMCT in the mechanism

and photophysics of the photosensitizer, transient absorption studies were performed.

0.12 1

Co Fe Co Fe
Fe1/CoFe PB FeCo1 FeZn1/CoFe PB

Figure 3.18. Photocatalytic water oxidation experiments with FeCol, Fel/CoFe PB,
and FeZn1/CoFe PB.

3.2.4 Ultrafast-Transient Absorption Spectroscopy Studies

Femtosecond transient absorption (fs-TA) spectroscopy was employed to elucidate
the excited-state dynamics of the dyads. Figures 3.19 (a-c) show the fs-TA spectra of
Fel, FeCol, and FeZnl in methanol. Following excitation at 570 nm (corresponding
to the excitation of the 1A;—*MLCT transition), the differential absorption spectrum
closely resembles the inverse of the steady-state absorption spectrum and is
reminiscent of those reported by Kjaer et al., who used 550 nm excitation to study
the excited state dynamics in the parent Fel chromophore.l® The spectral features

were previously assigned to the formation of the *MC state, which is populated on a
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sub-picosecond time scale. Therefore, we conclude that photoexcitation ofFel,

FeCol, and FeZn1 leads to the ultrafast formation of the Fe-centered °MC state.
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Figure 3.19. (a) TA spectrum of Fel pumped at 570 nm in methanol. (b) TA
spectrum of FeCol pumped at 570 nm in methanol. (c) TA spectrum of FeZnl
pumped at 570 nm in methanol. (d) TA Kinetics of Fel, FeCol, and FeZn1 pumped
at 570 nm and probed at 540 nm in methanol. (e) TA spectrum of FeCol pumped at
370 nm in methanol. (f) TA kinetics of FeCol pumped at 370 and 570 nm and

probed at 540 nm in methanol.

Despite the similar spectral features, a comparative kinetic analysis of the TA data
obtained for FeCol and Felreveals a significantly faster ground-state recovery for
FeCol(Figure 3.19 (d)). Within 50 ps, approximately 34% of the initial ground-state
bleach of FeCol recovers, compared to only 20% for Fel, suggesting an additional
excited-state quenching pathway is active in FeCol. Since both Fel and FeCol are
non-emissive, Forster resonance energy transfer (FRET) between the Fe and Co units
can be excluded. Furthermore, Dexter energy transfer from the *MC (S=2) or MLCT
(S=0 or 1) state of the Fe chromophore to the Co" center (S=1/2 or 3/2) seems

unlikely due to the conservation of angular momentum. Therefore, following the
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rationale presented by McCusker et al., we propose intermolecular reductive electron
transfer from the Co'' center to the optically excited Fe-chromophore as the

mechanism underlying excited-state quenching in FeCo1.1%

To further investigate this hypothesis, we compare the fs-TA dynamics of FeCol and
FeZnl. The redox-inert Zn' ion cannot participate in light-driven excited-state
electron transfer to the Fe center. Nonetheless, coordination of the Zn'" or the Co'' ion
is expected to alter the electron density and hence, the effective ligand field strength
of the coordinating CN ligand, in a similar fashion. The IR spectrum of cyanide
supports this notion, as both FeCol and FeZnl exhibit a blueshift of the cyanide
vibration from 2058 cm™ for Fel to 2082 cm™ and 2109 cm™* for FeCol and FeZn1,
respectively, which indicates similar modifications of the electron density on the CN
ligand, through to4 stabilizations and eq stabilizations seen with UV-Vis and X-Ray

Absorption Spectroscopies, respectively.

As for Fel, the TA data of FeZn1 (Figure 3.19 (c)) resemble the inverse steady-state
absorption of the complex. Furthermore, the ground-state recovery rate of FezZnl
matches that of Fel at early time delays up to about 50 ps. For a more quantitative
comparison of ground-state recovery rates, we performed a global analysis of the TA
data using a sequential bi-exponential model, as proposed for similar Fe'' polypyridyl
complexes.’®” For both complexes, a fast process (11 = 5 ps) causes only minor
spectral changes. We associate this process with vibrational relaxation and cooling
within the ®MC state. In addition, a slower process is observed and characterized by a
delay-time 1. 0f 400 ps for FeZn1 and 300 ps for Fel. We associate this process with
the decay of the lowest-energy *MC state (see Figure 3.20 for the species-associated
spectra of the hot and cooled *MC state).1%>1%” The comparatively slower >MC decay
in FeZn1is attributed to a comparably more stable °MC state in FeZn1. McCusker et
al. reported previously that a decrease in the ligand field strength (for example, by
replacing two cyanide ligands with a 1,10-phenanthroline ligand) reduces zero-point
energy differences between the®MC and *A; states that lead to slower ground-state
recovery °"MC — !A;) of the Fe chromophore.’® Our work suggests that
coordination of a secondary metal ion to the ligand sphere of Fe reduces the effective
ligand field of CN, causing relative stabilization of >MC state, thus offering an

alternative approach to ligand field modulation through secondary metal
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coordination. This photophysics interpretation is supported by the increased m-back
donation, shown by FTIR and UV-Vis, and decreased c-donation, shown by FTIR
and XAS. ey, through XAS shows more stabilization, around 0.2 eV, than tzg
stabilization, around 20 meV, through UV-Vis spectroscopy. Such a case is known to

stabilize *MC too much in comparison to Fe (11) and Ru(ll) cyanopolypyridyls.
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Figure 3.20. Fitting of TA spectra of Fel, FeCol, and FeZnl pumped at 570 nm in

methanol.

The transient absorption data of FeCol can be fitted by a model considering an
intermetallic electron transfer in parallel to the intrinsic relaxation via MC states (as
shown in Figure 3.20). We rule out the possibility of a sequential quenching through
the SMC state (e~ transfer from Co(II) to Fe(ll) °MC), as the latter would yield a Fe

(1) center, which is unstable in the polar solvent methanol. And *MC should not have
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enough zero-point energy to reduce Fe(ll). The reverse case cannot be the case, as
yielding Co(l) should result in hydrogen evolution, which was not detected. Fitting
the kinetics shown in Figure 3.19(d) to the transient absorption data of FeCol
indicates that MLCT excitation populates an MMCT state on a sub-ps timescale in a
fraction of the excited dyads, while the remaining excitations populate Fe-centered
SMC states. Whereas the MC states are comparatively long-lived (decay to the
electronic ground state is estimated to take place in 230 ps), the MMCT state decays
with an estimated lifetime of 5 ps. The species-associated spectra (Figure 3.20)
reveal that the spectral characteristics of the species associated with the fast and slow
decay components of Fel and FeZn1 are comparably similar. Hence, we identify the
underlying states as vibrationally hot and cooled *MC states, in line with previous
reports on similar Fe chromophores.’®” Conversely, the amplitudes of the two
species-associated spectra of FeCol differ significantly, indicating different
electronic states associated with these two components. For example, the species
associated with the faster decay component (11 = 4-5 ps) show very weak and broad
non-zero (and positive) absorption at wavelengths above 575 nm (Figure 3.20). Such
weak, unstructured photoinduced absorption in this region can be ascribed to the
Co(l11) state.®® This is due to thermodynamic oxidation of Co(ll) in the Fe(l11)-Co(ll)
excited state, as oxidation potential of Co(2+/3+) is higher than the oxidation
potential of Fe(2+/3+). On the other hand, the spectral characteristic of the slower
decay component of FeCol resembles the inverse of its steady-state absorption.
Herein, we assign the underlying states associated with the fast and slow decay

components in FeCol to the MMCT and °MC states, respectively.

In summary, the analysis of the transient absorption data recorded for Fel, FeCol,
and FeZn1l (Figure 3.19 (d)) indicates that the additional quenching pathway causing
faster ground-state recovery in FeCol is absent in Fel and FezZnl. The faster
quenching of the FeCol makes a strong case in favor of intervalence electron
transfer (IVCT) between Co(ll) and Fe(lll).

Next, transient absorption (TA) measurements were conducted upon 370 nm
excitation, resonant with higher-energy MLCT transitions, to test for an influence of
excitation energy on the intramolecular charge transfer dynamics. Under these

conditions, the transient absorption data are very similar to the one observed upon
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570nm excitation (see Figure 3.19 (e)). A comparative kinetic analysis (Figure 3.19
() shows, for instance, identical ground state recovery following excitation at 370
nm and 570 nm, indicating excited FeCol decays following the same mechanism in
both cases. This suggests that, irrespective of whether the molecule is excited at
higher or lower energy MLCT bands, the system undergoes ultrafast internal
conversion (IC) to a common lowest energy MLCT state before branching into
MMCT or MC. Once the system reaches the lowest MLCT state, the branching ratio
is determined by the relative position and coupling of the MMCT/°*MC to MLCT
states. However, overlapping spectral features of MMCT and °MC state impede
quantitative estimation of the branching ratio.
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Figure 3.21. (a) TA spectrum of Fe2 pumped at 570 nm in methanol. (b) TA kinetics
of Fe2 pumped at 570 nm and probed at 540 and 650 nm in methanol. (c) TA
spectrum of FeCo2 pumped at 570 nm in methanol. (d) TA kinetics of FeCo2 and
FeZn2 pumped at 570 nm and probed at 540 nm in methanol. () TA spectrum of
Fe2 pumped at 370 nm in methanol. (f) TA kinetics of Fe2 pumped at 370 nm and
probed at 540 and 650 nm in methanol. (g) TA spectrum of FeCo2 pumped at 370

nm in methanol. (h) TA kinetics of FeCo2 pumped at 370 and 570 nm and probed at
540 nm in methanol.
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Based on the similarities of the transient absorption spectra and the fact that both
FeCol and FeCo2 show a more rapid excited state decay compared to their FeZn
counterparts, we conclude that, similar toFeCol, the excited states ofFeCo2 decay
via MMCT and °MC states as shown in Figure 3.21 (d). This is in contrast to the
excited-state relaxation in Fe2. (Figure 3.21 (a)) Since excitation of Fe2 at 570 nm
populates an MLCT state, which decays via a 3MC state (in contrast to the >MC state
observed for FeCo2 and FeZn2).%* This is evidenced by the excited-state absorption
of Fe2 at about 650 nm, which decays with a lifetime of 15 ps (Figure 3.21 (b) and
3.21 (e)). Both the spectral feature and lifetime are characteristic of a Fe-centered
SMC state.%*1% Furthermore, in contrast to the excitation-wavelength independent
excited-state dynamics of FeCo2 and FezZn2, Fe2 shows significantly slower
ground-state recovery when excited at 370 nm (in comparison to the excitation at 570
nm) (see Figures 3.21 (a) and 3.21 (e)). Global fitting revealed excitation at 370 nm
yields an additional and slow decay component with a characteristic lifetime of 200
ps (Figure 3.21 (f)). This indicates the population of a significantly longer-lived *MC
state upon excitation of higher-lying MLCT states. This is interesting, as one would
expect this >MC population to decay to *MC due to Kasha’s rule, which does not
occur. This shows that >°MC is destabilizing the complex to the point that the decay to
the *MC is not favorable, or the reorganization energy is too large. Importantly, no
spectral features of the *MC state were observed for FeCo2 and FeZn2, neither upon
excitation at 370 nm nor 570 nm (Figure 3.21 (g) and Figure 3.21 (h)). Instead, °MC
states (spectral signature resembles the inverse of the steady state absorption as
shown in Figure 3.21 (c)) are identified as the lowest energy excited state in the
dyads. This stabilization of the °MC state compared to the *MC state originates in the
binding of the secondary metal atom to the coordination sphere of Fe causing a
relative stabilization of ¢ bonded Fe- eq orbitals (*MC state has 2 eq electron whereas
3MC has 1 eg electron) as compared to the tag orbitals, as the coordination of the
Co/Zn shifted e density of CN away from Fe center. Compared to other
spectroscopic interpretations of Fel based systems, although Fe2 tyg levels show
similar stabilization, eg levels show double the stabilization seen with Fel, 0.2 eV to
0.4 eV. Herein, it is evident from the TA spectra and dynamics discussed above that
the coordination of the secondary metal ion (e.g., Fe or Zn) affects the relative
stability of MC and MLCT states and influences the excited state photophysics of the

dyad. And increasing the number of affected ligands influences the photodynamics
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further. Similar excitation-wavelength independent excited-state dynamics were
observed for FeCo2 and FeZn2 with 370 nm excitations of FeCol and FeZnl.
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Figure 3.22. Fitting of TA spectra of Fe2, FeCo2, and FeZn2 pumped at 570 nm in

methanol.

In summary, we observed intermetallic electron transfer from Co(ll) to Fe(l11)-bpy*-
in both the FeCol and FeCo2 complexes (Figures 3.20 and 3.22). Generation of the
MMCT state following the MLCT transition renders the FeCo dyads catalytically
active for water oxidation, as evidenced by our photocatalytic water oxidation
results. Below is a Jablonski diagram that represents the energy levels of ground and

excited states according to TAS and other spectroscopic techniques (Figure 3.23).
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Figure 3.23. Jablonski diagram of Fel and Fe2 based systems.

CHAPTER 4

4.0 CONCLUSIONS

4.1 Summary

Although significant advances have been achieved in the field of iron chromophores,
particularly with carbene-based ligands, their utilization for photocatalytic
applications is rather limited due to synthetic challenges. Herein, in this thesis, we
provide an easy method to prepare Fe photosensitizer-Co catalyst photocatalytic
dyad assemblies, which can be used in the photocatalytic water oxidation process.
The classical Prussian blue synthetic methodology has been modified by employing
bipyridyl Fe and Co precursors. These novel systems exhibit both metal-to-metal
charge transfer (MMCT) and metal-to-metal ligand charge transfer (MLCT)
processes. We performed several characterization techniques to elucidate the
structure of ligand-modified PBAS, performed a series of photocatalytic studies, and
utilized ultrafast transient absorption experiments to establish a structure-property
relationship and understand the role of MMCT on the decay dynamics of the MLCT
process. We found that c-donation on Fe is weakened when Co sites are coordinated
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to the CN group, leading the stabilization of Fe egorbitals. Photophysics experiments
show, for the first time, that fast-decaying, ~100 fs lifetime, MLCT states can be
accessed by closely lying oxidizing metals, such as cobalt. We established Jablonski
diagrams for both Fe and FeCo systems and found that MMCT creates an alternative
pathway for the relaxation of the excited MLCT state, which is used for the

activation of the catalytic site.

Catalytic
MMCT
Pathway

Figure 4.1. Schematic diagram of MLCT excitation of Fe(ll) cyanopolypyridyls
followed by decay to MMCT and MC states.

Based on these findings, we propose the following photocatalytic mechanism (Figure
4.1). The absorption of light creates an excited MLCT state, which has two possible
relaxation pathways: 1) relaxation through the °MC state to the ground state (GS) and
2) Decay to MMCT state, which oxidizes and, thus, activates the Co site for water
oxidation. Therefore, this mechanism could be described as an MMCT-coupled
MLCT for the water oxidation process. Overall, this study shows that charge transfer

processes could be used to enhance the photocatalytic performance, and cyanide-
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based systems provide an ideal platform for such compact designs with several
charge transfer processes.

4.2 Remarks

Attaching catalytic metals to Fe(ll) polypyridyls through cyanide is shown to be a
valid approach. Catalytic performance of such bound species is shown to be higher,
as is seen by photocatalytic experiments where extra PBA catalyst was added. For
the first time in the literature, a fast-decaying MLCT state is shown to be accessible.
However, it is also seen that such a strategy has its drawbacks. Stabilization of eg,

being greater than that of toq decreases Ao and stabilizes >MC. This is not desirable.

Still, the aimed catalytic dyads have shown interesting properties, such as accessing
the MLCT state through MMCT quenching. The usage of cyanide as a linker for
such a dyad was done for the first time for Fe-Co systems. The photophysical
behaviour of several Fe(ll) cyanopolypyridyl systems was explained by the effect of
the cyanide on the Fe core. PBA-based photocatalytic dyads are shown to be feasible
systems, although their performances are yet to be enhanced to achieve satisfying

catalysis.
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