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Summary

i oA

Due to theeverincreasing impactof ma RS Of AYIF S OKIl y3S s2efiturjii® Rl & Qa
coined by political, economic, and especially ecologic disruptions. To mitigate global warming, nations
and organizations are seeking to reduce greenhouse gas emissions worldwide. Consequently, science
and engineering have to provide the tecbai means to do so. In the example of private
transportation, great progress in battery technology has made electric vehicles competitive compared
to conventional fuebowered véicles. Similarly, both individual households and energy providers can
build on ever improing photovoltaic panels. Other research areas, however, are far from being that
mature and relevant in everyday liteand thus offer a lot of room for improvement. For example,

solar energy cannot only be collected as electric enei@golar cellsbut it could also be used to store
energy in the form of chemical bonds such as hydrogenphotocatalytic water splitting. To be
economically competitive, the respeeti photocatalyst material andts performance have tde
maximized

A new, promisinglass ofmateriak for photocatalytic applications are covalent organic frameworks
(COFsY; porous, ordered networks constructed from organic building blocks in a predictable and
customizable manner. Over the last century, COFs Ishesvn to beexcellent candidates for the
photocatalytic hydrogen evolution hatéaction. The other side of overall water splittirig., oxygen
evolution, has not been achieved with designated COF photocatalysts before the beginning of this
thesis. Possibly, this was due to the thermodynamid kinetic complications underlying the reaction
mechanism. Our approach to tackle photocatalytic oxygen evolution largely built upon our expertise
in hydrogen evolutionphotocatalysis andconsisted in combining a liglabbsorbing COF with a
literature-known water oxidation catalyst based on iridium, as outlined in chapter 2. In chemical water
oxidation experiments, we could show that the iridium complex was still active after attachment to
TAPBBPY COF via designated bipyridine binding sites. Photocatedygjen evolution, however, could

not be achieved. In an extended study, we reviewed gndore importantly ¢ reproduced COFs
reported in the literature for oxygen evolution from 2019 on. We could, however, not reproduce the
stated oxygen evolution rates,nd in general found little reliable literature data to build upon.
However, in some cases, we did observe oxygen evolution. We took this as an opportunity to carefully
investigate the underlying reaction mechanisms, with a special focus on sacrifictebelecceptors.
Especially silver nitrate is often used to substitute the hydrogen evolutionréattion. Despite
identifying and testing four possible pathways for AgNtecomposition, none could explain the
observedoxygen evolutioninstead, we narrowed down the cause of oxygen evolutiahleast in our
case( to catalytically active species contaminating the instrumental setup. Though this should be
considered a special case, our findimgseawarenesdor the necessity of carefully conducting and
extensively reporting blank experiments. With the help of computational chemistry, we finally
identified possible bottlenecks in the photocatalytic oxygen evolution reactions with irithanted
TAPBBPY COF.

In chapter 3, another aspect of oxidative photocatalysis with COFs is discussed. We report on a COF
constructed from specifically designed alloxazine linkers. Like their isoalloxazine or flavin isomers,



alloxazines exhibit redox activities that can be exploited for catalytic applications. Inspired by their
molecular counterparts, we chose to use our new COF for organic oxidations. More specifically, we
investigated aerobic alcohol oxidations with the-cdled FEAXCOF as photocatalyst. In contrast to
homogeneous alloxazine catalysts, our COF does not only provide easier handling. Also, the
incorporation of the chromophore into a conjugated framework increased its light absorption range,
so that the COF sb functions with longer wavelength green light as opposed to molecular model
compounds that require blue or violet illumination. In the context of green chemistry, conducting
alcohol oxidations with heterogeneous photocatalysts represents an interesppgoach since it
avoids the use of hazardous or toxic reagents and instead relies on dioxygen as the terminal oxidant.
Also, no noble metal catalysts are required for this specific reaction when usingJEHEAX

Lastly, in chapter 4 we make use of our experience with iridineded COFs and utilize them as
catalyst for a different application, i.e., the watgas shift (WGS) reaction. Here, the COF acts mainly
as a heterogeneous support and not as a photosensitizewever.the WGS reaction only proceeds
upon irradiation of the iridium centers due to the underlying mechanilsat involvesphoto-induced
hydrogen formation Again, we first confirm the retained catalytic activity of the Cp*Ir species bound
to COF freneworks¢ though here we concentrate on reductive catalysis schemes in the form of
transfer hydrogenations. Similar to WGS catalysis, hydrogenations of aldehydes to alcohols by iridium
complexes proceediaintermediate IFH species. Subsequently, we test the conversion of CO #bd H

to CQ and H and confirm that iridiurdoaded COFs catalyze the WGS reaction upon illuminatitn

with activities oneorder of magnitude lower than the parent molecular Ir compléx.a subsequent
spectroscopic study, we calate visible color changeef our reaction mixtures to their catalytic
activity, considering the underlying intermediate reduction of orange Ir(lll) to blue Ir(l). As we could
only observe such light absorption changes in aqueous COF suspensions, bugalidtsamples, we
hypothesize that the probed series wfdium-loaded COFs only catalyzes the WGS reacébthe
solidHiquid interface Still, by tuning the underlying COF characteristics such as hydrophilicity, WGS
catalysis at the solidas interfae can be envisaged.
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1 - Introduction

1 Introduction

1.1 Economic anécologi@l Background

With the Paris Agreementf 2015 worldwide consenton the need to reduce greenhouse gas
emissionswas put to record 194 parties andcountries agreed tocollaborate in reducing their
greenhouse gas emissionis order to limit the anthropogenic increase of the global average
temperature to 2°C*2

Since most greenhouse gas emissiarescaused byhe combustionof fossil fuelgesulting in Cg) this
ambitious goalkcan only be achieved byonverting processes thaturrently still depend on energy
carriers suctas coal, oil, and natural g&8 Despite the consensus on the need to reduce greenhouse
gas emissions, the global £&mission increased by &% annuallyfrom 201%:2021°% Still, power
generation from renewable sources such as sunlight and wind increased bip 1B&wsame period.
According to different models trying to predict the future of energy production and consumption,
greenhouse gas emissions are anticipated to ultimately decrease as power generation from fossil fuels
loses its share toenewabks* Among he available sources of renewable enersglar energy can be
consideredespeciallyattractive given that the total irradiance surpasses the global energy need by a
factor of around 10,0002 In fact solar power is expected tspearhead thegrowth of
environmentallyfriendly power generatiom partly becauseonstant technical improvements turned
photovoltaics into one of the lowest priced source of electritifyhe concept ophotovoltaics(PV)

i.e. the direct conversion of solar irradiation to electrical energy using semiconductor pdaels
discussed later within this thesis.

Long-term average of global horizontal irradiation (GHI)
Daily totals: 2.2 2.6 3.0 34 38 4.2 4.6 5.0 5.4 58 6.2 6.6 7.0 7.4

- _ T KWh/m*

Yearly totals: 803 949 1095 1241 1387 1534 1680 1826 1972 2118 2264 2410 2556 2702

Figurel-1: Globalrepresentation of average GHI values as a measure offiesoy. tained from the Global Solar Atlas 2.0,
developed and operated by Solargis s.r.o. on behalf of the World Bank Group, utilizing Solargis data, with funding provided
by the Energy Sector Management Assistance Program (ESMAP).

However, the potential for solar energy collection varies significantly worldwide. Judging from data on
the global horizontal irrdiation (GHI), which is a key value in predicting the efficiengyhotovoltaic
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cells, four hotspots can be identifiedthe Andes, ArabjaAustralia andAfrica(Figurel-1).1° Especially

the latter stands outwith roughly 27 million square kilometewesxhibiting GHI valueabove 1800
kWhm? a?l; in other words, 90% of the African continesitows high potential for photovoltaicg In
theory, covering an areaf 69,000km?in the Sahara desert with PV cells could provide enough energy
to cover the global energy demarmd 595 EJ"

For comparisonapproximatelytwice the areaof solar cells positioned in Germany would be needed

for the same energy generationapacity given an average GHI @fl20 kwhm?2a? in central
Germany'! Thus, it would seenevidenti 2 LINR RdzOS €I NHS | Y2dzyida 27
countries and taransfer them to consumers in places with lower irradiantieis idea initiallyed to

the foundation of theDESERTHGItiative in 2009,and itsgoaltoO2 GSNJ mp:z 2 F 9 dzZNB LISQa
through solar energy collected ithe Middle East and northern Africay 20501°1? However, for
political and technical reasons, tHRESERTHaroject is far fromreachingits original goal®**On the
technical side, the planned transfer of large amounts of electngayighvoltage direct current lines

from Africa to Europe can be regardada major hurdleg and has in principle been replaced by the
green hydrogen concept. This colorcoded classification simply comprisesgtoduced with energy

from renewable sources opposed to grey hydrogen, which is made from fossil fuels for exawigple
steam reforming®

Not only does this concept avoid the use of latigtance highvoltage grids; it alsexemplifies the
storage of electrical energy in chemitamnds Green hydrogerproductionallows for the decoupling
of energy supply and energy demansurplus electricity generatediia PV or wind turbines for
example,can befirst stored in the form of kHand later ¢ and eventually at distant locations
reconverted to electrical or thermal energy in the absence of sunlight or wind, respectively.

Alternative storage options include, but are not limited to, batteries and purgiedage
hydroelectricity, where energy is stored in electric potential afulavitational) potential energy,
respectively. While both are established forms of storing sméatteries) or large amounts
(pumpedstorage) of energy, the storage of energy in chemical bdsdBy far more suited for
long-distanceenergytransport. Greenhydrogen for examplecould be exported either directly as a
fluid ¢ which is technically challengirgor after conversion to easier transportable compounds such
as methanemethanol or ammonia’

The ability to transform hydrogen into other similarly valuable chemicals constitutes one of the
requisites underlying the secalled sector coupling and especially the closely related poeteeX
concept Sector couplinglescribes an approach to interconnect thewer-producing sector with the
energyconsuming sectors transport, buildings, and industignd ultimately optimize this interplay
(Figure 1-2).> From an environmental point of view, the ultimate goal woudd to completely
defossilzeall sectorsand only use renewable sources for power generatiote that defossilization

is not to be confaed withdecarbonization, sincearbonbased fuels can still be included as energy

" AreaA estimated according ta - ot mEl
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carriers Ideally, carbon dioxide emitted in combustion processes for either heat generation or
transportation is ultimately recycledeading to nezero C®@ emissions.In order for such carbon
utilization schemes to be remotely economically feasible, the underlying carlmuarezhas to be cost
effective. To date, it is highly favorable to obtain,@@m highly concentrated industrial exhausts
instead of capturing it directly fromtheajid KS € F GG SNJ Aa SadAYFiSR G2 024
CQ, about four or five times as much as capturing it at power plants burning fossiFfttels.

power generation power-to-X energy consumption

o —@
5.0 &0
) &@%—o—

Figurel-2: Schematic representation of sector coupling and the peteex principle.

The prime example fo€Q recycling processes its hydrogenation(or methanation)with (green)

hydrogen toCH. Not onlyis this conversiorthe majorpower-to-gas technology &) in the power

to-X concept, it alscomprises the most important gaseous species in sector couplingz®l and

CH. Given the infrastructurabackgroundand varying needs afachsector,interconversion of these
gases can proof essential, sincepibvides a certain degree of flexibility/. Luckily, the required
chemical processes are long known and have been optimizeddeeades if not centuries.

The transformation of COnto CH has been first described in detail PYULSABATIER the early 26
century during his investigation on hydrogenations of organic compounds for which he was awarded
the Nobel Prize in 191(Figurel-3).28 Using a nickel catalyst and reaction temperatures around°8Q0
SABATIEROUID achieve almost quantitative conversiohCQ to CH according to eq. 1 When using
carbon monoxide as reactant instead, lower temperatures of about’23froved sufficient to produce
methane (eq. 2).

Fischer
EXH% @ / hbnl,© / LbHI h (eq. 1)

/ Mol ,© / |blh (eq. 2)

WGS
ﬂ/+ el ra a3
Ihybl . O / hblh (eq. 4)
_@ (cHy / tbl O /h,bl, (eq. 5)

Figurel—3. Selected transformations of carbon species

Building up on these findinggRANZRSCHERaNd HANSTROPSCHater developed and patented the
production of longefchain hydrocarbons from carbon monoxide and hydrogen (eq. 3). Later named
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after its discoverers, thBisCHERROPSCHynthesis provides a synthetic route to fuels or other simple
organic compound® Given the identical gaseous starting materials, it is apparent thaFtheHER
TROPsCHsynthesis and thesaBATIERrocess are closely related. In fagthile the HSCHERROPSCH
synthesis aims for longer hydrocarbon chaimethane is a known but undesired side product. Its
formation can be avoided through careful tuning of reaction parameters such as temperature and
pressure in accordance with the employed catalysts, which are usually based on iron, nickel, cobalt, or
ruthenium 22! Similar to the methanation of G@iathe SABATIEReaction, carbon dioxide can also be
used as feedstock mscHERROPScHIants. However, C{s then not directly hydrogenated, but rather
converted to CO firstiathe reverse watemgas shift reaction (RWGS, eq?4J.onveniently, irorbased
HscHERROPSCHatalysts also catalyze the RWGS reaction, so that these two processes can in principle
run simultaneously in one reacté#?2The watergas shift reaction (WGSgqe5) and its reversed
counterpart are thus valuable methods for the interconversion of CO ang &Qwvell as hydrogen
production.

At large,both the HsCHERROPSCENd the SABATIEReaction provide welproven means to tackle the
emerging environmental crisis by enabling the storage of excess energy from preferably renewable
power sources such as Bwthe form of chemical bonds, i.e., hydrocarbons

1.2 Natural photosynthesis

The conversion of sunlight into chemical energy is not a new concept. In fact, it is the foundation of
life as we know it today and as it has be@ughlyfor the last 23 billion years** Around that time,
increasing amounts dfacteria begamsingincident sunlight to split watein order toobtain energyc

a process commonly known as photosyntheSimice oxygen is released as the gideduct of the
underlying chemical reactions, it accumulated in the atmosphere of the formerly anerobic, earth
initiating theso-calledd DNB I i h E A R Subdeguyntlyd a@rSbyclifenergedand thrived on

our planet?®

The underlying principles of photosynthesis in most plants can be illustmate@-Scheme $cheme
1-1), which gets its eponymous shafrem the two consecutive cascades that vadl briefly outlined

in the following.First, electrons ithe P680reaction center ophotosystem I(PS llare photoexcited
The resulting electron holes are replenished by the oxygasiution complex (OEC), whiclses
oxidation of water to dioxygen to provide electrofithephotoexcited electronsn PSI, on the other
hand, are passed on to photosystelfP5 Iyiathe electrontransportchain(ET(. Here, they in return
replenish electron holes stemming from a second photoexcitation prodéisslly, the electrons
excited in PS | argsed toconvertnicotinamide adenine dinucleotide phosphgt¢ADP) to its reduced
form NADPHConcurrently, the proton gradient originating from electron transfer and water oxidation
is used tostore energy in théorm of adenosine triphosphat€ATH. Both NADPH and ATP are used by
plants in the lighindependent CALVINBENSONcycle to synthesize carbohydratdsom carbon
dioxide?"%®
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H* H*
ADP @ATP
light H* light
ATP
PSlI | PSI NADP*
hl last synthase
eroroptss erc (__»NADPH v
e e 0
P680 P700 |
H,0 /- !
H* H* H*
0z + 2H"
H* H*
thylakoid interior

Schemel-1: ZScheme of natural photosynthesidaptedwith modifications fron29] (CC BYWGSA 4.0)

Despite only showing a vesimplifiedmodel for the photosynthetic processes, it can be conceived
that the underlying and interconnected structural, chemical, and physical aspeeted millions of
years ofevolutionary finetuningin order for photosynthesis to functioefficiently 2° Exemplarily, the

detailed processeslapsingin the wateroxidizing OEC shall be discussed, given its high relewance
this work.

Q) (b)

O
g 5}
- .
S ‘
2
O
- o _
@_ e

1 1 L) 1 @
3 7 11 15 19

Flash number .

Figurel-4: (a) Oxygen release of spinadhloroplasts/thylakoidsvhen exposed to short light flashes. Adapted fr§8d].
Copyright © 2007 Royal Society of ChemigioySimplified Kok cycle.

The basis for our current understanding of OEC is given in the wodksiofand Kok whoexamined
the lightdependency ophotosyntheticoxygen evolutionThey found that when exposirchloroplasts
to short pulses of light, increased amounts of oxygemdetected after every forthrradiation (Figure
1-4a) .32 Thisobservationled to the definition of the secalledKokcycle, whictproposeghat the OEC
passes through five states (& S, Figure 1-4b). Whereas every step up tosSequires one
photoexcitation event, oxygen is releasedtire light-independent step £¢ S. In total, one water
oxidation cycle in the OEC takes roughly Zhiote that Sis the usual resting state of the OEC, which
explainsthe first oxygen release to take place after only three flashésSinceits formulation, the
Kokcycle has been further refined by identifying several intermediate st4t&s.
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The exact structure of the OEC was unravedaty more than30 yeardater andis fundamental to
understand the structural aspectsehind the states of thekKok cycle. Through synchrotron -Xay
diffraction onprotein single crystalsthe structureof PSlivas resolved in 2004 with a resolution of 3.5
angstromg¢ enough to elucidate the composition and arrangement of the &EQt consists of a
cubanelike structure formed byne calcium and three manganese atoms conneestedour oxygen
atoms(Figurel-5).2 Furthermore, a forth manganese atom and an additional oxygen atom are linked
to the asymmetric cubane, resulting in the overall formMia,CaQ. Four water moleculeare bound

to this cluster and partially serve as substrate for the oxygen evolution reattlarkigurel-5, blue
coloring is used to highlight said substrates. The depicted molecular view on thall@ECfor an in
depth understanding of its changes during texcycle.

Figurel-5: Detailed molecular view of thikokcycle. Color codewhite ¢ hydrogen,red ¢ oxygen, greer manganese(lll),
purple ¢ manganese(lV), yellogcalcium. Oxygen atoms to be released as dioxygen are highlight#deiand eventually
f I 06 St tNMaRgankese&atoms numbered4ifor clarity. Adaptedwith modificationsfrom [39] (CC BY 3.0)

It stands out that the manganese atomsboth within and outside the cubane motd vary their
oxidation states during the catalytic cycle. fntBree of the four manganese atoms are present in their
+lII oxidation statedgreen,Figurel-5). Until S, these are stepwise oxidized to Mn(gurple)whilst

the OEC reeduces the P68Ih PSII after itphotoexcitation. The fourth and final electron transferred
RdzNRA y 3 { gaBsitipnadireBy §tems from the original water substrate, leaving an oxyl radical
bound to Mn1%° Subsequently, electronic rearrangements and the associaté lidnd formation
lead to the intermediate state, Y Ay @HKAOK GKS FTAylFf LINRRdzOU
complexed peroxidé! O; is finally formed in the transition leading t@, Svhereas Mn1 and Mn3 are
reduced to their original +11l oxidation state. O5, lost as parbpigdeplaced by a new water molecule.

Both thesheer feasibilityand the elegance underlying th®kcyclecan in principle be ascribed the
OECcomposition The fourredoxactive manganese atoms are used to store oxidative equivalents
within the clusterbefore the actual water oxidation takes placehis distributionc accompaniedy
subsequent charge compensation through deprotonat@oavens out thereduction potentialof the
OEC, enabling fourfold oxidation by just one oxidant (P&86'**From a kinetic point of view, the
OEC links théast light reactions elapsing in PSII with the slow water oxidatantion®

Furthermore, he arrangement of Mn1, Mn3, and Mn4 in the OEC can be understoosiasaf cavity,
which captures and hokthe substrates until the final product is released. This way, the catalysis is
confined to a small space, preventing the release of intermediate reactive oxygen specigs (ROS

6
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1.3 Artificial photosynthesis

Given its efficiency, it is not surprising that researchers sought to copy aspects of natural
photosynthesisg be it for scientific curiosity in the underlying processeshe intent to improve
industrial processe® In 2008 KANANand NOCER#Aeported thesynthess ofa water oxidation catalyst
(WOC)very similar to the OEC. They found that electrolysis of a cobalt nitrate solution in neutral
phosphate buffer leads to deposition otatalytically activdilm on the anod€'® Though the obtained
material ¢ later denoted CePi¢ is amorphous, methods such aga¥ absorption spectroscopy (XAS)
revealed its structure to be based atefined interconnected Co(IHpxo-cubanes Figurel1-6a).*44°
Similar to the OEC, €Rican also rely on a sedtiealing mechanismroviding it with a very high if not
infinite ¢ lifetime 4647

(@) (b)

Figurel-6: The cubane motifs in &@@i(a) andCoOs(Ack(py)u (b) are composed of cobalt (blue) and oxygen atoms (r&d).
Adapted from[44]. Copyright® 2009American Chemical Socieip) Ligands depicted in greytydrogen atoms omitted for
clarity; image constructed from .cif data given 48J.

This cubane motif could even be isolated in the form of molecular clusters suchy@gAck(pyk,
which also acts as a water oxidation catalfSigure 1-6b).*%5! In parts, ths activity is due to the
cooperativity of the metal atoms in the cluster and the stabilization of intermediate high oxidation
states of cobalt duringatalysisas in theMn,CaQ cluster>>°3Subsequentlythe discovery of synthetic
cubanes lead to the construction afstructure termedd I NI A F X ©dophisticdte8 ardhiecture

of semiconductorand catalysts that splits water under illuminati¢i?*Unlike actual leave$yOCERQ &
G NOAFAOALE €SI F¥¢ R2S8Sa y2i @AStR 2E&3Spfwhick R b!
makes it an overall water splitting (OWS) photocatatystowever,there are a number of different
approachedo split water with solar irradiation and storing the obtained energy in chemical baads
elaborated in the following.

HI,h O hybHI, (eq.6)
Hl,h © hyb IAb S (eq.7)
nl b $° wui, (eq.8)

In principle, three schemes can be distinguished when using semiconductors for water splitting:
photovoltaic(PV) electrolysjphotoelectrocatalysis (PEC), and photocatalysis (PC)

PV is based on the photovoltaic effect: When photons with energies exceedisetiteonicband gap
(&) hit a semiconductor, electrons from its valence band (VB) are excited to the conduction band (CB),
leaving an electron hole {i*® Without separation, these charge carriers could simply recombine.
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However, with proper alignment of-goped and rdoped regions of a semiconductor such as silicon
(p-n-junction), theelectron-hole pair can be systematically separatgdreating a potential between
the N region and the P region that can be used to pass electrons through an externaPtircuit.

Among other possible applications the current and potential of a photovoltaic setup can be used to
electrochemically split water. To that exteran electrolyzer is connected to a series of solar cells
(Figurel-7a). At the anode, water is oxidized to dioxygen according to7egjthe oxygen evolution
reaction (OER). The other hadfaction of water splitting, the hydrogen evolution reaction (HE®).8)

¢ consists of the reduion of protons at the cathode.

In theory, a potential of 1.23 V is needed for both reactions to proceed concomitantly. Due to kinetic
limitations though, potentialshigher than 1.23/ are needed forefficient water splitting®’ This
overpotential can be reduced by using appropriate electrodes or catalysts; the HER for example is
catalyzed by precious metals such as platinumich is whyPt or Ptcoated electrodes are often used

as cathodes$® The anode, on the other hand, is best loaded wdygen evolution catalystsuch as

IrQ; or RUD,.%°

(a) v PV e (b) e
T — —>
11
0, " I |
: -
H*IH, 2
- «— —
£ o .
,g 1.23V
o ca W
-« o/H,0
e
*) Anode Cathode Counter
electrode

Figure1-7: Schematic representation of OWS via-d¥&ttrolysis (a)and PEC (b)Modified from [57] with permission.
Copyright© 1972Royal Society of Chemistry.

For PEC, either one or both the electrodes of tB&electrolysis setup are replaced by a
photoelectrode®® In the first examplereported by FuJiIsHIMANnd HONDAtitanium dioxide (rutile) was
employed as the photoanode responsible for both light absorption and wadielation(Figurel-7b).>®
The excess electrons are used up in the reduction of protons at a separate platinum cathode, releasing
hydrogen ga&® In contrast to P\&lectrolysis setups, the introduction of a semiconduegtectrolyte
interface leads taan alteration of the semiconduct@ band structure. To account for this process
called band bending, usuallytppe and ntype semiconductors are used as photocathodes and
anodes, respectivel§?.In the given example of antgpe rutile photoanodeFigurel-7b) band bending
facilitates the flow of electron holes to the water interface where the OER takes Plataddition,

an external bias can be or has to be used when splitting water with PE€°2Bléspite this reduction
of bias voltage compared telectrolysis setups, PEC systeare significantly less effective in
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converting sunlight to hydrogen. The setarhydrogen efficiencySTHeq. 9° for PEC watesplitting
under sunlighis in the range ot ¢ 20% whereas P\¢lectrolysis combinations can reach up3@%g
mostly due totheir higher technical maturityFigurel-8).7:8:61.62
OKSYAOI fA s G MRERR |

azfl NI SYSNBRGIAY

(eq.9)

1.4 Photocatalysis

Another hydrogen evolution methqdi.e. photocatalytic water splitting aims for the biadree
production of Hand Q under illumination of one semiconductor material or a combination of several
semiconductors.Therefore, photocatalyst¢PC)for the OWS reaction have to be carefutligosen
and/or adapted to allow for efficient catalysiBo date, photocatalytic STH efficiencies are an order of
magnitudesmaller than PVand PEGhased systemsF{gure1-8).5"¢1:62Since light absorption by the
semiconductor is théirst step of artificial photosynthesis the optical band gap can be regarded as one
of the main characteristics of @otential photocatalyst. Incident photonseed to havehigher energy
than the optical band gap dhe photocatalyst to excite an electron from the VB to the CB. In the
context of overall water splitting, this energy also needs exceed 1.23 eMn order to be
thermodynamically suffient (Figurel-8a, (eq. 10).>° This corresponds to théiBeSree energychange

of 237 kJ per mole of @ converted”

lsh Thybly, neP=123Vv (eq.10)

V vs. SHE

Y

T
5]
ES

30%

0.004

Solar-to-Hydrogen Efficiency

- 1%

Low

High - Low
System Complexity

Figurel-8: Energy scheme forwaater splittingphotocatalyst referenced to thstandard hydrogen electrode (SHE) with the
respective half reaction@eft). Solarto-hydrogen efficiency comparison for various water splitting systems (ritgtajlified

from [7] with permission Copyrighto 1972Royal Society of Chemistry.

According to thePLANCKENSTEINelation” a photon energy of 1.28V translates into a wavelengtf
1000nm and thus infrared lightin reality, however, usually visible light or even ultraviolet light is
needed for efficient photocatalytic water splitting in order to overcome both reductive and oxidative

overpotentials®® Thus optical band gaps in the range of ¢.8.4 eV are recommendet* On the

" With the hydrogen evolution rate,yargen the Gibbs freeenergynG, the irradiancelsun, and theareaA.

" According to the Nernst equatio*O & "O 'O With the number of transferred electrors(here-2), the
Faraday constarft (96485 C mdl), and the Energf (hereE=pE*=1.23 V)

"0 "Q @ _ With the PLANCIconstant'Q the frequency , speed of lighty and the wavelength.

9
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contrary, thelarger E, the smaller the portion of visible light that can be utilized in the photocatalytic
process and the lower the efficiency of the PC séfifp.

However, it is nosufficientto only adjust the band gapnergyof a potential photocatalyst fowater
splitting ¢ also oth the valence and the conduction bardgehave tobe positioned appropriatelyn
order torender the HER possiblthe value for theconductionband minimum CBM) has tobe more
negative than theproton reductionpotential (Figurel-8a). Concurrently, the valence band maximum
(VBM) has to be more positive thahe redox potential fowater oxidationin order foroverallwater
splitting to be thermodynamically feasiblEven when the CBM and the VBM straddle the hydrogen
and oxygen evolution potentialjisible lightphotocatalysts are often reliant on ematalysts reducing
the overpotential®®%¢In an early example with Ti@s semiconductorfull water splitting could be
achieved upon neatlV irradiation (>300m) after loadinghe surface otolloidal TiQ particles with
RuQ and Pt®" In 2016, WANGand coworkers could achieve the same goal using a carbon nitride
photocatalyst decorated withPt and Co@Q) which was also active under visible light irradiation
(>420nm) &8

As forwater electrolysis ¥ide suprg, platinum is one of the most frequently used-catalytic species
for the photocatalyticHER due to its high activit§%®° Alternative cecatalysts can be based on
likewise precious metals such as ruthenianrhodium, ormore abundant elements such as nickel or
cobalt, for examplé! "2 Similarly,some of the bestwater oxidation cecatalysts(WOCs)are also
derived from precious metals, namely the oxides of iridium and ruthenium, @r@d RuQ).”>"
Especially cobalt oxidemanganese oxidendtheir derivativesrepresert non-noble metal alternative
for water oxidation catlysis, as exemplified earlier withoPi%®

In general both HER and OER -catalystshelp in preventingelectronhole recombination by
selectively trapping electrons and holes, respectivelfhis effect can be furtheamplified by
decreasing the particle siznd increasing the crystallinigf the photocatalystthe former reduces
the diffusion lengthof the charge carriers to the particle interface, whereas the latter leads to fewer
crystal defects which promote/d* recombination®®37%7%n addition, cecatalysts for the OER help in
preventing corrosion of the underlying photocatalyst tgnsuming or trappinghe electron holes
which could otherwise harm the semiconducf8iThus, WO€ideally possess high oxidative stability
themselves; along with hydrolytic stability in order not to decompose under the aqueous conditions
used in water splitting photocatalysi$’® Robustness is generally ascribed to nanoparticulate,
heterogeneous WOCs rather than homogeneous, molecular spegvbgch, one the other hand, are
more suitable for mechanistic studiés.Similarly, the lightabsorbing species in photocatalytic
processes do not have tbe heterogeneousbut can also consist of molecular photosensitiZérs.
Heterogeneous systems have the advantageasfier separation from reaction medihough.

10
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1.5 Tailored Organic Semiconductors
1.5.1 Reticular ChemistgndMetal-Organic Frameworks

Heterogeneous inorganic photocatalysts suchBagQ, SrTiQ, and the archetypicaliQ can be
regardediong-known, especially sindbey existnaturally as mineral® Consequently, their synthesis
relies on common inorganic techniquesich as precipitation, calcination, or sefithte reactions.
Depending on the photocatalyst of interest, doping or metal loagiay be used to altethe optical

and catalytt properties’® Otherwise ¢ despite being able to utilize basically every chemical element
for their constructiong the tunability of inorganic photocatalysts is practically limit&d.

Polymericorganic photocatalysts, on the other hanchnstitute a promising class of materialer
various photocatalytic applications due to thesssentiallyunlimited molecularlevel tunability.”
Fundamentally, this variabilitis based on the underlying organic precursors that themselves are
tunable as discussed later in this chapter. Mamecifically a relatively new chemical paradigm
provides just the means needed designheterogeneousorganic photocatalystand tune their
propertiesb ¢ S NIYASGRdzE & NNB (10 Kd8skribes fihslBatioBal sinthesis of orderstfuctures
through assembly of molecular building bloék®rerequisite to every reticular design approach is the
directionality, integrity, and rigidity of the linker molecuse and their strong bondin@mong each
other®8l Only tren can a predetermined framework beonstructed from chemically and
geometrically suitable building blocks as illustrateddonetal-organic framework (MORFigurel-9).

a

Zn,0(0,C),
node

Figurel-9: Structure of MO (a).Schematic representation of the underlyipgutopology(b). Reprinted with modifications

from [82]. (CC BY 4.0). C atoms, Zn tetrahedra/cluster,@radoms areshown ingrey,blue,and red, respectively. H atoms
omitted for clarity.

MOF5 is one of the earlieseported MOFs, and as such can be regarded one of the prime examples
of reticular chemistry$! It is composed of tetranuclear zinc clusters connecteda
1,4-benzenedicarboxylate linkers (IxdcFigure1-9a).8® Due tothe distinct andsixfold carboxylate
cappedZnO(QC)]nodes, thecombination withalinear and bidentatdinker leads to a primitive cubic
network ¢ both rationally and syntheticallgFigure1-9b).8? Subsequentlyone can envisage sealled
isoreticular MOFs, which share the same network connectivity (or topolbgyliffer in aspects such

as linker composition or siz&.81In the case of simple linker elongation, for exampiés would lead

11
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to an increasd unit cell and consequently to largeoids in the structuré® On the one hand it has to
be noted here that their inherent porosity is one of the most interesting features of MOFs, allowing
for applications such as gas storagel separationor atmospheriovater harvesting®8’

On theother hand the example of linker elongatioim MOFsnicelyinsinuates thesubtle interplay
between building block and final materiahich is what renders reticular chemistry so appealBigce

the core feature liesn the formation of ordered networks from molecular building blocks, careful
design and finguning of said linkers consequently allows to configure a material depending on the
particular needs it has to fulfill. Furthermore, since the MOF linkers are partially organic in nature,
basicdly any desired building block can Bgnthesized by means of synthetic organic chemigtry
according to the principlé L ¥ & 2 dz OF yanHN&Sd ¥ A(ZX @& 2dz

Though the synthetic principle behind MOFs allows for facile synthesis of targeted frameworks with
high crystallinity, it does come with disadvantagBse underlying coordinative bondsre a bottleneck

in terms of chemical stability, especially under aqueous conditions or in other chemically harsh
environments®®% Variouspre- and postsynthetic methodologies have been developed to deal with
this issue and to broaden the field of application for MOFs, for example by strengthening the
interaction betweenmetal ion and organic linkét. Another approach, namely the substitution of
coordinative with covalent bonds, ultimately led to the emergence of a new class of materials.

1.5.2 (Qovalent Organic Frameworks

Similar to MOFs, covalent organic frameworks are based on the principles of reticular chehmieyry.
are formed through interconnection afompatibleorganic molecules, with thdist feature that the
linkage motis within the networks arecovalent bond. In general, this provides materials with high
chemical stability, while still facilitating porosity, crystallinity, and functionality, as elaborated in the
following 22

The research field of covalent organic framewd®©Fsyvas first explored by th#aGHIigroup in 2005
with the synthess of COHA and CO#B, both of which e constituted ofboron-containing building
blocks or linker§3In the case of COE, condensation of multiplenolecules of 1,4enzene diboronic
acid (BDBA leads to twedimensional layerswith boroxine linkages On the other hand, co
condensation of BDBA with 2,3,6,7,10/idxahydroxytriphenylene (HHTP) leads to GO which
the original building blocks are interconnected boronate ester motifs.

12
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Schemel-2: Molecular structure of boronbased COf and COPB.

These two early examples nicely illustrate the fundamentals ofcb@mistry. Since the linkees well

asthe resulting linkage motifs are planar in either case, both-C@Rd CO® are composed of two
dimensional layers with hexagonal topology. This connectivity is predetermined through the use of
building blocks with £and/or G and G symmetry, respectively. Following the laws of reticular design,
variation of the linker symmetry is the key to designing different topologigisen that the functional
groups are suitable. In case nptanar building blocks are employed, thrdamensional COFs can also

be constructed Kigure1-10). The resulting 3D COFs principally feature higher crystallinity than 2D
COFs, due to the formation of covalent bonds in all directféns.

2D COFs, on the other hand, exhibit covalent connectivity only within the layers. Neverthi#lees
specifically targeting singlayer COFg 2D COFs also form threttmensional crystallites through
weak interactions between individual layers. In ttesse of COE and CO#B, these are BO and™ -~
interactions, respectivel§? Especially the latteare stereotypical for 2BCOFs due to the mostly
aromatic nature of the building blocRsIf the layers stack in an eclipsed manner, the alignment of
void space gives rise to ordimensional pores.

13
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Figurel-10: Construction principle of selected topologies typically reported for COFs with the underlying building block and
their symmetry.

A second aspect that CaFand COJP rely on and nicely illustrate is the concept of dynamic covalent
chemistry (DCC). DCC describes the formation of covalent bonds under reversible reactions conditions,

so that bonds in macromolecules or polymers, forrapée, can be repeatedly formed and brok&n.

In COF chemistry, reversible bond formation has the advantage that during synthesis, the framework
Oy NBFNNIyYy3aS YR OdzNBE GKSNX¥Y2ReYylI YAOKSt & A dzagéa iR al
G SNN2 NIAQNNBESGF FSOG KSt LA Ay RSOSt2LIAy3a OXNEAGI A
Through perfection of this methodeveralsinglecrystallineCOFs have been prepartxidate %102

In following reports, the number of COFs has been subsequently extended through the combination

of ever newboronic acidlinkers?1°%1%° However,the high reversibility in boronate condensation
underlying these networkbas both advantages and drawbacks. On the one hand, bBoased COFs

with high crystallinity can be obtained rather easily, given the fast error correction of boronate ester
linkagest'® On the other hand, the first reported COFs are prone to hydrolysis for the exact same
reasont'! This might not impede their use aptics, electronics, and gas sorption, but prevents broad
application in fields strongly relying @gueous media, such as catalysis, and biolég)y.

Nevertheless, COEF, COFb, and their successors can still be regarded as a milestone in material
science in particular or chemistry in general. It was thus only a matter of time until the given knowledge
of DCC and reticular chemistry was further appliecenlarge the newly foundedesearch field®
Among others, this endeavaesulted in the discovery ofmine-COFs, which are usually formed
through condensation of aldehyeand aminedecorated building block$*!” In contrast to boron

based linkageghe chemical equilibrium of imine formation and disintegration can be induced through
addition of e.g.,Brensted or Lewis acidatalysts:'8

14



1 - Introduction

N rgm 04 ot 15O

Imine

H,N-NH i_©_//

Hydrazone

i
. Q 5_@_{+ % . N-m
ﬁl

l 0 —4
X NA@) l—@—« b OHN-NH,  — N-N
tNJ_ Azine

Schemel-3: Synthesis of CAEZUL, one of the first twdimensional imindinked COFsRight: Condensation of aldehydes
with varyingnitrogen-based linkers yielding three archetypicalNdinkages

Soon, imineCOFs became one of the most common das$ COFs, mostly owing to the accessibility
and commercial availability of both suitable amine and aldehyde link&ts’Owing to this variety in
building blocks imine-based COFs hee found applicationin diverse fields such as organic
catalysist***'°gas storage and separati@ff<*?® (opto-)electronics'?”?andfiltration.*?>12°A reason

for this high versatility lies in the higher stability of the imine bond compared topteeedent
boronate ester or boroxine linkages’**°Similarprogress can be ascribed to classes of COFs linked by
avery similarGN linkage namely hydrazone and azine, constructed via condensation of an aldehyde
with a hydrazide or hydrazine, respectivéchemel-3).12513%133 Compared to imine COFs, both azine
and hydrazone COFs exhibit higher stability towards hydrol/sts

Recently, C=C bonds were established as COF linkages, providing stability even against concentrated
acids and bases, allowing for application under harsh conditi#s’ First examples were obtained

by KNOEVENAGHEONdensation of cyanomethyl groups with aldehydes, yielding 2D E8£%The

cyano substituent activates the adjacent methylene group for deprotonation Brgrasted base such

as cesium carbonat®? Nucleophilic attack of the carbanion towards the aldehyde and subsequent
elimination of water leads to cyarsubstituted C=C double bondSdhemel-4).
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Schemel-4: Synthesis oV-COFL, one of the first twedimensionalvinylenelinked COFgleft). Right: Condensation of
aldehydes with varyinglectron-deficientlinkers yielding €linkages
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In 2019, four research groups independently reported the synthesis of unsubstituted vidijikad
COFg#144n all cases 2,4;Bimethyl-1,3,5triazine (TMT) was used as the electron deficient building
block practically replacing the cyanometkgldibstituted linkers known from KNOEVENAGEL
condensations\ide suprd Under suitable conditions namely catalysis by strongdbrsted acids or
bases ¢ TMT and complementary aldehyde linkers can undergo aldol condensation vyielding
unsubstituted vinylene bonds S€heme 1-4). Though both the KNOEVENAGEIand the Aldol
polycondensation yield highly robust COFs, their limited reversibility impedes@rmction of the
network during synthesis, consequently making it difficult to obtain crystalline matéftals.
Nevertheless, vinylentinked COFs are experiencing increasing interest. SQjngecontrast to EN-
linked COFg; their linkages are not polarized, full delocalization "eklectrons over the twe
dimensionalCORayers is facilitated?®*4’This characteristic consequently enhances charge transport
within the COB*8149Together with their high molecular and optical tunability, chemical stability, and
large surface areas, this makes COFs highly promising materials for photocatalysis.

1.5.3 Photocatalysisiith COFs

Prominently COF$iave been use@s heterogeneous photosensitizers for photocatalytic hydrogen
evolution from water for example As such, the COF absorbs visible light, which results in the
formation of electronhole pairs as described earlier. In the first reports and in most examples of COF
photocatalysts for HER to this date, metallic platinum is employed-aatedyst}32133.135.1%052 ygyally
deposited on the outer surface of COF particles in the form of Pt nanopatrticles, it catalyzes the proton
reduction reaction by decreasinbé overpotential for levolution'®® Figurel-11 exemplarily shows

both the deposited Pt nanoparticles as well as the subsequent hydrogen evolution with a COF
photocatalyst i.e, TFPTCOF the first literature examplé3?
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Figurel-11: TEM images visualizing metallic Pt nanoparticles deposited orRG®BPTleft). Photocatalytic hydrogen evolution
experiment with and molecular structure of TFEDF (right)Adapted from[133] (CC BY 3.0)

In recent years, however, efforts have been made to replace rare and expensive Pt by more earth
abundant metal cecatalysts'®*!>*|n a first example, our group used npnecious cobaloxime to
catalyze the HER with N2OFacting asthe photosensitizef>® Later, our group further refined the
cobaloximecatalyzed HER with COFs by covalently attaching theatadysts to the framework
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through HUISGENype cycloadditiono dickreactiore .t7° Apart from avoiding precious metals, this
approach allows for moreeadailed mechanistic insightsn the single site catalyst for example by
probing catalyspore wall interactiong®® In addition, molecular cgatalysts can be tuned to the
respective needs more easily using the vast toolbox of organic syntiBesgles, due to the high
tunability inherent to COFs, there are othapproaches to more efficient hydrogen evolution
photocatalysis wittCOFsThese inkude, but are not limited toband position tuning®? hydrophilicity
tuning B¥21%"1%8addition of external dye&2*>°*and pH variation.°

Thoughhydrogen evolution photocatalysis seems expedient in the context of solar energy generation,
it can be considered an undesired side reaction in particular c4$&hotocatalytic COreduction
represents such an example. Instead of using photoexcited electrons to reduce protons to dihydrogen,
the CQ reduction reaction (CERR) aims at utilizing™ éor the production of carbon monoxide
methang MeOH, or other valuadded carborbased productsi®® From an environmental aspect,
CQORR has the advantage of notly yielding solar fuels or fine chemicals, but also consuming the
greenhouse gas G@n the process. However, if GRR is to produce for example¢ CH, a total of

eight electrons has to be transferred, which is significantly manetically challenging than HER
requiring only two e'®2

It is thus not surprising that upon exploration of the 8 with COF photocatalysts mostly carbon
monoxide production is observe@31% |n 2018, the groups ofHANGand HUANGreported the
synthesis of R€OF and its successful application astoreduction catalyst with CO generation
rates of about 0.75nmol g* h'* and a selectivity of 989’ ReCOF is named after the -catalytic
rheniumspecies tethered to the CQfabipyridine sites covering the pore wallhis heterogenization
approach leads to even higher activities than the free rhenium catalyst speciefReépy)(CQCTI]
Ffaz 1y2¢6y | &8P SKyQa OFdlrfeado

Interestingly, COFs are not only attractive candidates faR®Jphotocatalysis because of their light
harvesting properties and their high surface areas. A special feature lies in their tunable porosity, which
allows for rational design ahaterials withhigh CQ adsorption capacity’®'’? Also, the systematic
introduction of CQadsorption sites such as nitrogamomshelps to accumulate Ganside the COF
pores, and thus at the site of cataly$ig!124126

In conclusionthe amount of examples of CJphoto-)catalysts again highliglstthe variability and
tunability of this relatively new class of materialsHowever, the focus of early reports on COF
photocatalysis seems to have been on reduct®a&ctions such as the HER andRRbutlined above.
This makes sense in the first place, since these reactions appeal to a larger aadiémeg store solar
energy in chemical bondResearch on hydrogen evolution, for example, benefits from the current
discussion on sustainable energy management and pao«{ technologies as elaborated earlieor
photocatalytic hydrogen evolution from water, however, all focus lies on the reduction of protons to
H: (eq. 8). In thesecasesthe other halfreactiong the oxidation of water to dioxygeqisreplaced by
oxidations of secalled sacrificial electron donors (SEDS). elaborated in chapte?, avoiding the
kinetically demanding water oxidation hakaction typically boosts the hydrogen evolution
performance.
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In fact, oxygen evolution photocatalysis was tried with COFs as asathe first report on COF HER
photocatalysig®* To this extety TFPTICOFRwas loaded with iridium oxide nanoparticles, suspended in
aqueousphosphatebuffer, and illuminated in the presence of either silver nitrate or sodium persulfate
as sacrificial electron acceptbHowever, in neither case could oxygen evolution be detestethat
TFPTCOF made history only as the first COF for hydrogen evolution and not as a full water splitting
photocatalyst After that, it tookmore thanfive years until first reports on C®Bpecifically for
photocatalytic OER were publishedlhe following paragraph aims for the comparisontloése
research papersegarding the structure and properties of the employed C@Rabular listing is given

in the appendixTable 3-6).

sp’c-CORwassynthesized in 2018y the group ofDONGLINJANGas one of the firsexamples of C=C
linked COFs as is constructed from a tetratopic pyrene aldehyde (TFPPy) and linear 1,4
phenylenediacetonitrile (PDAN)ia KNOEVENAGHEDOlycondensation(Figure 1-12).1%° As the name
suggests, sj-COF comprises mostly’dpybridized carbons which enable fulconjugationwithin the
two-dimensional COF sheelid 2019the same group repoedthe use of spc-CORor photocatalytic
hydrogen evolution, making use of improved charge carrier transport caused by the high degree of
conjugation’®® Given the sufficiently negative value &.74eV {s vac.) for the VBM, $p-COF was
also tested as a photocatalyst for the water oxidation feHction. In fact, using Co(M@as co
catalyst and AgN&as sacrificial electron acceptor, an oxygen evolution rate of abown2@ g* ht
could be achieved® The photocatalytic hydrogen evolution, for comparisaas orders of magnitude
more efficient with1360pumol g* h. Attempts for averall water splitting with sft-COFwere not
shown The same applies for following reports on vinyldimked CORPphotocatalystsby the group of

FAN ZHANG g-CioNs-COFE g-Gs2Ne-COF and g-GsaNs-COFRall show photocatalytic HER, but significantly
lower oxygen evolution rate¥314The two halfreactions were tested separately, again with cobalt
nitrate as thewater oxidationco-catalyst and silver nitrate as the sacrificial electron ddonothe OER
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Figure1-12: Building blocks and structure of &pCOF (left) and the reported plot showing photocatalytic oxygen evolution
(right). Reproduced from1[35] with permission Copyright ©2016Elsevier Science & Technology Journals.
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In a different approach, LU and coworkerscombine the oxygen evolution hakaction with
photocatalytic C@reduction as the reductive haltaction instead of HER®" As in the reports on
sp’c-COF-the water oxidation reaction onlgerves the purpose of providing electroasd is not
discussed in detail on its awHowever neitherOER caatalysts nor sacrificial reagents are uséde
employedphotocatalyticTTCORs based ontetrathiafulvalenes (TTF) and porphyrin units (TAHR
the latter of which can chelate various metal ions such as Zn, Ni, anficBeniel-5). According to
the authors, thetargeted CQ@reduction takes place at the metal sites whereas the water oxidation
half-reaction supposedly proceeds at the TTF moietie$his is rationalized with the underlying linker
electronics; as TTF and TARPare considered electrerich and electrordeficient, respectively, they
are presumed to center the HOMO/VBM (TTF) and LUMO/CBM {(WMAPPPhotoexcited electros
would therefore preferentially move to the porphyrins and reduce .0 its close proximity.
Consequently, since no external-catalyst is employed in the case ofCOFM, water molecules are
oxidized through electron holes located at the TTF sites in a Hre®lprocess.® This might explain
the low oxygen evolution rate of 0.98 umot g for M = Zn.

M = 2H, Zn, Ni, Cu

Schemel-5: Building blocks and structure of TTA@F

Surprisingly, more examples of mefede water oxidation photocatalysis withrganic polymerfiave
been reported CHENet al. synthesized &eries ofthree covalenttriazine frameworkgCTFsyith and
without integrated-C G motifs (Figurel-13), all of which are capable of reducing ©© H,O, under
illumination.’® In addition, CTFBPDCN lacking acetylene functions was showphimocatalytically
evolve oxygen from aqueous Naléblutions in the absence of a water oxidationaatalyst(Figure
1-13). That was not the case for the derivates GBIFDBN and CIHEDDBN, thoughWith valence band
maximaof -6.31and -6.59eV vs vac, respectively, CFBDDBN and CIHDDBN have such high
oxidizing capability that the oxidize water to fdrogen peroxidénstead *f 5.8eV at pH 7}/ It
can be concluded that in this case the telectronwater oxidation to HO; is kinetically favored over
the four-electron water oxidation to ©

" In an earlier report FU and coworkers similarly reported photocatalytic £@duction coupled to water
oxidation with metalfree COFs such as-NOFHowever, the VBM stated therein4(95 eV) would not be
sufficiently negative for water oxidation, and no proof for oxygen evolution is gi&ppl.(Catal B.2018 239,
46¢51. DOI:10.1016/j.apcatbh.2018.08.004
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CTF-BPDCN

5
e wgg"w*a S ol

CTF-EDDBN & CTF-BDDBN

) o~
. i e O 8
n=0: (1,1-biphenyl)-4,4'-dicarbonitrile % fl CTF-BPDCN
n=1 4,4-(ethyne-1,2-diyl)dibenzonitrile L n=0 CTE-BPDCN 0 — -
n =2 4,4'-(buta-1,3-diyne-1,4-diyl)dibenzonitrile é n=1: CTF-EDDBN 0 2 i 6 8
n=2: CTF-BDDBEN Irradiation Time (h)

Figurel-13: Molecular structure (left) anghotocatalytic activity (right) of a series of CTFs. Photocatalysis done under argon
and with Nal@as sacrificial electroacceptor.Modified from[176] with permission Copyright© 1989John Wiley & Sons
Books

Recently, the ketoenaminknked TpBpyCOF was reported as the first of its kind capable of
photocatalytic overall water splitting. TpBiOF can be synthesized solvothermally frir8,5
triformylphloroglucinol(Tp)andH Z-bip@ridinep Z-giathine andis well endowed for applications in
aqueous medighrough itshighly stable keteenamine linkaggFigure1-13)."1"® TpBpyCOF has a
VBM of 1.79/ and a CBM 60.41V vs. NHE, and thus is thermodynamically able to drive overall water
splitting}”® In comparison, the isoreticulaipBBCOF made up from a biphenyl instead of a bipyridine
linker has a significantly less positive VBM of M4%&nd thus less driving force for the OER. This
example nicelyllustratesthat the incorporation of nitrogen instead of carbon atoms into a framework
can lead to more promising catalysts for oxygen evolution photocatalysis.

In fact, TpBp\COF wageportedto evolve Qupon illumination in the presence of a sacrificial electron
acceptor, wherea3pBBCOF remains inactivé? More importantly, ToBm®COF can also be used as
photocatalyst for overall water splitting in the absence of sacrificial agents. In particular, highest
activity could be achieved when employing the COF in the formgéhf thick nanosheets with
incorporaked Pt nanoparticles as amtalyst. Under optimal conditions, OER and HER rates of around
1 and 2umolh? could be achieved, respectively. The Sffitiency was determined to be 0.23%.
Despite allegedly bearing catalytic sites within the framework that would allow for Arelwater
splitting ¢ namely Tp for HER anMipyridine for OER Kigure 1-14) ¢ TpBpyCOF does not
photocatalytially split waterm the absence of Pt ecatalyst!’®

O H
10 0.
z
Tt oL A £ s N Thotg
J I = HY
St N
S g 61 0, O : N
o) o |‘
A " =] - H*
] ) = 4l 2NN
X ° N OER
o I'|l_'.n . w H,0 H,0
pes i n 24 o
oy NH O [} . H'
w T o H =
A O , I"l.""*‘ N H?_l.u, 04 OH_H - N
DO 0 5 10 15 20 25 I H N
e L A 2N
b Irradiation Time (h) N —L

Figure1-14: Molecularstructure (left) andphotocatalytic activity rhiddle) of TpBpyCOF nanosheet$hotocatalysis done
under vacuumand withvisible light (>42Gim, 300W Xe lamp)The OER is proposed to proceed at the bipyridine motifs
(right). Reproduced with modificationsom [179 (CC BY 4.0)
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Though high oxygen evolution performance coindprinciple endow COFs or other photocatalysts
with the ability to efficiently evolvéiydrogen without the need for sacrificial electron donors, the
opposite is still the casE® As the example of TpBfyOF above shows, HER rates in overall water
splitting schemes are in the range of minor pmdhg values. On the contraryhen using SEDs, ever
larger HER rates up to 18¥mol g* h'! are reported®%*3 This only highlights thelassification of the
OER halfeaction as the bottleneck in overall water splitting photocatalysis. To circumvent this
problem and at the same time avoid using SEDs to quench giesterated electron holes, reductive
half-reactions such as HER and;RR can alternatively be coupléal alternativeoxidative reactions
providing the required electron®*For example, the oxidation of methanol as a typical SED ultimately
yields C@ whereaswater oxidationleads to Q ¢ both of which are practically of no canercial
value!®®18 On the contrary, the toolbox of organic photoredox chemistry can provide selective
oxidation reactions that supply reductive hakactions with electrons and at the same time vyield
valueadded fine chemicals. Examples typically include, but are not limited alkane
dehydrogenation, crossoupling reactions, and alcohol oxidati&fiIn the caseof TFPTCOF the first

COF reported for HERFigure 1-11) ¢ the oxidation of SEDs could be replaced bdBnzylamine
dehydrogenation®” Upon irradiation of platinumdecorated TFRTOE H and N-
benzylidenebenzylamine could be formed with rates 6.8 pmol & h** and 477.3umol g* h?,
respectively Though1970umol H g* h' could beachieved in sacrificial HER systems with the same
COF*this example can still be considered a successful proof of concept that will be followed by other
reports on hydrogen evolution combined witlxidative organic photocatalyst&

1.6 Objectives

As elaborated in the previous paragraphs, COFs represent a material class with good prospects as
heterogeneous photocatalysts due to their defined and crystalline structure, large surface areas, and
absorption of visible lighiThis has been showcased multiple times in thedasade especially for the
hydrogen evolution halfeaction, given the potentially increasing economic importance of hydrogen
gas. The other halieaction, i.e., the oxygen evolution reaction, has however attracted less attention.
This fact, and the associated struggle to fabricate overall wapditting COF photocatalystsdicates

that the kinetic limitations underlying the OER are hard to master. In the last years, a small number of
literature reports give examples for COFs capable of oxidizing water under visible light illumination and
with the help of cobalt cacatalysts and silver nitrate as sacrificial electron acceptor. The exact
interaction between COF and often undefined cobalt speisigsoweverrarelydiscussed.

In chapter2, we present a alternativeapproach to the problematic water oxidation ha#factionthat

aims for higher control of the ecatalytic speciesUsing a heterogenization scheme, we decorate a
bipyridinebasel COF with molecularly defined iridium water oxidation catalysts which allow for in
depth characterization. Their retained catalytic activity is illustrated in chemical water oxidation
experiments and subsequently put to test in photocatalytic setups. Heeecompare our iridium
loaded COF to literaturknown cobaltanalogues and use, among others, computational methods to
evaluate and understand the underlying mechanistic steps and the kiagiic thermodynamic
challenges associated therewi
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Chapter3 exemplifies similar synthetistrategiesbut focusses on other photocatalytic applications.
There, inspired by natural redox cofactors, we build up a COF from tailored alloxazine chromophores.
Subsequently, we investigate the effect of the dye incorporation into the backbone and compare our
COFRas a metafree heterogeneous photocatalyst to homogeneous alloxazine counterparts. Instead of
photocatalytic water splitting, we explore aerobic alcohol oxidations, which could in principle be
coupled to reductive halfeactions such as the HER.

Finally, inchapter4 we explorethe limits of COFs for catalytic applications even furtihdaking use

of the versatility of the Cp*Ir complex used for water oxidatiochapter2, we investigate reductive
catalysis schemes as wéllore precisely, we demonstrate the applicability of iridioaded COFs for

the lightassisted wategas shift reaction. To the best of our knowledge, WGS catalysis with COFs has
not been explored, possibljue to the usually required high reaction temperaturesvhich we avoid

by making use of the lightiggered hydrogen release in iridium hydrides.
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2.1 Abstract

Covalentorganic frameworks (COFs) have emerged as promising semiconducting materials for
photocatalytic applications due to their large surface area, high crystallinity, and vast synthetic
tunability. This is especially noticeable in the context of photocatalysiter splitting, where many
COFs have been employed for the hydrogen evolutionrealtion. There, sacrificial reagents typically
replace the kinetically demanding oxygen evolution fnaéction. On the contrary, only few reports
focus on (sacrificial) ater oxidation with COF photocatalysts. In most of these cases, cobalt species as
oxygen evolution caeatalyst, often with limited insight into their structure and detailed role in the
catalysis. Herein, we use heterogenization of a molecularly defined iridiunsdvadfvich complex

onto a bipyridinebased COF (Ir@ TABBY COF) to provide detailed structumaights, which ensures

the integrity of the targeted caatalyst. First, we demonstrate the retained catalytic activity of the
anchored Cp*Ir(lll) mdis in chemical water oxidation experiments. Following photocatalytic tests
also indicate oxygen evolution activity, which in careful control experiments could be traced back to
contaminants. IFr@ TARBPY COF amdmore surprisingly, also two literatureknown oxygen evolving
COFs proved to be inactive in our tests. Using computational methods, we trace back the missing
performance to kinetic limitations of the anchored-catalytic species. This work demonstrates the
pitfalls associated with lowerformingoxygen evolution photocatalysts as well as the indispensability

of control experiments and their careful evaluation.
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2.2 Introduction

Covalent Organic Frameworks (COFs) are a new class of organic polymers that combine high
crystallinity, defined porosity, and chemical stabifityThe structural modularity resulting from the

use of tunable molecules as building blocks allows for the extensive and systematic alteration of the
NEBadzZ GAYy3 YIFIGSNALFEAQ OKSYAOIE FyR 2LGRRudM@iNRYAO
through linker elongatiori, and introduction of redox activity based on suitable link&tsSpecial
interest in @Fs has been piqued for their potential as photocatalysts, e.g. for solar water splitting,
which makes use of their intrinsic light absorption and high surface area, along with the molecular level
tunability of the chromophoric units and thus optoelectromiropertiest®!® However, photocatalytic

water splitting with COFs has generally focused on the reductive half reaction, that is, hydrogen
evolution (eq2-1).**In this case, the other half of water splittiqgghe oxidation of water to dioxygen

(eq. 2-2) ¢ is suppressed through the use of a sacrificial electron donor (SED), enabling mechanistic
insights into and optimization of the hydrogen evolution reaction (HEfheme2-1).14° For the
photocatalytic HER to occur efficiently, COFs have been equipped with vari@masabgdic species
(proton reduction catalyst, PR@uch as Pt nanoparticles or cobalt comple¥€§By matching COF
composition with the right choice of SED andcatalysts, sacrificial hydrogen evolution rates as high

as 197mmol g* h™ could be achieved to dat&s?’

photacat. preton reduction photocat. water oxidation chemical water oxidation

v SEAea. v b AT[
LN N — nl>bnS'o uil, (eq.2-1)
@ Vo A
W sED  SEA "’ @ H:0 we HI4h © h,bnl®bnS' (eq.2-2)
" G

i
6D, o SEA-T HI ,h © h,bHI, (eq.2-3)

SED = N(EtOH)4 SEA = AgNO, SEA = (NHy),[Ce(NO3}]

MeCH Nay$,05 [Ru(bpy)s]**

ascorbic acid NalO, NalO,

Scheme2-1: Sketch of water splitting half reactions wisemiconductor and sacrificial agents compared to chemical water
oxidation (left) and reaction equations associated with water splitting (right).

On the other hand, the oxygen evolution reaction (OER) is rarely explored with COFs. It requires a
strongly positive valence band and involves transfer of four electrons along with the formation of an
oxygenoxygen bond, which makes it significantly more challenging compared teleatron transfer

HER, both thermodynamically and kinetica#y®3' Whereas the electrons are drawn off through
reduction of a sacrificial electron acceptor (SEA), the electron holes are used to oxidizeGiader.

the standard potential for the oxidation of water to oxygeA£EL.23 Ws. NHE), a sufficiently positive
valence band is a major prerequisite for a semiconductor to be thermodynamically suitable for water
oxidation photocatalysig\s shown both computationally and experimentally for conjugated polymers,
electronpoor and nitrogerrich monomers shift the ionization potential (valence band) to more
positive values, in turn increasing the thermodynamic driving force for water oxidatith the
eventual photocatalyst®3*

In addition, to overcome the kinetic limitations associated with oxygen evolution, water oxidation
catalysts (WOCs) are often employed. Traditionally, WOCs are composed of tram@tals such as
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Ru, Ir, Co, Nigither as heterogeneous oxidemased catalyst§®® or in the form of molecular
species’®3%3¥ Research on COFs for photocatalytic water oxidation has so far focusedcatabss
based on cobalt Table S&).*** The highest oxygen evolution rate yet was achieved using a
benzotrithiophenebased imine COF, which was reported to evolve |6®6! g* h after loading with

16 wWt% Co(Clg.*®

Oxygen evolution with metadrganic frameworks (MOFs), on the other hand, shows a higher variety
of co-catalytic speciedlANGet al. report the immobilization of a Ru(terpy) complex on MQ1(Cr),

and investigate the catalytic efficacy and stability depending on the binding site (te2[8;6,2™
terpyridine)?#® Similarly, WANG and coworkers construct Ui®7 with heterogenized halandwich
IrCp* complexes for a detailed mechanistic water oxidation study €&@@nhtamethylcycle
pentadienyl)*#® However, in these examples the metalated MOFs were not reported for
photocatalytic, but rather chemical water oxidation with cerium(lV) ammonium nitrate (CAN) as the
oxidant Scheme2-1). Due to its instability above pH 1, experiments with CAN can only be conducted
under strongly acidic conditions. Alternative terminal oxidants such as sodium periodate and
potassium peroxymonosulfatean be employed under neutral conditions, but are prone to undesired
oxygen transfer pathway®8>! COF photocatalysts for water oxidation on the other hand mostly utilize
silver nitrate as the SEA, especially when relying on cobalt -gatatytic specie$®*® Only rarely
alternative photocatalytic SEAs such as sodium persdffateehemical water oxidation reagents such

as CAN are used.

In this work, we broaden the scope of oxygen evolution with COFs by developing a novellomiieth

COF and testing its activity with several commonly used SEAs in both photocatalytic and chemical
water oxidation setups. Iridium, both heterogeneouslyhe form of its oxide and homogeneously as

Ir complexes, is one of the most active elements for oxygen evolution catz#ysfsnong molecular

Ir WOCs, iridium haBandwich complexes with Cp* ligands have emerged as prototypical species for
(photo-)chemical water oxidatioP™>® as well as photoelectrocataly&i$* and electrocatalysi®<® In
addition, IrQ-decorated photocatalysts have been reported for oxygen evolution from water both in
the presenc&’® and absencé of SEAs. In the latter case, Baial. could achieve overall water
splitting with a conjugated polymer which emerged from both experimental and computational
screening of the two watesplitting halfreactions327%74

Since iridium is a scarce element, heterogenization of catalytically active mononuclear Ir complexes
onto a suitable COF photocatalyst providemeans to achieve highest possible nehietal atom
utilisation.5”">First, westudychemical water oxidation to prove the retained catalytic activity of IrCp*
when anchored to an imine COfa bipyridine sites. When testinthe photocatalytic activityof the
IrCp*decorated COF thouglwe only find parasitic oxygen evolution that could be traced back to
contaminded glassware in rigorous blank experiments. Similarly, reproduction of literature examples
also failed to yield reliable oxygen evolution with @BBtocatalystavith Co as caatalyst Using both
experimental and computational analysis, we identify kinetic bottlenecks as the sourt¢acking
oxygen evolution activity when using our iridiloaded COFDrawing on these results,uo study
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provides a guideline for future research in the field of sacrificial oxygen evolution with heterogeneous
organic photocatalysis.

2.3 Results and Discussion

We choose TARBPY COF as theodel systenfor this study. It is formed through the condensation

of 1,3,5tris(4-aminophenyl)benzene TAPE |y Poipyrdilp Bdialehyde BPYCHQ, which
connectviathe creation oimine bonds to form a twalimensional COF under solvothermal conditions.
Consequently, TAPBPY COF features an ordered, porous structure decorated with bipyridine
moieties, which can be utilized to coordinate metal species in general, and water oxidatedysts

in particular’® The latte has been shown by the groups lof i, and YANGfor the exact same COF,
where coordinating cobalt ions to TAB®Y COF enabled photocatalytic water oxidatfokccording

to the authors, this demonstrates that TAMBBYCOF in principle has a ldwing valence band and is
thus thermodynamically capable of oxidizing waf€able 3-1).

Intrigued by these results, we expanded the scope of water oxidatiezatalysts useth conjunction

with COFs. Making use of the bipyridine sites covering the pore walls ofBRPBOF, we devised an
iridium analogue otobaltloaded TAPBPY COEIr@TAPBPY CO&which features chelated IrCp*
motifs (Figure2-1). Whereas the molecularly defined Ir-catalyst should introduce high catalytic
activity, the surrounding COF provides both high spatial distribution and stability for the metal complex
through its bipyridine site$> Besides constituting promising molecular iridium W& p* species

are excellent catalysts for a variety of reactions such as organic oxidd@masreductions’®°as well

as CQ@hydrogenatiort® Altogether, these possibilities suggest the usability of Ir@TBIPB COF for
applicationsalso beyondhe oxygen evolution reaction covered within this report.
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Figure2-1: Synthetic approaches to IrGigaded TAPBPY COF. Reaction conditions: i) solveB8Q, rt. ii) mesitylene/1,4
dioxane, & AcOH, 120C, 72.

The targeted iridium complex can be easily bound to the bipyridine moieties inBRPEOF through
reaction with the respective dimer [Cp*Igzl1. Using an excess &f a maximum loading of about
14wt% could be achieved as confirmed by inductively coupled plasma optical emission spectrometry
(ICRPOES). Scanning electron microscopy (SEM) confirnethegeneoudlistribution of iridium over

the COF particle@-igure S213). However, we found that this procedure leads to a drastic decrease in
crystallinity and porosity judging from diffraction patterns and sorption isotherms, respectitiglyre

S21, Figure S2). Reactions ol with anisoreticularimine COF lacking bipyridine units confirm that Ir
neither binds to the imine groups nor deposits in the form of nanoparti@egure S3) 8!

In order to retain the crystalline and porous nature of TAAF COF after loading withwe employed
anin-situ rather than the postsynthetic approach. By reaction of the original liB&¥CHOwith the
iridium precursorl, we can easily synthesize the metalated building bBekich can be subsequently
used for the construction of iridiudoaded TAPBPY COIFigure2-1).8%8 Not only does this approach
allow to precisely tune the iridium content of the resulting Ir@ TAHFE COfFigure Sb), it also yields
highly-ordered materials judging from-bay powder diffraction (XRPD) daféiqure2-2a). Analogous
to pristine TAPEBPY COF, Ir@TABBY COF exhibits distinct reflections at=2.29° (100), 4.06° {1
20), 4.64° (200), 6.21°-@D), 8.26° (130) and a weak stacking reflection at 25.4°. As an approximation
to account for 10% metalated link@r we constructed a unit cell similar to mefaée TAPEBPY COF
but with additional IrCp*Cl moieties occupying 1/12 of the bipyridine sifégufe2-2a). Due to the
concomitant decrease in symmetry, the space group changed B®to P1. The unit cell parameters
obtained from Pawley refinement of the experimental powder patteRq,7.56%) ar@=b = 44.35 A,
c=14.00 Ah = 90°j =90°; = 120° Figure S2).
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Figure2-2: (a) XRPD pattern of TARBF (grey) and Ir@TARBF (orange)b) Nitrogen sorption isotherm of TARBOF

(grey) and Ir@TAPBOF (orange) at 77 K. Filled and open symbols represent the adsorption and the desorption branches,
respectively. (c) 13C ssNMR spectrum of FEBPB (grey) and Ir@TARBF (orange). Asterisks rkapinning side bands.

The inset show&H ssNMR spectra, wittrossesnarking residual water signals.

Comparing the connectivity of both CORaFourier transform infrared (FTIR) spectroscopy, we could
not detect significant difference§igure SZ). Both Ir@ TAPBPY COF and mefate TAPEBBPY COF
show the appearance of a new imine signal at 1623 0mn(strecr), Whichg concomitant with the
absence of amine bands =3200¢ 3500cm?) ¢ hints to the successful condensation of TAPB with

2 or BP¥CHQ respectivelyFigure S3B).

Nitrogen sorption analysis reveals type IV isotherms for both nfetaland Ir@ TARBPY COF, though
with varying BET surface areas of 1209 and 48 g mrespectively Figure2-2b)8° In a series with
iridium content ranging from 2 to %, however we see no correlation of the loading degree with
the surface aredFigure Sb). The derived pore size distributions (PSDs) for both pristine -BARB
COF and Ir@ TAHBPY COF show pores centered arounch&gFigure S2).

Transmission electron microscopy (TEM) visualizes the mesopores inherent to I @FXFEDF, and
FastFourier Transform (FFT) analysis confirms a periodicity ofr8.ih good agreement witkorption

and XPRD dat@rigure S39). We could not find any indication of metabntaining (naneparticles
covering the COF. Likewissganning electron microscopy (SEM) and elemental mapping show
agglomerated micrometesized particles with an even distribution of N, C, Ir, anavlich indicates
successful heterogenization of the targeted iridium complex onto TWPB COfFigure S210, Figure
S241).

13Csolid-state nuclear magnetic resonance (ssNM@3¥ then conducted to assess the presence of the
Cp* ligand and thus the integrity of the target complex. The @@Fomatic signals in the range
between 160 and 11Ppm do not change significantly upon Ir loadiRggre2-2c). On the other hand,

two new signals at 90 and 8 ppm can be assigned to the methine and methyl groups of the Cp* ligand,
respectively. Concomitantly, a new signal at dpdn in the'H ssNMR spectrum of r@TABBY COF
shows the presence of the methyl protons.

Furthermore, we conducted-¥y photoelectron spectroscopy (XPS) to confirm both the binding of
the iridium species to the bipyridine sites of the heterogeneous support as well as its chemical state.
The Ir 44, peak of @ TARBPY COF is detected at 68\, which is in good agreement with literature
values (62.2VY®for the If'" center of [Cp*Ir(bpy)CIl|@Figure S216). Upon iridium incorporation, the
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nitrogen 1s signal for the imine and pyridyl nitrogen atoms shifts from 398.7 to 399.0 eV, indicative of
the binding of Ir to the framework.

In order to ascertain the retained activity of the Ir species after binding to the COF, we performed
chemical water oxidation experiments in a specifically designed flow redeigure2-3).8” Byusing a
continuousflow of inert gas with alight overpressure aip to 250 mbar, we circumvent the leaking

of oxygen into the apparatus and achieve high sensitivi@edine optical trace oxygen sensors allow
for almost lagfree and instrumentally simple oxygen detectidfogether, these factors allow us to
conduct economical smadicale experiments, namelynbg COF dispersed inniL sacrificial solution

for a typical experiment. We previously discussed the layout and reliability of this €efup.

25

—— TAPB-BPY COF
Ir@TAPB-BPY COF 1.0 wt%
20L Ir@TAPB-BPY COF 1.9 wt%

injector flange —__ Ir@TAPB-BPY COF 6.5 wt%

0, detection 151

porous frit § /O_E_R

Oxygen evolution rate / umolh

- 10}
\\ ~———] . blank CAN
F O, o] ¢ water o .
i e o | i—. inject. inject.
inert gas : ('::} ! jacket 5r
l I — E | X \
0 . 0 L
....... - 1 1 1 1
.......... 0 20 40 60 80
magnetic stirrer Time / min

Figure2-3: Left: Schematic experimental setup for tkhemicalwater oxidation experimentsRight: Chemical water oxidation
experiments with TARBPY COF at varying iridium loadings.

In a typical experiment with CAN as the terminal oxidant, we suspended the CORvimi@rit acid
(pH 1). After a blank injection of Hh@,) to evaluate the amount of trace oxygen introduced per
injection, we added a degassed portion of the sacrificial through digiaisseptum injector nutEigure
2-3). As expected, both pristine aqueous nitric acid as well asnrmetalated TAPBPY COF do not
show oxygen evolution upon CAN additidraple2-1, entries 1+2Figure SZ'8).

Iridium species, including [Cp*Ir(bpy)CI]CI, have in fact been first reported as water oxidation catalyst
under these exact conditiorf§:#° Indeed, we found that Ir@ TAFEPY COF shows substantial oxygen
evolution, with turnover frequencies (TOFs) in the range of 2.8 h' depending on the Ir loading
(Table2-1, entries 35, Figure2-3). Also, Ir@TARBPY COF exhibits turnover numbers of >1 and
continuous oxygen evolution over two houfSigure SZ9), which hints to a catalytic OER process
instead ofa degradation process releasing.('hese resultsndicate the general preservation of
catalytic activity of the Cp*Ir moiety bound to TABBY CQHespite showing activity two orders of
magnitude lower than the molecular WOC in both our of¥able2-1, entries 6+, and literature
experimentg(Table2-1, entries 8+9).
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Table2-1: Chemical water oxidation experiments with Ir@TAY COF.

Entry COF umol Ir  [Ir]/uM O, evolutiorr  TOPR/h'
1 HNQ blank - - 0.111pmol -
2 TAPBBPY COF - - 0.161 pmol -
3 Ir@TAPBPY COI 0.25 50 0.327 umol 2.52
4 Ir@TAPBBPY COI 0.48 96 0.765 pmol 3.18
5 Ir@TAPBPY COI 1.68 336 3.457umol 4.08
6  [Cp*Ir(bpy)CIICI 0.25 50  26.864 pmol 214
7  [Cp*Ir(bpy)CIICI 0.025 5 2.654umol 212
8>  [Cp*Ir(bpy)CIICI 0.025 5 1.625umol 130
9°  [Cp*Ir(bpy)CI]CI 0.30 7.1 37.8 umol 252
10 Ir@TAPEBBPY COI 0.25 50 0.494 pmol 3.94
119  Filtrate (entry 10) 0.05 10 0.110 pmol 4.40

Reactionconditions: 5.0 mg COF in #8M CAN (in 5.enL 0.1M HNQ). 2 after/within 30 minutes
bvalue extracted from graph. R¢63] ¢ data obtained in experiments with 28M CAN and
volumetric detection. TON value extracted from graplef. B7] ¢ Experiment conducted in K
instead of HO.

However, such a substantial difference in activity brings up doubts about the actual active species,
since even small amounts of leached catalyst could catalyze the OER rather thhpuB@kridium.

We thussubjected the reaction mixturdiltrate to another oxygen evolution experiment under
identical conditions, which lead to a decreased oxygen evolution of 0.110 pumol compared to
0.494umol (Table2-1, entries 10+11Figure SzB2). Interestingly, ICP analysis reveals the leakage of
20% iridium from Ir@TAPBPY into the reaction solutiodble 8-11), so that the TOF of the leaked
iridium species in solution is similar to that of the parent Ir@TBPB COF. We thus postulate that
COFbound iridiumg rather than a highly active molecular specgesccounts for most of the catalytic
activity observed vth Ir@TAPEBPY COF. It can also notfbity excluded that residual nanoparticular
Ir@TAPEBPY COF accounts for the catalytic activity of the filttdavever, SEM elemental mapping
suggests that thauniform distribution of both Ir and Cl over Ir@TABBY COIS preservedafter
catalysis with CAN, but also deposition of Ce on the E@Ere S0, Figure SD1). TEM analysis
confirms the presence of Ce@anoparticles, but at the same time refutes that of iridiuioh oxidic
nanoparticles which could also be catalytically ac{ivigure S22).°%°2 This is further corroborated

by XPS analysis, which shows unchanged Ir peak positions and no sigRgrafin® S29).*¢1 The
signals for the Ce depositions are characteristic for Ce(lll) species, in line with the expected reduction
of CAN during catalys{Bigure S2L.8).

NMR spectroscopy of the filtrate after water oxidation catalysis with Ir@TB¥*BCOF in 18V CAN

shows the presence of formic acid and acetic acid indicative of the oxidative cleavage of the Cp* ring
(Figure S8B8).489092|t hasbeen proposed elsewhere that the oxidation or complete loss of the Cp*
ligand does not impair the catalytic activity oblased WOCs, and that some bidentate ligands such as
bipyridine do not degradé:°2%" |n fact, such oxidative modification has been reported to be essential
for the catalytic activity of some Cgased Ir WOC%:°2 Accordingly, we could see little oxygen
evolution from Ir@TARBPY COF in 1M CAN in contrast to 7@&M CAN Figure S3B3). Similar to
molecular [Cp*Ir(bpy)CI|CI, Ir@TABBY COF shows highest catalytic activity in the range of 50 mM
CAN(Figure SzB4 - Figure S:86).5
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Unfortunately, potential catalyst leaching is not the only drawback of chemical watdation with

CAN in acidic media. XRPD of the retrieved Ir@IB™PBCOF indicates a loss of ioarmgge order after
treatment with CAN, especially at higher concentratiQn€onsistently, nitrogen sorption analysis and
TEM reveal the gradual loss of structural porosity when increasing the CAN concentration firdvh 10

to 78mM (Figure S26, Figure SD2). FTIR spectroscopy hints to oxidation of either the framework
or the Cp* ligand, as the broad band around 3300 israssignedo O-H stretchingnodes(Figure S2
95).4891.92More importantly, FTIR spectroscopy shows the partial loss of imine stretching vibrations
originally present in Ir@ TAFBPY COF, while at the same time we observe a new featorend
1654cm* which we ascribe to amide groups resulting fromine oxidationthrough CAN? Likewise,
postcatalytic sSSNMR spectroscopy reveals the loss oftiieimine signal at 156m, whereas a
distinct amide signal cannot be assigned beyond ddkigiure SB7). Besides, both the signals for the
COF backbone as well as the Cp* ring are preserved, showing that neither is completely decomposed

Though driving WOC with CAN allows for a fast assessment of the catalytic activity of IF@FMAPB
COF, the acidic and highly oxidative conditions during catalysidesiienental tothe COF stability.

This is less problematic when switching to the targeted water oxidation photocatalysis since the
respective SEA=an usually be used under neutral conditions and have less posgtilx potentials
(Figure SA9). That said photocatalytic water oxidation is mechanistically more compdesit relies

on successful charge carrier generation within the COF upon illumination, and transport of the electron
holes to thelr catalyst. It thus involves both componemshe COF light absorber and the Ir catalyst,
and hence relies on the matching of their electronic levels both relative to each other and with respect
to the water oxidation potential

The catalytic activity of @ TABPY COF for photocatalytic oxygen evolution was examined in the
same flow reactor after replacing the injector nut through an optical quartz glass wiieigwre S2
11).8” After exemplarily confirming the functionality of our setup with the literattirgown catalytic
systems [Cp*Ir(bpy)CI]CI + [Ru(kp@} and Ru@+ TiQ (Figure SZ4), we conducted photocatalytic
experiments with Ir@TARBPY COF in the presencesofliumpersulfate as SE& Unfortunately,

we could neither detect significant amounts of oxygen under illumination with AMiliefed nor with
visible light(>420nm, Figure SZ5). Only with fultspectral illumination could we measure oxygen
evolution over the course of 14 hours with rates of up to Quitol i! or 150 umol h g (Figure S2

76). However, we do not attribute these findings to actual water oxidation by the COF, but rather to
decomposition of s> as discussed in the supporting informatiahgpter6.2).

We thus investigated silver nitrate as an alternative SEA, which is more commonly used in water
oxidation photocatalysis but brings about the disadvantage of undesiegabsition of elemental
silver'® Over the course of a photocatalytic experiment this can significantly alter the optical
properties of the photocatalyst-101102
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Figure2-4: Photocatalysis experiments with AgiN& sacrificial electron acceptor. Reaction conditionsnigOCOF, AgNO
(10mM, 5.0mL water), illumination with a 300/ Xe lamp and optical filters as specified. Grey areas represent dark reaction
conditions.

We found that illumination of a suspension of Ir@TAY COF in aqueous silver nitrate with a
conventional 300Xe lamp leads to distinct oxygen evolution of §..4 umol ht depending on the
incident wavelength rangd={gure2-4a). Both AM 1.5 filtered and unfiltered full spectral illumination
gave somewhat higher rates than visible light (>A8€) which does not exceed values of 0.2 pmbl h
Most surprisingly, when conducting a control measurement with only silver nitrate solution and visible
light we obtained an oxygen trace similar to those of both Ir@FBPB and TAPBPY COF under the
same conditions Kigure 2-4b). Given that both photosensitizer and WOC are missing in this
experiment, no oxygen evolution was expected to take place.

We thus set out to understand th finding and elucidate the exact role eflver nitrate in
photocatalysis. To this end, we defined four possible decomposition pathways for;Aghiih are
discussed in detail in the supporting informatiahépter6.2). Through several control experiments,
we could not confirm lighinduced AgN@decomposition to be the reason for the observed oxygen
evolution. Ultimately, we found that trace amounts of ruthenidoaded tungsten oxide nanoparticles
(RuQG@WQ) might have led to undesired water oxidation in our case. Said contaminants were found
Ay GKS (2L) I &sdiitFigured 3 &d Mdttacdd Eadkiibzexperiments previously
conducted in the same react8. Irradiation of identical AgN{solutions in a pristine and
uncontaminated flow reactor does not lead to oxygen evolutibiggre2-5). Similar to the AgNO
blank experiments, photocatalysis experiments with [r@TFBPEB COF conducted in a pristine reactor
also indicate no significant:Qeneration(Figure S2/2), suggesting that its previously observed activity
(Figure2-4) can be solely ascribed to contaminations. Note that #O®Q nanoparticles are not
active under chemical water oxidation conditions and thus not refute the catalytic activity of r@TAPB
BPY COF when using CANd supraFigure S288). Due to the milder reaction conditions during
photocatalysis compared to chemical water oxidation, Ir@FBPB COF could be recovered with
retained crystallinity and porosity, albeit showing deposited Ag / AgClI parfi€igsre S2L3, Figure
S214, Figure S215- Figure S2.3). XPS confirms the deposition of silver spe¢kgure S2.8) and at
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the same time reveals unchanged iridium binding energy, indicating the preservation of anchored
iridium complexegFigure S2.9).
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Figure2-5: Comparative photolysis of silver nitrate solutions in a contaminated (top) and a pristine flow photoreactor
(bottom). Reaction conditions: 1M AgNQ, 5mL, AAA solar simulator,suin, optical filters as annotate&imultaneous
oxygen measurementia gas chromatography and fluorescent sensors under flow conditions. Periodic peaks are due to
pressure variations upon GC sampling.

Though trace metal impurities and their role in catalysis should always be consiglasgaighlighted

for example by repated NB LJ2 NI & -fieef UAUNBIItAURACrosscouplingd®*1% ¢ sometimes

significant effort has to be taken to avoid data misinterpretation.

Unfortunately, comparable blank experiments have not been conducted in other literature reports on

COF photocatalysts and are only rarely ever mentigfiethle 3-7). We thus tried to reproduce some

2F GKS ¥S6 SEIFYLX S& FT2N) 2E83Sy Sg2CaQmid 2lya 64 SKE /|t
cobaltf 2 RERCEE G KAOK ¢S g A-BRY COBEahECO@TEF intthe folodinge ! t .
(Scheme2-2).4042110Both have been reported for OER in conjunction with AgAOSEA, and can be

prepared from commercially available building blocks. Material characterization with respect to
crystallinity, porosity, and metal contenhews conformity between our reproduced COFs and the
respective literature dataRjgure S20- Figure S26). For Co@TARBPY COF, we found cobalt evenly
distributed over the spherical particles, in line with the proposed binding 6fi€@ G KS FNI YSg 21
bipyridine Figure S29, Figure S&0). For Co@TITOF, SEM and TEM imaging revealed heterogenous
deposition of amorphous CaGpeciegFigure S&H1 - Figure S52).42
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Scheme2-2: Unit cells as schematic representation of-COF (left) and TAFEPY COF (right).

Howeverwhen assessing the photocatalytic activity of Co@FBPB and Co@FCOF, weould not
confirm the reported oxygen evolutiorates. In fact, no significant amounts of evolved oxygen could
be detected at aJleven though we meticulously followed the given proto&bure2-6). Only when
using glassware contaminated with R@NVO; we could measure apparent oxygen evolution, with
rates of 0.05 0.10umol h! ¢ similar to Ir@TAPBPY COF or Aghldanks Figure S&9, Figure S2

70, vide supra. Attempts to achieve distinct oxygen evolution by the COFs through variation of the
reaction parameters were unsuccessiilable S3B, Table 3-9). More interestingly, during this
screening, we obtained apparent OER rates in the rangeg2®@.umol g h'* which coincidentally
match the literature activity of Co@TAB®Y COF and Co@TOF of 152 and 37 pumgt h?,
respectively. Though such direct comparison is difficult due to divergent experimental setups, it can
be deduced that the reported OER activities ar¢h@ same order of magnitude as the background
oxygen evolutionve traced back taontaminated glassware. Altogether, these findings lead us to
postulate that also in our reproduction attempts of literature examples oxygen evolution was mostly
caused by catalytically active contaminantather thanby photocatalytic activity of the respective
COFs.
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Figure 2-6: (a) Reproduction of potocatalytic oxygen evolution experiments with literattkeown COFs. Reaction
conditions:2.0 mgCo@TAPBPYCOF 1.0 wt% Ci AgNQ (5 mM, 20 mL),bulk reactor(top) or: 1.0mg Co@TFCOF@.9

wt% C9, AgNQ@ (10mM, 5mL),10 mg L&0s;, flow reactor (bottom). Both experiments were performed with an AAA solar
simulator at 1sun and with optical filters as annotate(th) Comparison of experimentally determined band positionia CV

in MeCN; black), computationally predicted ionization potentials and eladffinities (in MeCN, turquoise), and literature
values (pink) for TAPBPY COF and TTI COF. Dashed lines represent values obtained indirectly, for example VBM calculated
from the CBMvia subtractionof the optical band gap. Potentials for the water splitting half reactions illustrated as grey area.
SeeTable -1 andTable -2 for details.

In order to assure that water oxidation catalysis is thermodynamically feasible with both-BIRPB
COF and TIQOF, we approximated their band positions through cyclovoltammetryHiGWe S26).
Given a water oxidation potential €5.32 eWs.vac at pH 7 (0.82 ¥5.SHE), both TAPBPY COF (&
=-5.89eV / 1.39 Ws. SHE) and especially TAOF (& =-6.15 eV / 1.65 Ws. SHE) show sufficient
thermodynamic driving force for oxygen evolutiorhese values also roughly match the reported band

positions for TAPBPY COF and T0OHTable 3-1, Figure2-6).

To complement theelectrochemical assessment based on CV, we performed DFT calculations on
representative cluster fragments of the TABBY and TTI CQFgure SB0) embedded in a dielectric
continuum to describe the effect of the water or other solveintthe pores of the COF and surrounding

the COF particles. Though this approach does not take into account periodicity and layer stacking, it
allows for an assessment of the effect of the dielectric screening of the water or other sotlient

COF iglispersedin on its electronic propertie$’ Previous work demonstrated that such DFT cluster
calculations in the case of linear conjugated polymers accurately predict the IP and EA values of dry
polymer solids measured by experimental photoelectron spectipgavhen using a relative dielectric
permittivity of 2 (organic solid) for the continuutfi!'*When using a relative dielectric permittivity of

80.1 (water) DFT cluster calculations can successfully explain the trends in the activity of such
polymeric solids for sacrificial hydrogen evolution from water/SED mix{tiréd!2!4 For TAPBPY

COF the ionization potential (IP) and electron affinity (EA) obtained with the B3LYP DFT functional are
1.16 and-1.57Vvs.SHE, respectively (in acetonitrile; falwes in water se@able 8-2). For TFCOF,

the IP and EA were predicted at 1.37 ahdb3V vs.SHE, respectively. Despite showing more negative
values compared to the experimentally determined band positions, these calculations confirm the
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trend that both TAPEBBPY COF and TTOF should thermodynamically be suited for water oxidation
catalysis, and that TQOF has a more positive valence band maximum / IP thanBRPE OF, hence
a larger driving force for water oxidatioRigure2-6).

This statement also holds true for Ir@TABBY, for which CV reveals valence band maxima identical
to TAPBBPY COF (1.39ws SHE £5.89 eVvs vac.;Figure S27, Table 2-1). Interestingly, the
underlying CV curves do not shawyevidence of iridium redox featussuch as the "V couple which

would be expected as a reversible wave in the range of 8V vs. Fc/Fc(Figure S28).58:6686.115
Similar observations have recently been made for other COFs loaded with molecularly defined iridium
speciest!®1’This could be a hindf strong electronic coupling between the heterogenizadlecular
iridium species anthe TAPBBPYCOFsimilar to that observedhy SIRENDRANATaNd coworkers for
homogeneous complexes conjugated to graphite, called grajluitgugatedcatalysts(GCC) The
authorsfound that after binding rhodium, ruthenium, or rhenium complexes to graplegidonvia
terminal phenazine sites the electrocatalytic activity and the underlying mechanisms drastically
changed compared to the molecular analogd&s?° In a nutshell, the catalysisin their case, CO
reduction and hydrogen evolutiog proceeded without the metal compleghangingits oxidation

state, as opposed to similar molecular catalyistsolution!!812We note that in our case iridium is
bound to an extended -systemvia bipyridine sites resembling phenazine, and that during catalysis
charges could be stored on the COF instead of the bound metal atom. A recent review discusses this
concept exphitly for COFs in the context of electrocatalytic, @@uction 22

Based on the assumption that photocatalytic water oxidation with Ir@ TPB COF similarly involves

a mechanism where the metal oxidation state does not change, we use DFT to calculate the free energy
profile of water oxidation at a redexinocent iridiumcomplex bound to an exemplary TABBY COF
fragment.We note that the four electron transfers underlying water oxidation differ significantly in
their respective free energy changescheme2-3, Figure SB3). TAPBBPY COF mighspeciallybe
struggling todrivestep (2) withLJK 2 (G 2 3 Sy S NJ % $.80e\VKE: £ 1516/1.39 ¥ 5. NHEjgure

2-6). By considering only protecoupled electron transfers (PCETSs) eventual transition barriers
estimates!?312*Chemical water oxidation with CANide suprd, however, can seemingly overcome
the supposedly limiting kinetics of the individual oxidation events in Ir@IB¥BCOF due to its high
potential ofca. 1.75V at pH 1*° The free energy change for step (2) at pH 0 was calculated to be
1.71eV Figure SB2).

DG atpH 7
@ ) ®) (4)
1.16 eV 1.30 eV 0.60 eV 0.03 eV
Ir()-BO  —— Ir(l)-OF ——  Ir(ll1)-O(H)OH——=Ir(I1)-OOH —= Ir(ll))-HO
-e -e -e -e
-H -H -H -H
+HO -G,

Scheme2-3: Schematic reaction pathway ferater oxidation on Ir@TAPBPY COF assuming redloxocent Ir(lll) centers
according to the GCC principle. Changes in free energy given in eV at pH 7.
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For Co0@TARBPY COF, the predicted free energy changes for water oxidation indicate even stronger
kinetic limitations. Here, oxidation of CdBund CeOH species and subsequent formation of th€©0O
02yR Aad | aa®@ad4e\uaboRT (Fighra $B4)kwbich would be achievable given literature
values for izof 1.67 V vs. NHE, but not with our experimentally determined and calculated values of
1.39and 1.16 V, respectivel¥Figure2-6).

We note that highly positive valence bands are unconditional prerequisites for oxygen evolution with
COF photocatalysts but that successful catalysis cannot be inferred from-Iging valence bands
alone. Due to the slow kinetics and demanding mechanismakerlying the OER, photocatalytic water
oxidation with COFs scompared to photocatalytic HER with CQBgynificantly more reliant on high
overpotentials of at least 30V 412° The question as to whether the inability to provide enough
driving force for every step of the water oxidation mechanism also applies to our unsuccessful
reproduction of oxygen evolution with literature COFs wilttesubjectof follow-up studies We note

that apart from low overpotentials several other bottlenedean limit photocatalytic oxygen evolution,
which have not been discussed in detail within the scope of this work. These irefficient light
absorption, charge separation and transfer, framework stability, and-cO&talyst interactions.

Conclusion

In summary, we successfully synthesized a nevCZIF- equipped with Cp*Ir motifs and demonstrated

its catalytic activity for chemical water oxidation with CAN. Subsequently, we used Ir@PAPBOF

to broaden the scope of photocatalytic water oxidation wiiilored organic frameworks. We could in

fact detect oxygen upon illumination of this COF suspended in silver nitrate with visible light. However,
a series of blank measurements revealed that #uotivity of both Ir@TARBPY COF as well as two
literature examples was only based on catalytically active contaminamtso case did we observe
oxygen evolution that could be clearly linked to photocatalytic water oxidation by the COFs.

Chemical water oxidation, however, was successfully applied to show the retained catalytic activity of
the WOC in Ir@ TAPBPY COF. By doing so and subsequently comparing chemical water oxidation and
our photocatalytic oxygen evolution experiment, we coudegntify kinetic limitations inherent to
Ir@TAPBBPY COF as a possible bottleneck in water oxidation. This finding was further corroborated
with DFT calculations showing that the four required steps in water oxidation at @@M# iridium

center suffer fom unevenly distributed free energy changes which could only be overcome by a strong
oxidant such as CAN, but not photogenerated holes.

With this discovery, we wish to create aveness for the ambiguous rodacrificialor contaminations

may have inoxygen evolution photocatalysis. In a best practice settimg usual screening of the
catalytic species and their loading should be followed up with testing of several SEAs, including
chemical water oxidation reagentsto find the best reaction conditions and rule out data
misinterpretation.
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3.1 Abstract

Covalent organic frameworks (COFs) offer a number of key properties that predestine them to be used
as heterogeneous photocatalysts, including intrinsic porosity,-tamge order, and light absorption.
Since COFs can be constructed from a practicallynitell library of organic building blocks, these
properties can be precisely tuned by choosing suitable linkers. Herein, we report the construction and
use of a novel COF (FEB®F) photocatalyst, inspired by natural flavin cofactors. We show that the
functionality of the alloxazine chromophore incorporated into the COF backbone is retained and study
the effects of this heterogenization approach by comparison with similar molecular photocatalysts.
We find that the integration of alloxazine chromophores itfte framewaork significantly extends the
absorption spectrum into the visible range, allowing for photocatalytic oxidation of benzylic alcohols
to aldehydes even with lovgnergy visible light. In addition, the activity of the heterogeneous COF
photocatalystis less dependent on the chosen solvent, making it more versatile compared to molecular
alloxazines. Finally, the use of oxygen as the terminal oxidant renders FEAx COF a promising and
"green” heterogeneous photocatalyst.
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3.2 Introduction

Metal-free photocatalysis is a promising strategy to address the-gu@ring demand for green fuels

and fine chemicals. Covalent organic frameworks (COFs), constructed from building blocks composed
of earth abundant and light elements, are an emerging<laf crystalline and porous polymers with
significant potential in this regard. COFs have been explored as heterogeneous photocatalysts for solar
hydrogen evolutiort;? CQ reduction? H,O, generation? for example, and recent examples ofHC
functionaliation,®’ sulfoxidation’’® and amine oxidatioh'* highlight their usefulness as
photoredoxcatalysts. This catalytic versatility is mainly owed to the modular building principle
underlying COF chemistry. Therefore, by choosing appropriate building blocks, structural and
electronic characteristics of thanfal material such as pore stzand optoelectronic properti€s$ - and

thus ultimately its reactivity- can be tuned to the desired effect. Integration of suitable linker
functionalities into the framework is therefore of prime importance in this regard, as recently
exemplified by the induction of chiralityor redoxactivity'® to the COF backbone.

Photoredox catalysis is particularly useful in organic chemistry to overcome the activation energy of a
particular reaction, to enable milder reaction conditions, or to grant access to orthogonal reaction
products and pathways which are not accessiblelagsical methods. However, photoredox catalysis

is often conducted using precious transitioretal complexes®*® In recent times though, a number

of metakfree approaches using organic chromophores have been reported: Fluoréhaogginium
ions??2and Eosin * are just a few examples.

Mostly owing to their ability to participate in both onand twa-electron redox reactions, flavins,
derived from the vitamin riboflavin, represent a particularly interesting family of organic
photocatalyst{Schemes-1). Depending on the substitution pattern, flavin derivatives can be used for
a plethora of catalytic reactions, such as esterificati#fnalkene hydrogenatiof or oxidation of
amines?%28 sulfides?2"-2%32 gnd alcohol$%4°

R H H
josedisesdliseed
N/IH/NH N/LTNH N/:[WNH

0 o] o]

Flavin Isoalloxazine Alloxazine

Scheme3-1: Molecular structure of Flavin and (Iso)alloxazine. For Riboflavin R = ribityl.

Alloxazinesisomers of the isoalloxazine heterocycle inherent to fladiigve attracted less attention

in comparison. Nevertheless, alloxazines have been shown to be sugiedtet oxygen sensitizefs,

and more efficient photocatalysts in [2+2] cycloaddition reactitéAlso, alloxazines are easier to
synthesize and more photostable than isoalloxazitieBespite their versatility, alloxazines and
isoalloxazines have been primarily explored as homogeneous catalysts, limiting their practical
applicability withregard to producicatalyst separation and recyclability. Several immobilization
approaches have been studied to circumvent this problem, including anchoring flavins to mesoporous
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silica24¢TiQ,*” BIOCF or polydopaminé®® In these examples, however, the heterogeneous support
seldom actively participates in the catalytic reactions.

Herein, we use an alloxazine building block in a bottgmapproach to construct a biospired
covalent organic framework that acts as a heterogeneous material with intrinsic photocatalytic
activity. Direct comparison with similar homogeneous photocatalgkows that this heterogenization
approach not only leads to retention, but rather to the enhancement of the applicability towards
"green" photocatalysis. To the best of our knowledge, this is the first repora metalfree COF
photocatalyst based on bio-mimetic chromophore which is capable of selectively oxidizing benzylic
alcohols to aldehydes using oxygen as the termixalant°-°!

3.3 Results and Discussion

FEAXCOF was synthesized by condensation ofdiethyl-6,9-bis-(4-formylphenyl)alloxazine (FEAX)
with 2,4,6tris(4-aminophenyB1,3,5triazine (TAPT) under solvothermal conditioRgy(ire3-1a). The
FEAX building block was obtained from -dijBromo-2,1,3benzothiadiazole as described in the
supporting information. The ethyl substituents atlINand N3 @) proved to be essential for the
synthesis of FEAROF by providing both high solubility and photostability of the building block by
preventing phototautomerismi®>°253 Attempts to synthesize an analogous Rralkylated COF failed,
potentially due to strong intermolecular hydrogen bondifggure S3). The successful condensation
of FEAx and TAPT was confirmed by Fourier transform infrared (FTIR) spectroscopy, as evident from
the appearance of the imine signal at 162%™ 6 Anstetcry @nd concomitant disappearance of both

F YA Yi§=3800¢3500cm™0 | YR | £-5=3602ZcR'S strétohing vibrations of the starting
materials Figure3-1b, Figure SJ&).

a 0 Ej b HC=0
® oM,
a2 .
i;EN/ Ni‘o nﬂ QYT@A :
L ¢ : 5
@ 6 M AcOH " 9
. FEAx ————— 5
+ oDCB/EtOH E
me QNHZ 120°C,7d éﬁ .
NI N\N YQJ&NJ‘@"‘ "?‘
7 LT, C=0 C=0  ©=N
“ TAPT \@éﬁ: Wavenumber / cm’’

Figure3-1: (a) Synthesis and molecular structure of FEXQF. (b) FTIR spectrum of FE®F showing the presence of
carbonyl and imine bands as well as the absence of an aldehyde band.

3Csolid-state nuclear magnetic resonance (ssNMR) further proved the successful condensation by an
absence of aldehyde carboriyC resonances at ~19pm in the COF and the appearance of the imine

13C signal at 157 ppnirigure3-2a).5* The distinct triazine carbon signal at 170 ppm, the signals from
the ethyl groups at 12 and 37 ppm, together with the 18#8' and 1724cm* bands in the FTIR spectra
corresponding to the carbonyl groups of the alloxazine heterocycle prove the retention of the
molecular structure of both FEAx and TAPT in the framewBitufe S3B). Quantumchemical
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calculations on the B9Z/pcsSeeR//PBEGD3/def2TZVP level of theory corroborate tHéC NMR
assignmentsHigure S36).5%° TheH ssNMR spectrum of FE&OF shows aromatic protons around

7.6 ppm and two distinct aliphatic signals at 3.6 andph@& corresponding to methylene and methyl
groups, respectivelfFigure S3®B). To understand the structural details and morphology of FE®¥,

Xray powder diffraction (XRPD), gas sorption, scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) analyses were performed. The XRPD pé&igareB-2b) shows an intense
reflection at 2 =1.98°, assigned to the 100 plane (space grBg). In addition, a number of distinct
reflections at 2 =3.41° (110), 3.93° (200), 5.20° (210), and 6.81° (220) are visible, together with a
broad stacking reflection at 24.3°. Based on the geometrical considerations of the starting materials
and their expected connectivity in the framework, a unit cell wlith space group-3 was constructed,

with cell parameters closely matching those obtained from Pawley refinement of the powder pattern
(Ryp 8.0%). Th obtained refined unit cell parameters ag=b=51.84A, c=7.06A, h =i =90°,
1'=120°. An eclipsed stacking model accounting for only minimal relative layer offsets gave best fits
between experimental and simulated dateigure SI).
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a O O 800 - o Desorption
N
N O N b o 500
&N\fgj r;;\r\rl\ -
g 4 5 5
3 G e _ 8| 38m
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Figure3-2 a) 13C ssNMR spectrum of FEZQF together with the corresponding assignments and calculated sh)f$FD

pattern of FEAXCOF and illustration of the structural model used for refinement. The second COF layer is depicted in grey for
better visualization. Experimental data shown in orange, Pawley refinement in grey, difference ianolpeak positions in

green. €) Argon sorption isotherm of FEEOF at 87 K. Filled and open symbols represent the adsorption and the desorption
branches, respectivelifl.he inset shows the pore size distribution obtained from a QSDFT kernel for cylindrical pores.

Argon sorption analysis of FEBOF carried out at 8¢ shows a type IV isotherm, which is typical for
mesoporous materialsF{gure 3-2¢).6* The BrunauegEmmetTeller (BET) surface area and pore
volume were determined to be 1138%g*and 0.76 crig?, respectively. A pore size distribution (PSD)
was calculated from the sorption isotherm using the quenched solid density functional theory (QSDFT)
kernel for Argon at 87 K on carbon with cylindrical pores. The PSD shows a maximum at 3.8 nm, in
agreement wih the calculated pore size of 3.7 nm. PSD analysis thus further excludes the possibility
of AB (calculated pore size = 1.5 nm) and Adsatking (calculated pore size = 0.8 nm) of the layers

(Figure S®).

SEM images of FE&OF show micrometesized, agglomerated spherical particlEgire S3.0). TEM

images visualize the hexagonal pores of the COF structure when viewed along the [001] zone axis
(Figure S3A1) and FasFourier Transform (FFT) analysis indicates a periodicity of 3.6 nm, in accordance
with the experimental sorption andRPD data.
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With the synthesized COF in hand, we probed its activity as a sustainable catalyst for the selective
photocatalytic oxidation of alcohols to aldehydes under aerobic, aqueous conditions. To determine if
the COF is principally capable of such a reactionredex properties of FEAROF were investigated
using cyclic voltammetry. The voltammogram of a @@@Hified FTO working electrode shows an
irreversible reduction peak with an onset potentialefE2 Yy & S-0.78V Figure S31) vs saturated
calomel electrode (SCE). Using the experimentally obtained optical bandg@gapdE2.25 e\(Figure

S312) the position of the conduction band {& and the valence band (& edges were estimated to
be-3.97eV and-6.22eVvs.vacuum, respectively, following the empirical equatiopslE  kaénQvs

SCE + 4.7) eV angsE Esb ¢8.5%% Thus, both electron transfer to molecular oxygeA(@ZO; )
=-0.33Vvs NHE| -0.57vs SCE, and oxidation of electromich organic substrates such as 4
methoxybenzyl alcohol (MBAE 1.48V vs SCEY a model reaction in flavin resear®i’®%¢7¢ is
thermodynamically feasible with FE®OF (fz1.52Vvs SCE}

Indeed, irradiating the reaction mixture containing MBA and FE@K in oxygenated
FOSU2YAUGNRE Sk g (S Nk=483nm)K for alThdz&lectively 3 dkidized 6 MBA to
4-methoxybenzaldehyde (MBAId) with a yield of 4dPble3-1, entry1).

Interestingly, the photooxidation reaction proceeds with a high selectivity of 96% for MBAId,
suggesting the capability of FEBOF as a selective photocatalyst. Notably, oniméthoxybenzoic

acid (MBAcid) was detected as the minor side prodeigyre S3.5). Control experiments additionally
confirmed that the presence of COF and irradiation of the reaction mixture are essential for the
reaction to proceedTable3-1, entries 2 and 3). The presence of oxygen was also observed to be
necessary fothe reaction, indicating that £acts as a sacrificial electron accepfdable3-1, entry 4).

Table3-1: Photocatalytic oxidation of MBA by FEBQF

N V%

OH " ~o0
0, FEAX-COF
MeQO = MeO

MeCN/H,0 (1:1)

MBA 17h 45 °C MBAId

Entry Variation from standard conditiofis Yield(%6)”

1 - 44

2 No FEAXCOF Traces

3 No irradiation Traces

4 Under Argon atmosphere 3

5 In water 22

6 In acetonitrile 70

7 Additional N(EtOH) 17

8 Additional DABC® Traces

9 Additionalt-BuOH 69

[a] Standard reactiorconditions: 20 mM MBA, 11/g FEACOF,
463nm LEDs, MeCN/water (dL, 1:1), 45C, Q, stirring. [b] Yield
after 17h determinedvia HPLEMS. [c] 1,4Diazabicyclo[2.2.2]octan
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We then tried to optimize the reaction yield of the photocatalytic system. The use of pure water and
acetonitrile as solvents led to yields of 22% and 70%, respecf{ivable3-1, entries 5 and 6), which

we attribute to the enhanced dispersibility of the rather hydrophobic COF in organic media, potentially
enhancing the availability of active sites.

To gain mechanistic insights into the photocatalytic oxidation by fEMx, a range of additional
experiments was conducted. The addition of triethanolamind(EtOH) ¢ or DABCO as competing
electron donors drastically reduced the yi€lthble3-1, entries 7 and 8), hinting at direct oxidation of

the benzylic alcohol by the photoexcited COF. As the presence of molecular oxygen is necessary for
the reaction to proceedvide supra, we tried to probe the possible formation and participation of the
different reactive oxygen species, namely, singlet oxygen, hydroxyl or superoxide radicals in the
photocatalytic transformatiort® Since neither the addition of hydroxyl radical scavertgerbutanol
(Table3-1, entry9), nor the absence of watdifable3-1, entry 6)reduced the yield of MBAId, we
expect hydroxyl radicals to only play a Aeroductivec if anyc role in the catalytic cycle.

In order to detect possible singlet oxygen and superoxide species, we carried out electron
paramagnetic resonance (EPR) spectroscopic measurements. When illuminatin@ ®EEAX the
presence of 5 limethyl1-pyrroline Noxide (DMPO) as a sgirap for the superoxide ion (&), we
observed a 1:2:2:1 signal typical for the DM@8& adduct, formed by the decomposition of unstable
DMPQGOOH, proving the presence and hence the formation ofddiring the catalytic cycle={gure
S316).7°

When using 2,2,6,8etramethylpiperidine (TEMP) as the spin trapping agent for the detection of
singlet oxygen, a 1:1:1 signal characteristic for (2,2&&methylpiperidinl-yl)oxyl (TEMPO) was
observed’* Compared to the control measurement without illumination, the intensity of this signal
increased after irradiation with blue light, suggesting th@t is also generated alongside OSince
TEMPO can also be formed in an alternative electron transfer reaction, we further corroborated the
generation2 ¥ & Ay 3f Sl 2 E-&ediSeie idthe pdenc&df FEIRYPHEphdtocatalytically
(Figure Sa7)."2*The formation of ascaridole clearly proves the presence of singlet oxygen, and in
accordance with the oxidative power of FEB®F we also detectqgecymene and other products of
electron transfer reactions.

The productive role of singlet oxygen in the oxidation of MBA was tested by using deuterated solvents
for the photocatalysis experiment with FEE&OF. We couldbserve a slightly increased yield of 55%

(vs 44%) compared to standard reaction conditions when using a mixture of acetodialed DO

(Table S

3-2, entry 10), which we attribute to the prolonged lifetime &, in deuterated solvent$*’>On the

other hand, a decreased yield of 27% is observed in the presence of singlet oxygen scavenging sodium
azide (Table®2, entry11). The retention of photocatalytic activity in the presence tbascavenger

also demonstrates that singlet oxygen is not the sole active oxygen species. This indicates the
coexistence of @ and 'O, which is also known for flavihand covalent triazine framework
photocatalystsn aerobic oxidations, for exampl&/° However, we consider the generation'@, via
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energy transfer from photoexcited FE&OF to be negligible, since we did not encounter
photooxidation of furfuryl alcohol even though furans are known for their reactivity towadgér able

-3, entry 6)% Instead, it is proposed that a second, but minor pathway for the oxidation of MBA to
MBAId by singlet oxygen is enabled through electron transfer reactions with superoxide radicals,
namely reoxidation of © to 'O, by electron holes, or disproportionation ot Qo 0, and HO; (Figure
8318).20‘81’82

Based on these results and literature reports on aerobic photocatalysis with ffévangjausible
mechanism for the photooxidation of MBA by FEZ2QF can be compile&igure3-3a). The benzyl

alcohol substrate is proposed to be oxidized by the photoexcited state ofEBRxwith the resulting

radical anionic COF species reducing dioxygen to a superoxide radical. Through subsequent electron
and proton transfers, & and the substrate radical cation MBAventually give the final products

H.O, and MBAId. Indeed, 4@, wasdetected in the reaction filtrate using titanyl sulfate as teagent,

which led to the immediate formation of orange peroxotitanyl speckégure S28).8%8

a ) b
MeO A _ " O o H. OH
FEAx MBA - PEAX " + MBA N J
COF il £ se) () l)Li
@ T 100 K i NN
h 0,2+ E H ‘ N Ho oMe
v MeO detected as TiO; = KM oH . N
i : : / e
MBA H20, < NfLNJ ;! K
FEAX 7 £ & o “__PEAXH" + MBA
COF~ G 50== ‘ —_—
c L OMe (53.4)
MeO £ 0 / +0,
MBAK g - Ha02 L. PEAX
= PEAX + MBA / MBAId
e T — o
I::%.L::x detected via EPR
0,

Figure3-3: (a) Proposed mechanism for the photocatalytic oxidation of MBA by-EB#x (b) Calculated reaction enthalpies

for a possible pathway in the oxidation of MBA by model compound PEAX.

The reductive quenching of FEEBOF in the mechanism elaborated above is in line with mechanistic
investigations on MBA photooxidation by flavi§§! In addition, quanturachemical calculations on
PEAX (18liethyl-6,9-diphenylalloxazine) as a molecular model system representative of the extended
COF structure corroborate the proposed mechanism. The comparison of stabilization energies for the
anionic ad cationic state on the PBEO D3/def2 TZVP level of theory (T8¢ Show the
destabilization of theadical cation and the stabilization of the anion in the gas phase by +173.6 kcal
moltand-34.7 kcal mot, respectively. This indicates a reductive quenching of f£E?xto FEAROF

as the more likely step than the oxidative quenching to FE@f*.858

Furthermore, the reaction enthalpy for the photooxidation of MBAHBAXCOF was estimated on the
PBEED3/def2TZVP level of theory with solvation effects being considered using the implicit solvation
model COSMO with a value of 36.64 as the dielectric constant to represent acetonitrile (F-&pfé S
Following the mechanism proposed for FEZ2QF, PEAX is believed to be reduced to the radical anion
PEAX after photoexcitation, while MBA is oxidized to MBif return (Figure3-3b). The energy gained
from the reduction is not enough to compensate for the formation of MBendering this single
electron transfer endothermic by +125kBalmol?. Thus, considering the energy of the incident
photons of 463/ Y  fkcatmel!, a protoncoupled electron transfer (PCET) leading to PEAsnd
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MBA, with an associatedeaction enthalpyof +53.4kcal mott, seems more probable. Given the
aerobic reaction conditions, it is expected that MB#further oxidized to MBAId either by a second
photoexcited PEAx molecule, or by Cthe latter of which results from reoxidation of the intermediate
semiquinone radical anion PEAby dioxyger?’

The photocatalytic activity of FEA&OF in the oxidation of MBA was then compared to three different
molecular alloxazine model systemgsl,3-diethylalloxazine HEAX, PEAX, and the FEAX lirkguré

3-4a). One important distinctive feature in the FEBOF system is the enhanced conjugation, which
broadens its absorption profile and extends it up to 650 nm, with an absorption edge around 550 nm
(Figure3-4b). On the contrary, the light absorption of neither of the mentioned molecallaxazines
extends beyond the blue region of the visible spectrum.

a b 1.0

FEAx-COF
S FEAX
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g —— PEAX
2 — HEAX
2 05
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& :
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Figure3-4: (a) Molecular structures of alloxazine model compoundsUW)Vis spectra of model compounds and FEF
(top) incomparison to LED emission spectra (bottom).

Consequently, FEAXOF surpasses the activity of the molecular compounds when illuminated with
blue LEDs of 463m ¢ especially when using acetonitrile as the solvéniggre S22).In a 1:1 mixture

of acetonitrile and water, HEAx and FEZQF perform similarly=igure S22). However, when using
low energy green light (517m), the reaction yield still remains at 20% with FEAF, while no
product formation is observed with HEAX, PEAX, or HE&xreé S21). Under illumination with orange
LEDs, no oxidation takes place in either case.

To allow for sufficient light absorption by all four photocatalysts, this comparative study was
02y RdzOG SR & A dik 4082 ThS dissdlvealiogazitessHEAx, PEAX, and FEAX, gave yields
of 78%, 39%, and 87% after i,/respectivelyTable3-2), which is either lower or in the range of the

heterogeneous catalyst FEQOF (79%). To investigate possible photodegradation effects of the
catalysts under prolonged illumination, we repeated this experiment after illuminating the oxygenated
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reaction mixtures for 72 hours prior to substrate additiomterestingly, preilluminated HEAx and
FEAXx show clearly decreased yields of 40% and 55%, respectively, whereas PEAX (45%)CGDHE FEAX
(73%) do not show significant signs of lower activitglfe3-2). This hints to higher photostability in

the latter cases. In fact, UVis spectroscopy indicates more pronounced bleaching of the molecular
alloxazines compared to FEGOF Figure S23).

Table3-2: Photocatalytic efficiency and photostability of FE?QF and model compounds in the oxidation of MBA under
irradiation with violet light.

Entry Catalyst  Yield(%)}? Yield(%) afterpreilluminatiori®®!

1 HEAX 78 40
2 PEAX 39 45
3 FEAX 87 55
4 FEAXCOF 79 73

Reaction conditions: 20 mM MBA, 1.5 mg FE®F or 2 mM mode
compound, 404 nm LEDs, MeCN (1 mk)[&) Yield after 17 h determine
via HPL@S. [b] Samples illuminated prior to photocatalysis experime
(72 h, 404 nm, MeCN 2D

When further assessing the photocatalytic activities of the molecular alloxazines under illumination
with violet LEDs but in different solvents, we get significantly diverging reaction courses. For HEAX, we
find higher turnover in a 1:1 acetonitrile/watenixture compared to pure acetonitrile, whereas FEAx

and PEAXx show decreased activikig(ire S31).

Inspired by these findings, we performed puldezld-gradient NMR experiments to determine the
relative diffusion coefficients for FEAx and HEAx as a measure for their aggregation behaviour.
According to the StokeBinstein equation, the diffusion coefiiént is reciprocally related to the
hydrodynamic radius of a diffusing species, which changes upoagmi€gation of the molecules.

We find that HEAX exhibits a higher degree of aggregation in pure acetonitrile compared to a 1:1
acetonitrile/water mixure (Figure S382). On the contrary, FEAx shows higher aggregation in the
agueous solvent mixture. Although both molecular catalysts apparently show opposite aggregation
behaviour in the respective solvents, a comparison with the photocatalytic yields of MBAId indicates
aninverse correlation between aggregation and photocatalytic efficacy for both catabigisr¢ S3

32). In this regard, both FEAX and HEAX follow the behaviour of structurally related flavins as reported
earlier by Feldmeieet. al. and Dadovéet. al®"%” Notably, this effect strongly reduces the yield of
MBAId with the molecular catalysts FEAx (water) and HEAx (MeCNg%towhen using blue LEDs,
while FEAXCOF affords 20% of MBAId in either casEigure S22). Incorporation of the alloxazine

unit in the COF thus provides two benefits: suppressing scivelitced aggregation while maintaining

the accessibility of the active sites within the ordered porous structure.

" This "preillumination" experiment aims at simulating repeated photocatalytic cycles with the photocatalysts
under investigation. Since the molecular alloxazines are homogeneous catalysts, actual cycling including catalyst
recovery is impractical. To asséle remaining activity of the catalysts, we add MBA afteh#@2otherwise, it

would have been completely oxidized to MBAId or even MBAcid.
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The photocatalytic activity of FEAAOF was further compared to a COF not comprising alloxazine
chromophores. By using a terphenyl linker instead of FEAXx for the construction of this reference
material, we were able to obtain a COF with similar charadiesisuch as crystallinity, pore size, and
surface areaKigure S30). However, the absence of alloxazine chromophores in the terphenyl COF
leads to a hypsochromic shift of about 18&. After illumination with blue light for 24, FEAXCOF
afforded 67% of MBAId, which is significantly higher compared to the terpheny1598j. These
results nicely illustrate that the photocatalytic activity of FEXOF mainly arises from the
incorporation of alloxazine units.

After photocatalysis, the FEASOF sample was fully characterized to check for possiolendposition.

As seen from theXRPD pattern, the framework crystallinity is largely, yet not completely retained, in
line with the strongly oxidizing conditions during catalyBigjre S24). Sorption analysis evidences

the preservation of mesopores but reveals a significantly diminished surface area which we attribute
to a partial amorphization of FEAOF. The FTIR and ssNMR data show the appearance of weak
aldehyde signals which point stight degradation effects, while the overall molecular connectivity and
hence the structure of the framework remains largely unchandgégufe S25). Further, SEM imaging
illustrates  the retention of the morphology of FEBOF FKigure S26).

In addition to its applicability for MBA photooxidation in different solvents and under varying
irradiation wavelengths, FEASOF can also be used as a photocatalyst for an extended substrate
scope. Since the reaction mechanism is based on an electemsfer from the substrate to the
electron hole of FEAKOF \{ide suprd, the scope is limited to substrates with oxidation potentials
below E» (1.52vs.SCE). Consequently, electspaor alcohols such asrtrobenzyl alcohol (&= 2.84

vs SCE), unsubstituted benzylic alcohel £4.94vs SCE), or furfuryl alcohol{E 1.73vs. SCE) are

not oxidized to the respective aldehydes in significant amoufable S-3, entries 16). On the other
hand, FEAXOF oxidizes-thiophenemethanol (& = 0.72vs SCE) with yields similar to MBA (Table
3-3, entries 5 and 7). Further, the photocatalytic activity of FE®F is not limited to aromatic
alcohols. Indeed, we could demonstrate the applicability of FE@k also as a photocatalyst for the
sulfoxidation of 2methoxythioanisol (Table3s3, entry 10)and for the GH oxidation of substrates such

as xanthene and-fhethylanisol Table S-3, entries 8 and 9).

Conclusions

We report the first COF composed of photoactive, yet photostable alloxazine building blocks that can
be usedefficiently as a photocatalyst in aerobic oxidations. By virtue of not only anchoring alloxazines
to, but rather incorporating them into the heterogeneous support, we obtain a COF that strongly
absorbs visible light. Consequently, the photocatalytic effiaat FEACOF equals or even exceeds the
performance of a series of comparable molecular alloxazine photocatalysts, while simultaneously
proving more stable. Notably, FEEOF catalyzes the oxidation of MBA even under illumination with
low energy green diht. More generally, its heterogeneous nature prevents disadvantageous
aggregation of catalytic sites and allows for better prodeatalyst separation and recycling. Overall,

the construction of alloxazine COFs nicely illustrates the synthetic posssbitifi the underlying
reticular chemistry and broadens the scope of-liepired, metalfree heterogeneous photocatalysis.
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4 Iridiumloaded Covalent Organic Frameworks for W&ks Shift
Catalysis

Unpublished results

4.1 Introduction

In order to tackle the current environmental crisis and reduce carbon dioxide emissions, increasing
effort is being put into solar power, batterelectric technologies, and energy storage systems.
Hydrogen gas has a special role in the emerging paradigmatic sector coupling concept as it can be easily
producedvia photocatalytic or electrocatalytic water splitting, and subsequently used for energy
storage and transformation. A detailed discussion on this aspect is given in chaybténis thesis.

Today, however, the role of green hydrogen is still margina20m, less than 1% of tame from
environmentally friendlysources' As of today, the main sources of &te natural gas (62%), and coal
OMEr0Y 020K 2F g KAOK PTéreabdn mrSHe &tiff iRsiguifdadifaie ofigeédNE 3 Sy
hydrogen in this mixture is based not only on its raompetitive price, but also on the sheer

dimension of the hydrogen market. Dihydrogen is an indispensable reactant in oil refinement,
methanol production, and the Habd&osch procesg i.e., ammonia productiorg highlighting its

economic importancé.

Hydrogen production from methane, for example, can be accomplished by steam reforming. In this
process, CHs partially oxidized with water to carbon monoxide and three equivalents of dihydrogen
according to eg4-1.* Industrially, this net yield can be increased to four parshrough integration

of a watergas shift reactofeq. 42). There, the carbon monoxide obtained from steam reforming is
converted with another equivalent of water to ultimately yield G@0d H in the secalled watergas

shift reaction (WGS, eqg4-3).* Furthermore, the removal of CO leads to purer hydrogen product
streams® Altogether, the WGS reaction is a useful tool in maximizing the hydrogen output from fossil
fuels, bridging the time until carbeneutral hydrogen generation techniques mature and can keep up
with growing H demand.

[1,bl,h O/ hot,l (eq. 41)
[1,bH 4 O [h,bn | (eq. 42)
/ h1im©o /h,bl, (eq. 43)
Ihybl 4 © / h I (eq. 44)

" Whereas grey hydrogen production costs rough WS$ kg, the production of green hydrogen is currently in
the range of 38 US$ kg. Sourceint. J. Hydrog. Enerd022, 47, 2413&24154.
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Ly Rdza i N& | f KSGSNRr3ISyS2dza 2 D{ Ol G SYelagiNng G HZNB  dz&
iron/chromium2 EA RS -28Y 140% 160G dzNB aKAFiGé T Ay Ok 02 LILISNI 2EAR:
temperatures of 35450 °C and 19@50°C, respectively.The WGS reaction is in a chemical
equilibrium with its back reaction, i.e., the reverse watgs shift reaction (RWGEqg. 44), and can

thus be controlled accordingly. The forward reaction is mildly exothemtic<(-41kJ mot'), so that

the equilibrium shifts tovards the products (Hand CQ) with decreasing temperatures, according to

LE CHATELIER principle’ However, since the reaction rate is higher at elevated temperatWéGS

reactors are operated at elevated temperatures as stated abdespite theless favorable chemical
equilibrium’

Homogeneous WGS catalysts on the other hand were found to work efficiently at temperatures lower
than that required for commonly used heterogeneous systénfis(COD)t] complexes (COD =
cyclooctadiene), for example, reportedly catalyze the WGS afCARith rates comparable to other
metal complexe$:® It was proposed that the catalytically active species is formed through
replacement of COD by CO. Over the cause of the catalysis, Htidiund CO is supposedly attacked

by water and subsequently releas@dthe form of CQ SAUVAGEnd coeworkers later revealed that

the final hydrogen releaseia reductive H elimination is the ratedetermining step in this schenté.
Coincidently, this exact step and thus the whole WGS process under iridium catalysian be
facilitated through irradiation with visible light. Ultimately, this al®fer room temperature WGS
catalysis with a related Ir complex, namely [Cp*Ir(bpy)CI]CI.

The underlying mechanism for phesssisted WGS catalysis [63p*r(bpy)CICI and derivaveshas
been elaborated bylESSEsince1988 Schemed-1). It was found that the role of both the chloride
ligand and thecounterion is negligible, and that they are interchangeable for example with water (or
hydroxide) in agueous media'?The loss of the chloride ligand fram1 provides a free coordination
sites viable for catalytic applicatioh$In the case of photassisted WGS catalysis, the li@and is
replaced with CO in the first step, yielding a formally 2+ charged iridium corrf2e6chemed-1).
Nucleophilic attack of water on the carbonyl carbon and subsequent deprotonation givesGH
speciedr-3.1*In the rate determining step, G@ released, leaving behirtde Ir(l) specie$r-4. Dueto

being coordinatively unsaturated, this highly reactive species can only be isolated at high pH as a purple
solid>*® At pH 7 and below, howevelt-4 is readily protonated to its yellow conjugated adieb.'’
Neutral conditions also proved to be optimal for WGS catalysis (@ighir(bpy)CICI as Coand H
formation are contrarily favored in basic and acidic media, respectifely release does not only
constitute the final step of the catalytic cycle, it is also the only part that relies on light absorption,
rendering the whole process liglasssisted. It can be best described as reaction of the hydrig&

with a weak acid such as water in this c&& the dark, hydride transfer is significantly slower as the
ground statelr-5 is a weak hydride dondf. The underlying photénduced hydricity increasevas
identified to be caused by met#b-ligand chargdransfer (MLCT) from iridium to bpy, and/or ligand
to-ligand chargeransfer (LLCT) from bpy to hydrog€rf®Even in the absence of a proton sourtre,

5* can release hydrogen through interaction with nexcitedIr-5 via seltquenching?
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Hz * co
0 k&
No, /
I,
L™
H*, CF [N T or
=
Ir-1
T N
= RN
[N, >;\(A ‘:,[N,,,,,.l/ .
T. r,
L N
| \N/ \H i N/ cO
[ A
Ir-5* Ir-2 Hz0
net reaction:
[Ir]
W CO+H0 — = H,+CO,
b
T T
= ] =
I, T,
S L g-oH
Ir-5 Ir-3
RS
H* Ly '
@l CO, H*
~

Ir-4

Scheme4-1; Catalytic cycle for the photassisted wategas shift reaction with [Cp*Ir(bpy)Cl|QWodified from [14].
Copyright © 1991 WILEYCH Verlag GmbH & Co. KGaA, Weinheim

Consequently, the hydricity ¢€p*ir(bpyH]* and related compounds was also utilized for numerous
hydrogenations reactions including ketorfésaldehydes’®?* and olefins® In the context of C1
economy and CpOutilization, Cptr species were also found promising candidates for the
hydrogenation of COto formic acid and/or formate (eq4-5).2%2% It was even found that
[CpHr(bpy)ClClcan catalyze the formation of methanol from formic agidnd thus ultimately from
carbon dioxideg through disproportionatiorf>32

/hybl , O 1 / hhi (eq. 45)

With such wide and promising catalytic properties for homogeneous catalysifGuthr(bpy)CI]Cl and

its derivatves it is not surprising thatumerous heterogenization approaches have been madkdn

last years, given that heterogeneous catalysis allows for easy product/catalyst separation in contrast
to homogeneous catalysi§Cp*Ir(bpy)CI|Cl is prepared from dimer[€p*IrCh]. upon reaction with
bipyridine at room temperature and without the need of additional reageffEherefore, basically

any heterogeneous material exhibiting accessible bpy sites can be charged with mononuclear, defined
iridium complexes. Examples for such supports inekemvalent triazine frameworks (CTES) metal

organic frameworks (MOF%)and porous organic polymers (POP<Y.Our group has extended this
scope to covalent organic frameworks (COFs), which are crystalline, porous polymers constructed from
organic building blocks in a targetiented approach. Making use of the practically unlimited library

of linkers, we devise@€OFs based on bipyridine units and tested them for water oxidation catalysis
with the above mentionedCp*r(bpy)ClHike complexes (seehapter2 of this thesis). In @eparate
follow-up master thesid? our group successfully exploited irididwaded COFs for both GO
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hydrogenation as well as methanol formation. Though the retention of catalytic activity was confirmed
after binding iridium to the COF supports, the imine bonds underlying the framework proved to be
prone to hydrolysis and/or reduction under the acidic al#aline conditions used for formic acid
disproportionation and Cghydrogenation, respectivei:*

Herein, we demonstrate the applicability of irididoaded COFs for yet another catalytic application,

i.e., the photoeassisted WGS reaction. To the best of our knowledge, COFs have not yet been reported
as heterogeneous catalysts in this context. In afbimterlude, we introduce reductive reactions
catalyzed by CG$upported iridium complexes in the form of transfer hydrogenations. The reduction

of organic aldehydes using either formic acid or sodium formate as hydrogen source is successfully
conducted vith various iridiumloaded COF catalysts. Mechanistically, both WGS catalysis and transfer
hydrogenations elapseia the same iridium hydride specietherefore also the WGS reactiacould

be catalyzedwith a series of COFs after anchoring molecularly defined iridium species. Finally, we
discuss the factors limiting WGS catalysis with heterogenized compared to homogepecies.

4.2 Results and Discussion

A series of threasoreticular COFs was chosen to support iridium for heterogeneous WGS catalysis
(Scheme4-2). Of these, TARBPY COF and its loading with the Cp*Ir moiety has been extensively
studied in chapter of this thesis (Cp* pentamethylcyclopentadienylAn analogous CCiEaturing
triazine instead of benzene nod€BFBPY CORMJill be exemplarily examined in more detail within this
chapter. Both TARBPY COF and-BPY COF feature bipyridine units covering the pore walls, which
can bind I¢lll) as a cationic species similar to the molecular [Cp*Ir(bpy)CI]CI archébme =
bipyridine) i.e., with both a chloride ligand and counterio®n the contrary, TARBPY COF is
constructed from 1,3,8ris-(4-aminophenyl)benzene (TAPB) and a phenylpyrithagsed dialdehyde.

In contrast to bpy, phenylpyridine (ppy) binds thegaer iridium complex as a formal anion after
cycloiridiation. Consequently, a base is required during the syntheathievethe GH deprotonation,

and the resulting Ir complex carries neither charge nor -ac@lnterion. Synthetic details and
characterization for TARBPY COF and its irididloaded counterpart (Ir@ TAPBPY COF) are given in
the supporting informatior(chapter6.4).

Cl }\ b
@ o Mo )
®®

&N l\i
N N Cl

TT-BPY COF
O TAPB-BPY COF CH N Cr

N:\ TAPB-PPY COF CH C

Schemed-2: (a) Molecular structures of a series of isoreticular iridimaded COFs used for WGS catalys)dllustration of
the structural modefor TFBPY COF (color coding: C = grey; N = blue, H = white).
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TFBPY COF was obtained through standard-eatdlyzed condensation @4,6tris(4-aminophenyl
1,3,5triazine (TT) with2,2-bipyridine-5,5-dicarbaldehydgBPY) under solvothermal conditions (see
supporting information chapter6.4). Fourier transform infrared (FTIR) spectrosgapves evidence
for this condensation in the form of an imine stretching vibratigayat 1625cm™? for the obtained
solid (igure S4). Both the prominent amine stretching vibrations of the TT linker
(M1 =3200¢ 3500cm™) and the aldehyde band of BPX.4=1696cm?) are absent in TBPY COF,
hinting to complete condensation. Furthermore;ra§y powder diffraction (XRPD) illustrates the
crystallinity of the resulting materiak{gure4-1). TFBPY COF exhibits sharp reflectiong at=2.35,
4.10, 4.74, 6.31and 8.32, and a broad stacking reflection around 25.5°. Using Pawley refinement,
these signals could be assigned to the (100), (110), (200), (210), (220), and (001) plaR&suoita
cell with the cell parametera=b = 42.204, c=3.49A,h =i =90°,and’ =120°(R., 8.48%Figure S4

2).

The experimental data suggests that the G&fers in TBPY COF are stacked itnaarly)eclipsed
(AA) rather than a staggered (AB) fashion, further confirming the proposed structural fagieie
S43). Porosity assessmenia argon sorption further corroborates this idea.-BPY COF exhibits a
type IV isotherm characteristic of mesoporous materf&lEhe derived poresize distribution features
a distinct signal around 3.81 nm in accordance with the expected pore diameter of JBgume S4

3, Figure S®). The BET surface area and the pore volume were determined to bemZ3§6 and
1.080cm? g?, respectively.

The assynthesized T'BPY COF was subsequently reacted with [Cpldi€brder to bind the targeted

Cp*Ir motifs to the bpy units decorating the COF backbone, yielding HEPYTCOF. When using a
large excess of Ir precursor in a suspension éFY COF in DMF, a maximal iridium content of around
15 wt% could be achieved aevealedvia inductively coupled plasma (ICP) spectroscopy. 15 wt% Ir
correspond to roughly half occupation of bipyridine units when assuming the attachment of [Cp*IrCI|ClI
fragments.Lower iridium contents can also laehievedby adjusting the amount of reactants in the
postsynthetic loading processTdble 8-1). Solidstate nuclear magnetic resonance (ssNMR)
spectroscopy clearly confirms the presence of Cp* units, given the strong signals at 9(@amdg 9
which can be assigned to the aromatic carbons and the connected methyl groups, resp¢eiguaty

4-1a). The underlying framework signals for triazine and imine carbons at 169 an@pith5
respectively, as well as the spectrum of other aromatic species remains unaltered, hinting at the
conservation of the COF backbone during metalation. Al8ssNMR confirms the preservation of
aromatic protons alongside the appearance of aliphatic protons arounddnbsupposedly stemming

from methyl groupsKigure S4L3). XRPD and sorption analysis reveal a decrease in long range order
as well as a complete loss of mesoporosity after iridium loa@itgred-1b + 9. However, it is possible

to counter such effects using praetalated linkers for the synthesis of Ir@BPY COfFigure S4).

This concept is further outlined in chaptgrand only postsynthetic loading of COFs with iridium will
be covered in the following.

Scanning electron microscopy (SEM) corroborates the proposed preservation of BBYTTOF
structure after loading with Cp*Ir, as no changes in morphology are appéfenire S4.7-19, Figure
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S421-23). Elemental mapping reveals the even distribution of both Ir and Cl over the COF patrticles,
suggesting deposition of iridium in a molecular fashionaddition, formation of iridiunrcontaining
nanoparticles is not observed irahsmission electron microscopy (TEMages(Figure S£0, Figure
S424). However, whereas metdtee TFBPY COF exhibits visible pore channels, we could not find
pores or other crystalline features for r@BPY COF.

1200

a Ir@TT-BPY COF b —— TT-BPY COF o] —a— TT-BPY COF
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Figure4-1: 13C ssNMR specti@) (left), XRPD patternsd), and Ar sorption isothermg)(for TFBPY COF before and after
postsynthetic treatment with [Cp*Irglb. NMR spectum of [Cp*Ir(bpy)CI]CI dissolved B3O given for comparison. Asterisks
mark spinning side bandeset shows photographic image of-BPY COF before and after metalation.

Finally, Xay photoelectron spectroscopy (XPS) was used to confirm the binding of the targeted iridium
complex to the COF support. Ir@BPY COF exhibits a lyApeak with a binding energy of 62.8%,

which is in good agreement with [Cp*Ir(bpy)CI|CI (62¥]Figure S414), suggesting that Ir is bound

to the COF in a manner comparable to the molecular Ir(lll) complex. This finding is corroborated by the
respective nitrogen XPS signals. Mdtak TFTBPY COF exhibits only one distinct Nigeal centered
around 398.9&V, which comprises triazine, bipyridine, and imine nitrogen species @igere
4-2).4%49 After metalation, a new signal at 400.8Y appears, which is ascribed to bipyridine nitrogen
atoms binding to iridium. For molecular [Cp*Ir(bpy)CI]CI we found a similar value of 400.03

(a) 'E.xperimental (b) Experimental (C) Experimental
iridium-bound pyridinic N pyridinic N
Background T —l * iridium-bound T Background
S Background b
. 400,03 S g N 398.96
5 ] 5 [ 5 |
< i \;— < T N cl @ N
N N - N A 398.69 =
£ Ir. = £
(7] P %} N @ -
S (N g h 400.31 < ol
£ g | £ d
D/C NN
e, AL
N
406 404 402 400 398 396 406 404 402 400 308 396 406 404 402 400 398 396
Binding energy / eV Binding energy / eV Binding energy / eV

Figure4-2: Nitrogenls XPS spectra fiEp*Ir(bpy)Cl]Cla), r@TTBPY CO®), andparent TTBPY CO(E).

Due to the high amount of iridium complexes bound to the COF, it is even possible to detect and
distinguish the corresponding chlorine specigs XPS. Ir@TFBPY exhibits two sets of Cl 2p signals
with 2ps» peaks around 196.65 and 198.8Y, which can be assigned to the chloride counterion and
the iridiumbound Clligand, respectivelyFigure S4.5).°°°! Deconvolution and integration revealed

an estimate counterion/ligand ratio of 1:2.6 for Ir@BPY COF, but 1:1.3 for molecular
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[Cp*Ir(bpy)CIJCIIt is presumed that during synthesis the &lunterion is partially replaced by, for
example, OH

In order to provide evidence not only for the targeted metal complex composition, but also for its
retained catalytic activity, we performed transfer hydrogenation reactions with the isoreticular series
Ir@TTFBPY COF, Ir@TABBY COF, and Ir@ TAPBY COB¢hemet-2). Iridium compounds including
[Cp*Ir(bpy)CIICI have been shown to efficiently reduce both aromatic and aliphatic aldehydes at low
catalysts loadings, and with high turnover frequencies (T&F®)is reaction can be conducted in
water at 80°C and with formic acid as the hydrogen source, which means that organic solvents can be
avoided and Cgis the only side product. On top of that, the use of iridioaded heterogeneous
catalysts such as COFs would further simplify this reaction by facilitating proalatyst separation.

Table 4-1: Transfer hydrogenation experiments with | It
loaded COFs. o |)§\
,r\o
H’J*o co,
©) H{ O0H HCOOH
05N
3'3 C 7t HCOOH I
Entry Catalyst Yield TOR CN,E% 3&'; (Sf"}%\
1 Ir@TAPEBPY  62% 1273 h L s/ 4
1 | Ir-5
Ir-C
2 Ir@TAPBPPY COF 29% 595 ht o
3 Ir@TFBPY COF 6% 130 ht k /\ cﬁ
4 [Cp*Ir(bpy)CIICI  71% 3.024 h CNN}_\%B R

& jridium loading 23wt%. See supporting

information for details®: after two hours -8

Scheme 4-3: Mechanistic proposal for transfe
hydrogenations with Cp*Ir complexes. Adapted fro®d]|[
with permission Copyright © 1999Royal Society ol
Chemistry.
We chose 4itrobenzaldehyde as the substrate to probe the catalytic activity of our iridaaded
COFs as it can lmmasily quantified via NMR spectroscopy and at the same time is sufficiently soluble
under the reaction conditionsWe found that Ir@TARBPY COF and Ir@ TAPBY COF show high
conversion, judging from their TOFs of 1273and 595h* after two hours of reaction, respectively
(Table4-1, entries 12). Ir@T-BPY COF exhibited a lower activity with a TOF ohZ20ter 2h (Table
4-1, entry 3). Almost complete conversion is observed aftethd@irs with Ir@TAPBPY COF, and no
organic side product apart fromMitrobenzylalcohol was observed-{gure S4€5). The long reaction
times can be ascribed to the low catalyst content of 0.025 mol% with regards to the substrate. Such
high substrate/catalyst ratios allegedly suppress the formation of hydrogen gas by formic acid
decomposition $chemet-3). Intuitively, conversion rates can also be tuned by varying the loading of

iridium to the respective COF. For Ir@TAHBY COF with 14% and Ir@T-BPY COF with 1%, we

" Otherpara-substituted benzaldehydes (RH, Me, OMe) proved to be not completely soluble at@0n water
and needed addition of organic @wmlventsfor dissolution.
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found complete conversion already after two and four hours of reaction time, respecthigiyré S4
26). MetaHree TAPEBPY COF, on the other hand, does not catalyze the reduction- of 4
Nitrobenzaldehyde, and no product formation was observed.

Interestingly, [Cp*Ir(bpy)CI]CI as a molecular reference showed a TOF oh*1,0&kich indicates
lower catalytic activity compared to Ir@ TABRY COH able4-1, entry4). However [Cp*Ir(bpy)CI|CI
already exhibited a Tiof 2714 ht after a reaction time of 4tninutes(Figure S47). Detailed kinetic
studies are beyond the scope of this thesieough

In additional test reactions, sodium formate was employed as an alternative reactant in the transfer
hydrogenation reaction. However, all tested irididoaded COFs show lower reaction yields with
sodium formate compared to formic aciligure S45).

More interestingly, the choice of hydrogen donor has drastic effects on the COF support. FTIR
spectroscopy reveals signs of imine hydrolysis when using formate, as indicated by a presumable
aldehyde band atco=1697cm? (Figure S£8). Given the elevated reaction temperature and the

aqueous medium, partial hydrolysis is not surprising. However, no aldehyde band is detected in
Ir@TAPBBPY after catalysis with formic acid under identical conditions. Instead, we note the complete
disapparance of the imine band atcw=1624cm?. Together with a very weak amine vibration

around 341Zm's (KA a adza3Sada GKS NBRAOGA2Yy 2F GKS FTNIY
20aSNDIFGA2ya INB Ay tAYyS gAGK 2dzNJ INRdzLIQa NBOSy
where also imine bonds were transformed into amines using formic*a&8ldgardless of the hydrogen

donor, however, Ir@TAPBPY COF does lose its crystallinity during catalysis judging from XRPD data
(Figure S49).

After proving that the heterogenized iridium motifs retained their catalytic activity for reductive
catalysis, we further test their applicability in the phedssisted WGS reaction. To this end, we
suspended iridiumoaded COFs in phosphate buffer in a&-tight photoreactor and subsequently
replaced the atmosphere with C@igure S40). Indeed, upon illumination with AM1-fitered
AaAYdzZ I GSR adzyt A3KiG ¢S O2dzZ R RSGSOG arayArAFTiolryd |
which supposedly stem from WGS catalygigure4-3). In the dark, hydrogen evolution could not be
observed Figure S81). Ir@TIBPY COF showed hydrogen evolution rates of aboutpingé H h*
(22114 pmol g* h1), which corresponds to a turnover number (TON) of 1.28 after three hdaislé

4-2, entry 1). The hydrogen evolution proceeds continuously with neither induction period nor obvious
deactivation after several hours of illumination. Ir@TABBY COF shows a slightly lower activity with

a TON of 1.12T@able4-2, entry 2).Ir@TAPB’PY COF on the other hand shows a very low activity of
0.02 turnovers within three hourd @ble4-2, entry 3;Figure S481). This finding will be discussed later

in this chapter.

A control experiment with metdiree TFBPY COF shows no hydrogen evolution, indicating that
anchoring of iridium species indeed induces the catalytic activity observed for B®YTOH éble

4-2, entry 4). ICP analysis of the reaction mixtures after catalysis reveals that only small amounts of
iridium in the range of 1% detached from the metalated COHgufe S42). Even though the

70



4 - Iridium-loaded Covalent Organic Frameworks for WaEers Shift Catalysis

leachedout iridium species were not characterized further, it can be hypothesized that their eventual
catalytic activity doesot fully account for theTONsbservedfor Ir-loaded COF#\s shown byIESSEL
chelatingligands such as bpy are a prerequisite fight-assisted WG8atalysis with Cp*Ir specié¥.
Assuming detachment of iridium centers from the bpy sites covering the COF poresuetispecies

are thus expected to show little catalytic activilyjne COFs retained their ordered structure, judging
from preserved (100jeflections Figure S48B5).

For the control experiment with homogeneous iridium species, we found activities one order of
magnitude higher than ithe heterogeneous system3dble4-2, entry 5). [Cp*Ir(bpy)CI]CI showed a
TON of 11.46 after three hours, and 8.39 after two hours. Within the latter period, literature values for
[Cp*Ir(bpy)CIICI state a comparable TON &t Bhe small deviation can be explained by varying
reaction conditions such as the lower CO pressure of omdymlfor the literature experimenvs.
1.5bar in our case.

Table4-2: Photoassisted WGS catalysis witHdaded COFs.

50 |- [Cp*Ir(bpy)CIIC

x entry catalyst n(lr) / umol TON?
1 Ir@TTBPY COF 3.64 1.28
or 2 Ir@TAPBPY COI 2.55 1.12
: 3 Ir@TBPPY COF 0.62 0.02
g - 4 TTFBPY COF 0.00 -
> 5° [Cp*Ir(bpy)CIICI 2.71 11.46

20

2 after 3h P: for the H trace, seeFigure SB1¢
Ir@TT-BPY CQF after 2h, the TON was 8.39

10
Ir@TAPB-BPY COF

o TT-BPY COF .
0 2 4 6 8 10 Figure 4-3: Hydrogen evolution traces during phe&ssisted
Time / h WGS catalysis with homogeneous and heterogenized C

species. Asterisk marks brief interruption of illumination.

Interestingly, we found that the iridiuroatalyzed WGS reaction leads to visible color changes of the
reaction mixture. Whereas during setup and degassing IHBAY COSuspensions appear orange,

they quickly turn blue upon increasing the CO pressure inside the photore&ituré¢4-4). In line

with literature reports, we ascribe this color change to the reduction of Ir(lll) to Ir(l) species, which are
expected intermediates during WGS catalysis and show characteristic light absorption in the range of
600¢ 750nm (Scheme4-1).10:17:25

1.5 bar CO

Ir(111)

Figure4-4: Photograph of an Ir@¥BPY COF suspension before (left) and during (right) WGS catalysis together with the
proposed molecular structures ofdium motifs under the given conditions.
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Strikingly, the observed color changes amencomitant with catalytic activity. Whereas reaction
mixtures of r@T-BPY COF, Ir@TABBY COF, as well as molecular [Cp*Ir(bpy)CI]CI turn blue or green,
suspensions of metdtee TFBPY COF and Ir@TAPBY COF stay yellow or orange after exposure to
carbon monoxide Table 8-12). Apparently, reduction of cyclometalated Ir(lll) does not take place
under the given conditions. Literature reports state the requirement for elevated temperatures and
strong reductants such as NaBt sodium bis(2nethoxyethoxyaluminumhydride (ReéAl) in order

to reduce [Cp*Ir(ppy)Cl], which is the homogeneous analogue to Ir@PRRBCOE.

Another factor that comes into play when trying to explain varying catalytic activities is hydrophilicity.

We note that iridiumloaded COF only turned blue in suspension, whereas residual COF particles in the
GRNEE LI NIa 2F (KS LiKuhéhanysHFigdré 380). T Yan be/eSpfingd A & dz f
mechanistically, since nucleophilic attack of a water molecule on iridioamd CO is a vital step in the

catalytic WGS cycle that leads to blue Ir(l) motBsheme4-1). We further examined the water
dependent color change of iridiiloaded COFs upon reduction in a custbmlt microscope setup.

The COF sample was placed inside a sealable steel chamber equipped with quartz glass windows for
simultaneous inspection viaaptical microscope and a connected spectrophotoméfégure S483).

¢KS OKFYOoOSNRa 3ILa AytSd ¢ga O2yySOGSR G2 | aSid 2
gas (Ar or CO), allowing for dynamic exposure of the sample. In accordance with the observations made
RdzNAy 3 | OldzZl £ 2 D{ S EBRBSOOR d6&syidt shaw visiBdNd®Iér chargds teven in

a stream of humid CQrigure4-5). This indicates that either liquid water is required to drive iridium
reduction with CO, or that the relative humidity of the CO stream was too low.

wet CO

stream
—_—

Figure4-5: Optical microscope image of Ir@TABBY COF powder before (left) and during (right) exposure to a stream of
humid COSample illuminated from above. Insets show photographic images of the sample.

We thus examined the water sorption isotherms for our isoreticular series of COFs, which reflect the
respective underlying hydrophilicity. All three COFs exhibit isotherms characteristic of rather
hydrophobic sorbents, with slow uptake of water vapor atvleelative pressuresp(pg) and only
mediocre uptakes ap/po values >0.6 Higure S, Figure S4).>® Given their construction from
aromatic linkers without appreciable polar functionalities, this finding is not too surprising. We note,
however, that r@TBPY COF and Ir@ TABBY COF show somewhat higher hydrophilicity compared
to Ir@TAPBPPY COF, whichreflected in higher water uptake at high relative pressures and steeper
linear adsorption at low relative pressures. This trend could be explained hyethatingelectronics
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of iridium species with either bipyridine (bpy) or phenylpyridine (ppy) ligands. Since the
cyclometallated [Cp*Ir(ppy)CI] motif is uncharged, it enaldss interactions with the polar sorptive
(i.e., water) compared to cationic [Cp*Ir(bpy)Clpecies.

Unfortunately, actual values for the relative humidity of the used CO stream could not be obtained
due to instrumental limitation. Therefore, water sorption isotherms cannot be correlated to the
microscopic evaluation of the response of Ir@TAPFEY COF to humidified CO streams. Pragmatically,
we circumvent this issue by suspending the COF in phosphate buffer inside the measuresngmgich

As in the WGS experiments, color changes upon CO exposure were apparent, though a distinct blue
color could not be observedrigure4-6).

wet CO
stream

Figure4-6: Optical microscope image of Ir@TABBY COF suspended in phosphate buffer (pH 7) before (left) and during
(right) exposure to a stream of humid C&ample illuminated from below. Insets show photographic images of the sample.
We attribute this deviation to lower CO pressures (ca. 1.0vbat.5 bar) or to lower mass transfer of
CO within the unstirred drop of COF suspension. Nevertheless, it was possible to measure a change in
absorbance upon exposure of suspended Ir@TFBPB COF to CO, usingitu U\-Vis spectroscopy.

The appearance of a broad feature around T is in line with literature reports on Cp*Ir(l)
complexes Figure S84).17-?Due to the sensitivity of this species, trials to isolate a COF with bound
Ir(l) species failed, thougi:>* Upon removal of the solvent under Schlenk conditions, we could only
recover a dark orange solid with no optical indication of blue Ir(l) spedigguré S487). TheFTIR
spectium of this product indicates the preservation of the COF backbone, but showed only additional
features attributable to phosphate counterionsigure S48). A band around 2046w, expected for
iridium hydride species after protonation of lr{ijas also not detectedf>*

Conclusion

In conclusionwe successfully made use of an isoreticular series of iridthiagied COFs for photo
assisted WGS catalysis. To the best of our knowledge, no comparable study in this field has been
reported. Careful analysis of the heterogeneous catalysts revealed thect@omposition as well as

the correct binding of the targeted iridium species to the COF support. Furthermore, the retention of

* A control experimentising nitrogen as carrier gas indicated relative humidities in the range of 95%.
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catalytic activity was briefly illustrated in hydrogen transfer reactions on organic substrates, where
first structureproperty relationships came to light. In comparison, iridiequipped COFs based on
bipyridine linkers proved to be more active than Ir@BPPY COF, which is based on phenylpyridine
units. We hypothesize the charge neutrality of the Cp*Ir(ppy) species to be disadvantageous for
catalysis in aqueous media.

This trend continued in WGS experiments. Here, Ir@TAPBCOF showed almost no activity. On the
other hand, Ir@T-BPY COF and Ir@ TABBY showed decent TOFs of 0.43 and 03 Tdspectively,
which is only one order of magnitude lower than the homogenous reference.

In a subsequent spectroscopic study, we found hints to the presence of intermediate Ir(I) species,
which supports the proposed underlying mechanistic cycle. We identified the assbc@te change

as a useful tool to quickly assess the catalytic potential of other iridium species. On that note, we found
that our series ofridium-loaded COFs only shewhis feature in suspension, but not in CO streams.
Given that WGS catalysis with metalated COFs occurs at thdigalalinterface, a more hydrophilic

CQF should benefit from better interaction with water and the carbon monoxide dissolved th&ré&in.

With very hydrophilidridium-loadedcatalysts, WGS catalysis might also be achieved at thedjias
interface>”58 Luckily, the construction principle of COFs allowsaforostlimitless tunabililty so that
suitable systems can easily be envisaged and synthesized. The foundation for such optimizations has
been laid with this work.

Author Contributions

Sefan Trenkered the project, performed syntheses and experiments, and wrote thapter with

input from Liang YaoHugo A. Vignol&onzalez helped with WGS experiments amdvided

respective setups. Carla Hoefassisted in syntheses aramldehyde reduction experimentdgor

Moudrakovski gathered ssNMR datéPS was performed by Kathrin Kistéiola Duppel collected
SEM and TEM images.

4.3 References

1 International Energy Agency (IE&)pbal Hydrogen Review 2QZ2aris2022,(accessed 24 May
2023).

A. Ajanovic, M. Sayer, R. Haas, J. Hydrog. Ener@022 47, 2413@,24154.

E. B. Agyekum, C. Nutakor, A. M. Agwa, S. KMeetpranes2022 12, 173.

T. LLeValley, A. R. Richard, M. Han, J. Hydrog. Ener@014 39, 16983 17000.

P. Wolf, C. R. Wick, J. Mehler, D. Blaumeiser, S. Schotz, T. Bauer, J. Libuda, D-SS&iththA.
M. HaumannACS CataR022 12, 56615672.

C. Ratnasamy, J. P. Wagrtgatal. Rev2009 51, 325.440.

D. S. Newsoméatal. Rew Sci. Engl980 21, 275318.

R. M. Laine, E. J. CrawfoddMol.Catal.1988 44, 357 387.

J. Kaspar, R. Spogliarich, G. Mestroni, M. GradiadiganometChem 1981, 208, C15C17.

ga b~ W N

© 00 N O

74



10
11
12
13
14
15
16
17
18
19
20

21

22
23
24
25
26

27
28
29

30
31

32

33

34

35

36

37

38

39

40

41

4 - Iridium-loaded Covalent Organic Frameworks for WaEers Shift Catalysis

J. P. Collin, R. Ruppert, J. P. Saundgay. J. Chinl985 9, 395404.

R. Ziessell. Am. Chem. Sd993 115, 118127.

C. L. Pitman, A. J. M. MIll&CS CataR014 4, 272%2733.

M.-T. Youinou, R. Ziess&l,Organomet. Chertht989 363, 197¢208.

R. ZiesseAngew. Cheni991, 103, 863;866.

M. Ladwig, W. Kaind, Organomet. Cheri992, 439, 7%90.

C. L. Pitman, K. R. Brereton, A. J. M. MilleAm. Chem. S&016 138, 2252,2260.
K. R. Brereton, A. G. Bonn, A. J. M. MIR&S Energy Let018 3, 112&1136.

R. Ziessell. Chem. Soc., Chem. Commi®88 16c17.

S. M. Barrett, S. A. Slattery, A. J. M. Mik&ZS CataR015 5, 632@;6327.

S. M. Barrett, C. L. Pitman, A. G. Walden, A. J. M. Milldm. Chen5oc.2014, 136, 1471&
14721.

M. B. Chambers, D. A. Kurtz, C. L. Pitman, M. K. Brennaman, A. J. MJMNier,Chem. Soc.

2016 138 1350%13512.

C. S. Letko, Z. M. Heiden, T. B. Rauchiiss,J. InorgChem2009 33, 492%4930.

Z.Yang, Zhu, R. Luo, X. Qiu, J. Litk JYang, W. TanGreen Chen2017, 19, 3296;3301.

A. H. Ngo, M. Ibafiez, L. H. B&S CataR016 6, 263%2641.

M. R. Schreier, B. Pfund, X. Guo, O. S. WeGhem. Sck020 11, 8582;8594.

Y. Himeda, N. Onozaw&omatsuzaki, H. Sugihara, H. Arakawa, K. Ka®uganometallic2004,
23, 148(0;1483.

W.-H. Wang, J. F. Hull, J. T. Muckerman, E. Fujita, Y. Hireztgy Environ. S@012 5, 7923.
G. H. Gunasekar, Y. YoorHilBaek, S. YooRS@\dv.2018 8, 1346;1350.

A.J. M. Miller, D. M. Heinekey, J. M. Mayer, K. |. Goldbaggw.Chem. Int. ER013 52, 398X
3984.

A. F. Sasayama, C. E. Moore, C. P. Kuadtion Trans2016 45, 243&;2439.

K. Sordakis, A. Tsurusaki, M. Iguchi, H. Kawanami, Y. Himeda, G. La@eramz{;hen017,
19, 237%2378.

K. Sordakis, A. Tsurusaki, M. Iguchi, H. Kawanami, Y. Himeda, G. LaQiemczygur. 2016
22, 1560%15608.

F. D. Sypaseuth, C. Matlachowski, M. Weber, M. Schwalbe, C. C. Tzs€Cheokelzur. 2015
21, 6564,6571.

P. Sudakar, G. H. Gunasekar, I. H. Baek, S. G@an Chenk016 18, 6456,6461.

K. Park, G. H. Gunasekar, N. PrakasBh, Bung, S. YooBhemSusChe015 8, 341@;3413.
G. H. Gunasekar, H. Kim, S. Y&ustain. Energy Fuél§19 3, 1042;,1047.

G. Gunasekar, K. Park, H. Jeon@.Klung, K. Park, S. YoGatalyst2018 8, 295.

Wd Wo / 2NNIF f mt SNBT I | @hemCatCHeROIH1A, B72H4T80{ 1 2 A | Y X
B. An, L. Zeng, M. Jia, Z. LLi#&, Y. Song, Y. Zhou, J. Cheng, C. Wang, .. Am, Chem. Soc.

2017,139, 1774%17750.

N. R. Bennedsen, D. B. Christensen, R. L. Mortensen, B. Wang, R. Wang, S. Kramer, S. Kegnaes,

ChemCatCher2021, 13, 1781k 1786.
G. H. Gunasekar, S. YodnMater. Chem. 2019 7, 1401%14026.

75



42
43

44

45

46

47

48

49

50
51

52
53
54
55

56
57

58

4 - Iridium-loaded Covalent Organic Frameworks for WaEers Shift Catalysis

J. Rauh, Master Thes&)21, LudwigMaximiliansUniversitat MinchenMunchen

L. Grunenberg, G. Savasci, M. W. Terban, V. Duppel, I. Moudrakovski, M. Etter, R. E. Dinnebier,
C. Ochsenfeld, B. V. LotsdhAmChem. So2021, 143, 343@;3438.

M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. RodRgjnezo, J. Rouquerol, K. S.
Sing,Pure ApplChem2015 87, 105X 1069.

J. Chen, X. Tao, C. Li, Y. Ma, L. Tao, D. Zheng, J. Zhu, H. L¥a&dAppI. Catal. R020 262,
118271.

J. Xu, C. Yang, S. Bi, W. Wang, Y. He, D. Wu, Q. Liang, X. Wang, Ahghar@Chem. Int. Ed.
2020 59, 23845,23853.

J. Xu, Y. He, S. Bi, M. Wang, P. Yang, D. Wu, J. Wang, FAddgeangChen019 131, 12193,
12197.

G. Zhao, H. Li, Z. Gao, L. Xu, Z. Mei, S. Cai, T. Liu, X. Yang, H. Géa\>¥$wat, Mater2021,

31, 2101019.

R. Bu, L. Zhang;X. Liu, SL. Yang, G. Li,-Q. GaoACS Appl. Mater. Interfac2821, 13, 2643X;
26440.

H.Takehira, M. R. Karim, Y. Shudo, M. Fukuda, T. Mashimo, S. HagiaRemR018 8, 17392.

M. Wilson, R. Kore, A. W. Ritchie, R. C. Fraser, S. K. Beaumont, R. Srivastava, J. P. S. Badyal,
Colloids Surf. 2018 545, 78;85.

Y. Hu, L. Li, A. P. Shaw, J. R. Norton, W. Sattler, Y QRgagometallic012 31, 50585064.

E-P. Ng, S. MintovaMlicroporous Mesoporous Mate2008 114, 1¢26.

C. Caix, S. Charddioblat, A. Deronzier, R. ZiessklElectroanal. Cherhi996 403, 183;202.
X.Wang, L. Chen, S. Y. Chong, M. A. Little, Y. WAI,ZNu, R. Clowes, Y. Yan, M. A. Zwijnenburg,
R. S. Sprick, A. |. Coopeat. Chem2018 10, 118@;1189.

T. Banerjee, B. V. Lotsdtat. Chem2018 10, 11751177.

S. Werner, N. Szesni, R. W. Fischer, M. Haumann, P. WasserBtlysidChem. Chem. Phys.
2009 11, 1081%10819.

S. Werner, N. Szesni, M. Kaiser, R. W. Fischer, M. Haumann, P. WassdtéamdatChem
2010 2, 1399;1402.

76



5 - Conclusions and Outlook

5 Conclusions an@utlook

In this thesis, the applicability of COFs for the photocatalytic oxygen evolutiorelaation has been
explored. Motivated by the COFleaf ERC staring grant (Grant agreement ID: 639233) we wanted to
build on previous experiments on hydrogen evolution wiflOFs angbave the way to full water
splitting using visible light by tackling the oxidative wiaHlction. The approach presented in chapter 2
focusses on iridium complexes heterogenized on COF supgartspyridine sites covering the pore
walls. Analogus molecular iridium species are weé#tablished water oxidation catalysts, and the
retained catalytic activity upon anchoring to TABBY COF was confirmed in chemical water oxidation
experiments. By using strongly oxidizing cerium ammonium nitrateifialr electron acceptor,
electron hole photogeneration by the potential COF photocatalyst is bypassed as required source of
oxidation equivalents. In subsequent photocatalytic experiments, we first observed oxygen evolution
with iridium-loaded COFs. Thugh careful control experiments, however, we could trace the catalytic
activity back to contaminated glassware, highlighting the importance of both thorough cleaning
protocols as well as thoughtful blank experiments. Ultimately, we could confirm the absenc
photocatalytic activity towards the water oxidation hadfaction for Ir@TARBPY COF despite
exhibiting a sufficiently positive valence band position and thus a suitable thermodynamic driving
force.Additionalcomputational analysis revealed that tfaur electron transfer steps required for the
oxidation of one water molecule are associated with highly varying free energy chaogss of which
SEOSSR (KS /hcCcQad NBR2E LRISYOGAlIf FyR Khugivel G | f
hypothesize that despite being thermodynamically capable of water oxidation, Ir@BRPEOF fails

to do so because of kinetic limitations.

Following this narrative, a possible solution to tackle such challenging kinetic bottlenecks would be to
design COFs with even lower valence bands, so that the photogenerated electrscdmldrive each

of the four oxidation steps. Also, in thengterm, replacement of scarce and expensive iridium WOCs
with more abundant elements should be envisaged in order to achieve higher cost efficiency. Most
COFs reported in the literature for photocatalytic water oxidation make use of cobalitatysts, and

other first-row transition metalssuch as manganese and iron can also be envisagkvever, we

found that a significant number of reports on coblladed COFs for oxygen evolution photocatalysis
provide only scarce experimental details and rarely present essential blank measurements. In the case
of two literature examples examined innophotocatalysis study, we could not reproduce the claimed
oxygen evolution.

The potential use of COFs for oxidative photocatalysis has, however, been shown for aerobic oxidations

of aromatic alcohols with FEASOF. Inspired bgaturally occurringflavinrmotifs, we designed and
4dz00SaatdzZ t e aeyikKSaAT SR |y FFtt2EFTAYS odzAif RAy 3
incorporation into an ordered framework nicely illustrated the principles of the COF concept, i.e., the
limitless libraryof accessible COFs based on variation of the underlying organic linkers. Furthermore,

the use of FEAEOF as a photocatalyst demonstrated that by using functional building blocks also the
resulting COF exhibits similar functionalitiesn this case, redoactivity. The integration of the
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alloxazine unit into an extended network even proved to lead to increased catalytic activity due to the
increased conjugation and the higher light absorption associated therewith.

However, the use as photoredox catalyst does not exhaust the potential ofEGBRxn particular, or
alloxazineCOFs in general. Their ability to participate both in-carel two-electron redox reactions
makes alloxazinbased COFs promising candidates for examplepseudaapacitive energy storage.
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Schemes-1: Schematic representation of anthraquinone, phenazine, and alloxazitiés in their oxidizedtop) and reduced
(bottom) state.

This field has already been explored by tieHTEIgroup with their work on anthraquinoreand
phenazinebased COFs which exhibit similar redwmtivity due to their respective building blocks
(Schemes-1).22 Owingto their high surface areas and good chemical stability, such radtixe COFs
can be used as pseudocapacitors with high power densitites.

Alternatively, the scope of alloxazif@OFs could be extended by also synthesizing isoalloxazine
analogues and thus actual flavin COFs. This might pave the way tefreetalater oxidation, given
that flavinium species have been reported for electrocatalgxygen evolution without the need for
co-catalytic specie8.In a supervised student project which is not part of this thesis already
synthesized a flavin derivate suitable for COF formatchémeb-2), though we could not obtain
crystalline polymers in first synthetic trials.

O\
i) NaBH, O
Br il Etl, K,CO5 i) Mel d
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Schemeb-2: Synthetic route to isoalloxazine linkers as potential building blocks for actual flavin COFs.

Lastly, we presented an alternative application for iridilcaded COFs, highlighting their versatility
beyond water oxidation. Despite using noptimized experimental conditions, bipyridissmsed COFs

could catalyze the photassisted wategas shift reation after anchoring of Cp*Ir species. However,
the intermediate reduction of Ir(Ill) to Ir(l) could only be observed for fsligpended COFs particles
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and not at the gasolid interface of iridiurdoaded COFs in humid gas streams. However, since COFs
are highly tunable platforms, incorporating iridium motifs into highly hydrophilic frameworks could
allow for photoassisted WGS catalysis in gas strearhs.gostsynthetic modification of iminR€OFs

to nitrone-linked derivates has been demonstrated as a viable method to obtain COFs with high water
vapor uptake even at low humiditié$. Also, special photothermal flow reactors required to
simultaneously illminate large surfaces of a heterogeneous catalyst in humid gas streams have been
reported lately!® Alternatively, the WH species inherent to the catalytic WGS cycle could be used for
organic reductions instead of hydrogen evolutidn.

BesideODER and WGS catalysis, the Cp*Ir species covered within this thesis are also known to catalyze,
for example, hydrogen evolution, alcohol oxidation, and, @@drogenations?** Although the
application of iridiurdoaded heterogeneous supports for these reactions has been repantpdrts

further progress can still be achieved and innovative solutions can be fétthdor example, the
possibility to form iridium hydride species from [Cp*Ir(bpy)] f®tivith dihydrogen allows for the
constructionof fuel cellst® In such a setting, the iridium species acts as the anode and oxidizes H
H.O ¢ though it is proposed that the system could also be switched to photoelectrocatalytic water
oxidation instead?® Given their high tunability, large surface areas, anda@mnyge order, COFs provide

just therighttools to explore the full potential of heterogenizetetalcomplexes for suchdventurous
research.
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6 Appendix

6.1 List ofAbbreviations

ATP
BDBA
bdc
BET
BPDA
bpy
CBM
CORR
COF
CTF
DCC
DCM
DMF
DMSO
ETC
FAX
FEAX
FTIR
GCC
GHI
HEAX
HER
HHTP
HOMO
LLCT
LUMO
MLCT
MOF
NADP
OEC
OER
PC
PDAN
PEAX
PEC
POP
ppy
PRC
PS
PS
PtG
PV
RWGS
SEA
SED
SEM

adenosine triphosphate
1,4-benzene diboronic acid
1,4-benzenedicarboxylate
BrunauerEmmettTeller

4,4 -biphenyldicarboxaldehyde

H Z-Bipyridine

conduction band minimum

carbon dioxide reduction reaction
covalent organic framework
covalent triazine framework
dynamic covalent chemistry
dichloromethane
N,N-dimethylformamide

dimethyl sulfoxide

electron transport chain
6,9-bis-(4-formylphenyl}alloxazine
1,3-diethyl6,9-bis-(4-formylphenyl)alloxazine
Fourier transform infrared spectroscopy
graphite-conjugatedcatalyst

global horizontal irradiation
1,3-diethylalloxazine

hydrogen evolution reaction
2,3,6,7,10,11hexahydroxytriphenylene
highest occupied molecular orbital
ligandto-ligand chargeransfer
lowest uroccupied molecular orbital
metalto-ligand chargdransfer
metalorganic framework
nicotinamide adenine dinucleotide phosphate
oxygen evolution complex

oxygen evolution reaction
photocatalyst
1,4-phenylenediacetonitrile
1,3-diethyl6,9-diphenytalloxazine
photoelectrocatalyst

porous organi@olymer
2-phenybyridine

proton reduction catalyst
photosensitizer

photosystem

power-to-gas

photovoltaic

reversed wateigas shift

sacrificial electroracceptor
sacrificial electron donor
scanningelectron microscop
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STH solarto-hydrogen

TAPB 1,3,5tris(4-aminophenyl)benzene

TAPP 5,10,15,2&tetrakis-(4-aminophenyBporphyrin
TAPT 2,4,6tris(4-aminophenyh1,3,5triazine

TEM transmission electron microscopy

TFPPy 1,3,6,8tetrakis(4-formylphenyl)pyrene

TMT 2,4,6trimethyl-1,3,5triazine

TOF turnover frequency

TON turnover number

TTF 2,3,6, #tetra (4formylphenybtetrathiafulvalene
U\WVis ultravioletcvisible (spectroscopy)

VBM valence band maximum

WGS water-gas shift

WOC water oxidation catalyst

XAS X-ray absorption spectroscopy

XRPD X-Ray powder diffraction

6.2 Supporting Information for Chapter 2
6.2.1 Materials and Methods
ICROES

ICROES spectroscopy was performed on a Varian Vista Pro and evaluated using the AdgigpetCP
software. Samples were digested in concentrated nitric acid (65%) atQ8& 25min with a CEM
Discover SP.

Elemental analysis
Elemental analysis (C, H, N) was conducted di BMENTARario EL using Helium as carrier gas.
Supercritical Ce@drying

COF samples were kept soaked in ethanol prior to supercritica¢x@faction on a Leica EM CPD300
critical point dryer with ethanol as exchange liquid.

Nuclear magnetic resonance spectroscopy

Spectra of soluble samples were recorded using a Bruker AV400TR or a Jeol Eclipse 400+ spectrometer.
Chemical shifts are denoted on the scale in parts per million (ppm), calibrated to residual non
deuterated solvent HNMR: 7.26 for CD4;12.50 for DMS@s) or solvent carbon resonance$G

NMR: CD@I77.16 for CDg;139.52 for DMS&s). Multiplicities are denoted as: s = singlet, d = duplet,

t =triplet, g = quartet, m = multiplet, or as a combination thereof. Spectra were analyzed and processed
using MestReNova version 10.015465.

Solidstate nuclear magnetic resonance experiments were performed on Bruker Neo 600 MHz
instrument using &4 mm outer diameter Zr@rotor and a B& MAS double resonance probe at a
spinning frequencyf 14 kHz. Thé3C spectrum was acquiredth *H crosspolarization.
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X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted KRRTOSAXisUIltra Xray photoelectron spectrometewith a

Y2y 2 OKNR YL A Oand dharg¥ tompedsaidiEring energies were calibrated to the
adventitiouscarbon 1s peak at 284.80 eVribt stated otherwise:? For postcatalytic samples, C 1s
calibration was set to 284.5 é\VThe CasaXPS software 2.3.16 was used for data analysis. Powder
samples were measured on indium foil

Physisorption analysis

Argon and nitrogen sorption measurements atl8and 7K, respectively, were performed with a
Quantachrome Instruments Autosorb iQ MP. Samples of more than 20 mg were prelieatemio

(10" mbar) at 120°C for 12 h. ASiQwin Version 3.01 was used for data analysis. Pore size distributions
were evaluated using the carbon QSDFT kernel for cylindrical pores for the adsorption branch if not
stated otherwise. Expected pore sizes were derived fstnuctural models in Materials Studio v6.0.0.
Water sorption meaurements were performed at the specified temperature using a wgteketed

water bath connected to &JLABAF12ED thermostat.

Mass spectrometry

Experiments were performed on a Thermo Finnigan MAT 90 or MAT 95 mass spectrometer using
electrospray ionization (ESI). m/z values were calculated using Perkin EImer ChemDraw® Professional
Version 16.0.0.82 (68).

Infrared spectroscopy

Infrared spectroscopy was conducted using a Perkin Elmer Spektrum BR kdipped with an ATR
unit (Smith Detection Dur&ample IIR diamond). Background correction was done before sample
measurements.

UV-Vis

Diffuse reflectance UVis spectra wereollected on a Cary 5000 spectrometand referenced to
barium sulfate Absorption spectra were calculated from the reflectance data usinddtiBeELKAMUNK
function.

X-ray powder diffraction (XRPD)

XRPD patterns were collected at room temperature dRakem8 Discovery with Niltered CuY n
radiation (1.54068) and a positiorsensitive LynxEye detector BraggBrentano geometry Materials
Studio v6.0.0 was used for structural modelling, XRD pattern simulations, and Pawley Refinement.

High angle measurements for the identification of different silver species were performedsopea

Stadi P powder diffractometer with Ge(1itjonochromated Ci#:1 NI RAF GA 2y o6< I wmMdp

DebyeScherrer geometry. WinXPOW 3.0.2.1 was used for data analysis.
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Electrochemistry

Cyclic voltammetry was conducted on a WaveDriver 200 EIS Bipstimt with COFoated carbon
paper working electrodes, a platinum wire counter electrode, ambaaqueous Ag/Agreference
electrode. Anhydrous acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate was used as
electrolyte under Ar atmospher@rior to the measurement, the electrochemical cell was purged with
argon for 10 min. Reduction onset potentials {f.) were extracted from the linear fits in the
voltammograms according to a previous metHoEotentialsvs. Fc/F¢ were converted to absolute
energies according to equatidi.:

BEabs=-(Bys Fo/renyt 5.1) eV (eq. S)°°

The position of the conduction bandsgewas estimated from the valence banddEising the optical
band gap Eopraccording toeq. S2:

Ece(eVvs.vac) = s(eVvs.vac) + Eopt (eV) (eq. S2)
The absolute energy for water oxidation at pH 7 was calculated accdaleny S3:

Ews=-(4.5 + 1.23 0.059- pH) eV (eq. S¥’

Electron paramagnetic resonan&PR) spectroscopy

EPR spectra were measured with a BRUKER EMXnano. Experiments were conducted with degassed
silver nitrate solutions (10, 100, or 106fM in water). lllumination was conducted with >4@h

similar to photocatalytic OER experimentglg infrgd. DMPO was added either before or directly after

the illumination in the form of a 0.3 M stock solution in order to trap“®Hhe form ofDMPQOH?
[Ad'(pyu]S0s was measured as a solid.

Catalytic Activity and Literature Comparison

y hy
yYSi
by the underlying time periods. If stated, literature values were extracted from graphs using

WebPlotDigitize4.6 by Ankit Rohatgi.

TONSs were calculated according toh b

. TOFs were calculated from TONSs through division

Photocatalytic Oxygen EvolutionScreening

If not stated otherwise, 5.0 mg COF were suspended in the respective aqueous reaction memaiumn (5
and sonicated for at least Iiinutes. The resulting suspension was transferred to a cust@de flow
reactor (Figure SZL1) and the sacrificial electron acceptor was added. The reactor was closed and the
reaction mixture was degassed in the dark with an argon flow e6@BImL mirt while stirring at 400

rpm. Once the system approached the baseline oxygen content, the flow was reduced to 20 NmL min
and the temperature of the watejacketed reactor was kept at 2& using aluLABOFP56GME
thermostat. After adjusting the pressure to 1.40.25 bar, the baseline was measured for 30 minutes
before starting the illumination from above through a quartz glass blind flange. The oxygen evolution
rate was determined every three secondsngsa PreSens flothrough cell with an integrated PSt
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sensor spot connected to a Fibox 4 trace oxygen meter. The readout in ppm was basselawted

and subsequently converted to umot by applying a factor of 0.0749 pmot ppm? (Figure S#58).

To prevent uncontrolled heating of the oxygen sensor during illumination, it was covered in wet paper
towels together with the Pt100 temperature sensor. In between measurements, the reactor was
cleaned withaqua regia piranha solution, and copious amounts of water.

Photocatalytic Oxygen EvolutionGC

For more elaborate oxygen evolution experiments, we connected the flow reacto8tavaDzUGG
2030 with MS and BID detection in addition to the online®8¢tector. The pressure is kept stable at
1.15 bar using a pressure controller, and a flow &L min' helium is applied to increase the
sensitivity of the oxygen detection (conversion factor 0.01338 umbppm?). lllumination was
achieved with an AAA class Newport 94023A solar simulator.

Chemical Oxygen Evolution

If not stated otherwise, 5.0 mg COF were suspendddamL0.1M HNQ and sonicated fob minutes.

The resulting suspension was transferred to a custoate flow reactorFigure2-3) anddegassed in
the dark with an argon flow of 460 NmL mirt while stirring at 400 rpm. Once the system approached
the baseline oxygen content, the flow was reduced to 20 Nmt! amial the temperature of the water
jacketed reactor was kept at 2&. After adjusting the pressure to 1.4@.25 bar, the baseline was
measured for 30 minutes befoiigjecting a blank (0.84 HNQ, 0.2 mL) through a septum injector nut.
After another 30minutes, 0.2 mL of a CAN stock solution (M9 0.1M HNQ) were injected, yielding

a final CAN concentration of M. The oxygen evolution rate was determined every three seconds
using a PreSens flethirough cell with an integrated P$tor PS# sensor spot connected to a Fibox 4
trace oxygen meter. The readout in ppm was converted to pmdiyhapplying a factor of 0.0749 pmol
h™* ppm. For recycling and filtration experiments, either the filtrate or the residual COF were subjected
to identical reaction conditions. In the latter case, the COF was washed with IBNQ, water, and
acetone after the first catalytic experiment.

For reactions with a final CAN concentration ofnill, the blank and the CAN stock injection were
done with a gastighHamiLTO®syringe (5QuL; final volume still 5 mL) in order to reduce the oxygen
leakage.

For stability experiments, the amount of COF and reaction media were upscaled while mimicking
catalysis conditions in rourbottom flasks 50 mg CORvere sonicated inraq. HNQ (50 mL,pH 1) for
10minutes,and subsequentlgegassed by inert gas bubbling fondur. Solid CARR.15g, 3.91mmol)

was added and the resulting suspensions wergirred under continuous inert gas bubbling for

90 minutes. The solid was filtered off, washed with HN@H 1), water, DMF, acetone, and MeOH,
prior to supercritical C&drying and subsequent heatirig vacuo(12h, 120°C).

Computational Chemistry

The ionisation potential (IP) and electron affinity (EA) of the polymers in water were predicRiHTy
calculations following a previously developagproach®® In this approach the COF is described as a
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cluster model (se€&igure SB0) embedded in a continuum dielectric with the dielectric permittivity of

the major component of the reaction mixture, here water§0.1) or acetonitriled 37.5). The use of

a continuum solvation model allows for the description of the dielectric screening of charges in the
low dielectric COF/polymer by the typically higher dielectric permittivity mixture of water sacrificial
electron donor/acceptor mixtureMoreover, when using a dielectric permittivity value of 2 instead,
roughly the value expected for an organic material, this approach reproduces IP and EA values
measured experimentaly® for conjugated polymers by photoelectron spectroscopy, in which the
polymer particles/film is measured in vacuum and there is no solvent/reaction mixture present.

All predicted potentials were converted from the vacuum scale to the standard hydrogen electrode
(SHE) scale by subtracting 4.44 V, the absolute value of the standard hydrogen electrode potential, of
the vacuum scale value.

The free energy landscape of a step wise water oxidation mechanism for a cluster model of the
Ir@TAPEBPY COF and Co@TA COF was calculated using an approach adapted from a method
originally developed by Norskov andaorkersfor heterogeneous electrocatalyst§!® This approach
allows one to predict the overpotential required to drive water oxidation relative to the potential of
the four-hole water oxidation reaction by the difference between the potential for the elementary
redox step with the largest uphill freenergy change and that of the fotwole water oxidation
potential. In the calculations we equate the free energy of a proton and an electron with that gf %2 H
the socalled computational hydrogen electrode approxition. The entropic contribution to the free
energy was calculated by calculating the harmonic frequencies of all relevant cluster models, as well
as molecular hydrogen and water. Because of the cost of the frequency calculations the cluster model
used inthese calculations is smaller than that used when calculating IP a(idthe SB0). However,

a calculation of only the enthalpic contribution to the free energy for the mod€&ligure S0 and

the larger model ifFigure S&B1suggest that the effect of using such smaller models is small.

All DFT calculations used the B3LYP density functi®dah combination with the DZP (def2-SVE®
in combination with a relativistic E€or Ir) basisset and were performed using Turbomole %%
Solvation effects in the DFT calculations were described using the CO8Mlicit continuum
solvation model and the water/acetonitrile dielectric permittivity value discussed above.

6.2.2 Synthetic Procedures

[Cp*IrCH2,2* [Cp*Ir(bpy)CI|CI5 TTHCOR® Co@TTFCOF, Co@TARPY CO¥, RuG@WQ,2 and
[Ad'(py}u]SO:?° were synthesized according to literature procedures.

Synthesis of iridiurloaded bipyridine linke2

Following a literature proceduf@[Cp*IrC}]>, (199Y 33X n du p Y Bipyfidiylp IZ¥fiddlehyden Q
(108mg, 0.5 mmol) were dissolved in DCMn{B) and stirred at rt for 48. The resulting orange
solution was filtered through a 0.485m PTFE syringe filter and evaporated using a stream of nitrogen,
yielding2 as an orange solid (284.8 mg, 93%).
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'H NMR (400 MHz, Chlorofordd + mMn ®Hy dA&E2 Hz,128)39.25x($ 2H), 8.68XES.1
Hz, 2H), 1.77 (s, 15H) pptal NMR (400 MHz, Methandkx K& RNJ S T2 NM¥BARWRZRZ YO0 1
2H), 8.60 (dJ= 9.9 Hz, 2H), 8.30 (d= 8.4 Hz, 2H), 5.81 (s, 2H), 1.71 (s, 158)NMR (101 MHz,

Methanotd,X K@ RNJI GS F2NXIFGA2Yy0 + mMpc®dnX mMpm®dPanX mnndn:
m/z calc. for @Hx:ClIrNO,* (M-CI): 575.10718; found 575.10835. ICP: 33v% Ir; calc. 31.479 wtpo

Synthesis of TARBPDA COF

A Biotage® BL microwave vial was charged with TAPB (14.8 mg, 0.039 mmol, 2.0 eqg.) and 4,4'
biphenyldicarboxaldehyde (BPDA, 11§, 0.060 mmol, 3.0 eq.). The vial was temporarily sealed with
a rubber septum and flushed three timeg vacuum/argon cycles. Mesitylene (1.88) and 1,4
dioxane (0.66nL) were added, and the reactants were suspendiadsonication for SGminutes. The
suspension was degasseid three vacuum/argon cycles. Aqueous acetic acid (1l00) was added,

the vial was sealed with a crimp cap and heated to 130 °CdoA®ter cooling to room temperature,

the combined solids of two parallel reactions was filtered off and washed withe CHCI5 mL), THF
(83x10mL), and acetone (810 mL). Drying in high vacuum at 1ZDfor 12h yielded TAPBPDA COF
(35.2mg, 73%) as an orandgmown solid. Elemental analysis calc. (%) fakH{Ns: C 88.21, H 4.93, N
6.86; found: C 86.04, H 4.916N4.

Synthesis of TARBPY COF

A Biotage® 28 YA ONR gl @S @Al f 41 & OKIFINBHSR gAGK -¢!t. 0O
bipyridytp Z-giadlehyde (81.9ng, 0.378 mmol, 3.0 eq.). The vial was temporarily sealed with a rubber
septum and flushed three timesia vacuum/argon cycles. Mesitylene (5rlL) and 1,4lioxane

(0.9mL) were added, and the reactants were suspendadgonication for Gminutes. The suspension

was degassediathree vacuum/argon cycles. Aqueous acetic acid (800v) was added, the vial was

sealed with a crimp cap and heated to 120 °C fdr After cooling to room temperature, the solid was

filtered off and washed with DMF (50L), THF (561L), acetone (50 mL), and MeOH (50 mL). Soxhlet
extraction with MeOH overnigHollowed by supercritical CQirying yielded TARBPY COF (118qg,

76%) as an ocre powder. Elemental analysis calc. (%34ftuNG2: C 81.93, H 4.42, N 13.65; found: C

79.38, H 4.59, N2.72.

Synthesis of IrCp*@TAPBPY COF

IrCp*@TAPBPY COF was synthesized according to the procedure described faBPXRBOF but
with substitution of bipyridyp >-giafdlehyde by the desired amount of iridivimaded linker2.

Postsynthetic loading of TAPBPY COF with Iridium

A Biotage® 2(L microwave vial was charged with TABBY COF (33.5 mg, 0.082 mmol bpy, 1.0 eq.)
and [Cp*IrGl)2 (33.7mg, 0.042nmol, 0.5 eq.). The vial was temporarily sealed with a rubber septum
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and flushed three timewia vacuum/argon cycles. Degassed methanoin{§ was added, and the
suspension was stirred for two hours. The solid was filtered off and washed with Me®H) (&ater
(5mL), DMF (15L), EtOH (15 mL), THF (ib), acetone (50 mL), and MeOH{k). Soxhlegxtraction

with MeOH overnight followed by supercritical £fying yielded Ir@TARPBPY COF (46m3g, 98 %)

as an orange powder.

6.2.3 Additional Data
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Figure S2L: XRPD patterns (left) and FTIR spectra (right) for 3®B before and after postsynthetic loading with varying
amounts of [Cp*IrCl]. Annotations refer to the Ir content after loading as measured HQESP
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Figure S2: Argon sorption isotherm at 87 K (left) and pore size distribution (right) for T®B before and after

postsynthetic loading with varying amounts of [Cp*[£IFilled and open symbols represent the adsorption and the
desorption branches, respectively. The pore size distribution was obtained from a QSDFT kernel for cylindrical pores

(adsorption branch).
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pristine TAPB-BPDA CIOF

COF/Ir dimer 1:1 wiw

Figure S&B: Molecular structure of TARBPDA COF (left) and XRPD patterns for the attempted loading ofBIARB COF

10 15 20 25 30
2 Theta/°

with the given amounts of [Cp*Irg4 1 (right). ICP analysis shows no sign of Ir in either case.
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Figure S2i: XRPD pattern anBawley refinement for r@TAPBPY COF synthesized froAoladed linker2.

89



6 - Appendix

30
== Expected Ir content
e Determined Ir content
251
Q
[=) 20
5
(o))
S sl
20% Ir linker - 988 gt - 6.3 Wt% | c‘g
10% Ir linker - 74?2 g* - 3.8 wt% | 10}
8
o
5k
0% Ir linker - 77&? g*
1 1 1 1 1 0 . . . . . . . . .
5 10 15 20 25 30 0 20 40 60 80 100
2Theta/® Occupied bpy units / %

Figure S&: XRPD patterns for a series of TARBF with varying amounts of irididimaded linker2 (left). BET surface areas

and Ir content (ICIDES) given as annotations. Comparison of expected and determined iridium contents (right). Each data
point represents one individual synthesis.

The expected iridium content was calculated from the percenta@of employed iridiurdoaded

linker 2 according to:

c20- ) O
T #/ & 0XO- ) O - #D - #

v O i:?pnxr()b

Whereas M(COF) is the molecular weight of an ideal stoichiometric model of the COF containing three
bipyridine units connected to two TAPB linkeiaimine bonds.

0% 5% 10% 20%

Figure S&: Photographic image of TABY COF constructed from the specified amount of iridaaded linker2.
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Figure S2: FTIR spectra of pristine and irididoaded TAPBPY COF. Thretching vibrationst 1693 crt indicate residual
aldehyde functionalities in both cases.
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Figure S3B: FTIR spectra of pristine TABBY COF (left) and Ir@TABBY COF (right) and their respective building blocks.
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Figure S&: Pore size distribution and pore volumes for TABMY COF and Ir@TABBY COF constructed from iridium
loaded linker2. The PSD was calculated from the adsorption branch of the nitrogen sorption isotherms with a QSDFT kernel
assuming cylindrical pores.
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Figure SZ2L0: BET plots for TAPBPY COF (left) and Ir@TABBY COF constructed from iridiioaded linker2 (right).
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Figure S2L1: Flow reactor used for photocatalytic oxygen evolution experiments.
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Figure S2L2: Tauc plot for TABPY COF (left) and Ir@TABBY COF with varying Ir content (right). Annotations indicate the
optical band gap.
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Figure S2.3: XRPD patterns for r@TABBY COF (1 wt% Ir) before and after photocatalysis in 10 mMzAgEEr visible
light.
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Figure SZ4: Nitrogen sorption isotherms at 77 K (left) and pore size distribution (right) for Ir@BRFBCOF {1t% Ir)

before and after photocatalytic oxygen evolution experiments withmld AgNQ. Filled and open symbols represent the
adsorption and the desorption branches, respectively. The pore size distribution was obtained from a QSDFT kernel for
cylindrical pores (adsorption branch).
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Figure SZ5: Survey Xay photoelectron spectra of TAHBPY COF (left) and Ir@TABBY COF (right).
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Figure S2L6: Ir 4f (left) and N 1s (right) XPS signals for Ir@TB¥BCOF, TABBY COF, amdolecular Cp*Ir(bpy)CI.
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Figure S2L7: Survey Xay photoelectron spectra of r@ TABRY COF after oxygen evolution experiments with CAMIT,8
left) and.AgNQ (10 mM, right)
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Figure SZ8: Selected XPS spectra for Ir@T/AY COF after oxygen evolution experiments with CARIF8left) and

AgNQ (10mM, right) and. The peak at 917.0 eV (Ce 3d) is ascribed to small amounts of Ce(IV), whereas the other peaks

indicate the presence of CeJ[f<33 Since silver species are hardly distinguishald&XPS$so we refrain from an assignment

here 34
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Figure S219: XPS spectra for r@TABBY COF after oxygen evolutexperiments with AgN§{10mM) and CAN (781M)
compared to pristine Ir@TAFBPY COF in the Ir 4f (left) and N 1s (right) ranges new signal at 4@/ and the broadening
of the peak around 398V for the CAMample are ascribed to residual nitrate (counjems and protonation and/or

oxidation of imines, respectivefy:®
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Figure S20: XRPD patterns for reproduced COFs Co@BMBCOF (left) and Co@TUOF (right) with the respective
unmetalled COF.
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Figure S21: Nitrogen sorption isotherms at 77 K (left) and pore size distribution (right) for -BARYBCOF before and after
postsynthetic loading with Co(NJ2. Filled and open symbols represent the adsorption and desorption branches,
respectively. The pore size distribution was obtained from a QSDFT kernel for cylindrical pores (adsorption branch)t The coba
content was determined via IGPES.

97



6 - Appendix

6
—s=— TTI COF —=— TTI COF
400 —e— Co@TTI COF | —e— Co@TTI CQF
5L 2.3 nm
BETL080m’g" o |
300 ooooCCaH o 4
(=)
".'c’ “g
€ 0.9 Wt% Co = st o
o ) ristine
3 200 BET 846 Ay’ B P B
= 0.487 cmig
> Ll
©
100
00 A 0.9 Wt% Co
0.419 cnig?
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10
p/p0 Pore width / nm

Figure S22 Nitrogen sorption isotherms at 77 K (left) and pore size distribution (right) folCDH before and after
postsynthetic loading with Co(NJ2. Filled and open symbols represent the adsorption and the desorption branches,
respectively. The pore size distribution was obtained from a QSDFT kernel for cylindrical pores (adsorption branch)t The coba
content was determined via |GPES.
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Figure S23: FTIR spectra of pristine and coblahded TAPBPY COF (left) and TOOF (right).
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Figure S24: Tauc plot for CoO@TAHBPY COF with 1.088% Co content. The Annotation indicates the optical band gap.
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Figure S25: Tauc plot for TFCOF (left) and Co@TTOF witt0.867 wt% Caontent (right). Annotations indicate the optical
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Figure S26: Cyclic voltammograms for TABBY COF, and {OOF. COFs measured after deposition on

working electrodes.
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Figure S27: Cyclic voltammograms for Ir@TABBY COF samples of varying iridium contents. COFs measured after

deposition on carbon paper working electrodes.
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Figure S28: Cyclicvoltammograms for Ir@TAPBPY COF samples of varying iridium contents. COFs measured after
deposition on carbon paper working electrodes. Two separate I[r@-B&YBCOF electrodes are shown. Annotations mark
yet unidentified processes.
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Figure S29: Cyclic voltammograms for TAIBRY COF (left) and the ferrocene reference (right).

Table 8-1: Comparison of band positions and related data for FBPB COF, TCOF, and respective literature examples.

COF Bed, onset Ecs Opt.bandgap B Source

TAPEBRY COF LoD Ve ﬁg//fg 339eV 250V 5.89 eV This work
ZAGP_;'BEJYC%OE igz x v ﬁg//fg 376eV  24leV 6.17 eV Ref. p7]®
TTICOF -1.65Vyvs. Fc/Fc -3.45eV  2.70 eV -6.15 eV This work
ZT;CL? F¢ £ 6 . 343eV 293V 6.27eV Ref. B9 "
'(;%T\A';‘t;a?g\( col :i:g% e ﬁgfﬁg 349V 2.40eV 5.89 eV This work
'é@;\ﬁ;}afg\( col :i:i% e ﬁg’lﬁf 363eV 225V 5.89 eV This work

Conversion of potentials done according to #§Wac) =(E(Ws.Fc/Fc+) + 5.1) eV Bj»(Fc/F¢) = 0.07 vs. Ag/Agxtracted
from reference measurement in the supporting informati8nBand positions not experimentally determined, but calculated.
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Table 3-2: lonisation potential (IP) and electron affinity (EA) values predictedléster models of the TAPBPYCOFand
TTHCOF in water and acetonitrile. All valwes given in V vSHE

In acetonitrile In water

IP EA IP EA
TAPBBPY COR 1.16 -1.57 113 -154
TTICOF 1.37 -1.53 1.34 -1.50

Representative COF clusters used for the prediction

depicted inFigure SA0.

Figure S2&B1: Cluster model of the Ir@TARBPY COF (top) and Co@TAPE COF (bottom) used when calculating the free
energy landscape of the water oxidation mechanism.
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DG’ at pH 0
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Figure SB2: Schematic reaction pathway for water oxidation on Ir@T-BPB COF assuming rediosocent Ir(1ll) centers
according to the GCC principle. Changes in free energy given in eV at pH 0. Apart from PCET step<Dtbpelc{dl$) (blue)

is given for better caonparison with Ir(V)=0 species which are an important intermediate in the WNA mechanism of molecular
Ir WOCs.
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Figure SB3: Free energy diagram for the oxidation of water fu@ TAPEBBPY COfer different pH and applied potential
values.
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Figure SB4: Free energy diagram for the oxidation of water ford@@DAPEBPY COfer different pH and applied potential
values.
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Figure SB5: Minimum energy structures for the @ TAPEBBPY CO€uster model with an OH group (top, left), an O atom
(top, right), adsorbed D, (bottom, left) and an OOH group (bottom, right).

Figure S2B6: Minimum energy structures for the @TAPBPY CO€luster model with an OH group (top, left), an O atom
(top, right), adsorbed ¥, (bottom, left) and an OOH group (bottom, right).
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Figure SB7: SEM images of TAHPY COF with secondary electron detection (left) and energy selective backscattered
electron detection (right).

Figure SB8: TEM images of TAHEBPY COF. Magnified area highlights hexagonal arrangement of the pore. Inset shows FFT.
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