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Covalent organic frameworks (CO$) have emerged as a new class of materials for
applicationsranging from gas storage and adsorption to optoelectronics and cataly3isey
feature crystallinity, high chemical stability and at the same time almost unrestricted diversity
due to their molecula tunability.

The growing energy challenges of the 2lcent ury require new solu
scientists. During the last years, photocatalytic hydrogen evolution enabled by COF
photosensitizers has emerged as a new field of research. After the sdrdiseovery of COF
photocatalysis in 2014, many different COFs were explored, while only a few proved
capable. Skillful organic chemistry allowed the rational design of COF materials to study the
mechanism of photocatalytic hydrogen evolution with COFsnrore detail.

During this work, variables were defined that need to be adjusted to create an optimized
COF photocatalysis system. Those variables range from structural factors (crystallinity,
porosity, robustness and stability of the linkages, CQ#&talyst interactions) to
optoelectronics (light harvesting ability, charge separation and transport, stability of the
radical reaction intermediates).

In stateof-the-art COF photocatalysis systems, Pt nanoparticles are used as hydrogen
evolution cocatalysts. Irthis thesis, the utilization of molecular cobaloxime-catalysts was
explored with different azireand hydrazinebased COFs as photosensitizers. Physisorption
of the cobaloximes to the COFs proved the compatibility of the componeriéie best
performing system showed a hydrogen evolution rate of 78@nol g* h* and a turnover
number of 54.4 in a water/acetonitrile mixture with triethanolamine as electron donlora
further step, the cobaloxime catalysts were covalently attached to the COFs. Theested
heterogeneous, but fully singlsite photocatalytic system provetbuble as activethan the
respective physisorbed system. This could be the foundation for a modular-likaf
architecture leading to a fullvatersplitting system.

Additionally, the COFsd molecular tunability
CO, interactions.Tertiary amines were integrated into different COF systems and their, CO
and water adsorption properties were investigated. The synergy of amine content, COF
polarity and wettability wre found crucial for the performance of the COF system leading

to veryhigh heats of adsorption at zero coverag@Z.4 kJmol™) in the best case.
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Livinginthesee al | ed ant hropocene, mankind i s
wellbeing. Since the start of the industrialization in the begihttied 9" century,

the worl dds popul ati on bijlionepeopldotiagaadds | y t
projected to reach %dlion people by 20%0).The heavy increase of population
carries a strong need for resources with it. In this context, the concept of renewable
and climate friendly green energy is more important thiaim @24 7 the amount of
renewable energyegrby 17%, which is the largest increment on réddah-made

climate charggis accepted to be one of the biggest challenges of our century and we
need to put our effort into the exploration and the understanding of sustainable power
generation.

1.10ET OT AAOAT UOEA xAOAO OPI EOOET C

The most abundant energy source by far is the sdihe preferably direct use of sunlight
provides a great possibility to tackle our energy problems. The energy of the sun is converted
to thermal, electrical, or chemical energy in a first step by different technologies as shown
in Figure1-1. Solar water heating uses solar thermal collectors that warm up working fluid
which is then distributed or stored for later use. The conversion of sunlight to electricity is
achievedby photovoltaics. Conventional solar cells use crystalline or amorphous silicon or
other semiconducting materials to absorb and convert the sunlight. In december 2014, the
world record for the highest efficiency in a solar cell was set to 484by the Faunhofer ISE

by using a GaAsbased multijunction concentrator solar celf! While traditional
photovoltaics prompt more and more questions on electricity storage and fluctuations, new
techniques need to be developed. One of the most promising cont®s to convert sunlight

to chemical energy by artificial phototsynthesis, where the natural photosynthesis is mimicked
to convert energy from sunlight, water and carbon dioxide into oxygen and hégtergy
carbohydrates. Water splitting through artificigghotosynthesis is a very complex and
demanding fourelectronprocess. A simplified strategy is photocatalytic hydrogen evolution,
where solar fuels like hydrogen are produced from readily available substances like alcohols.
Simple highenergy fuels can beused to produce electricity or heat or can be further
converted to more chemically demanding structures. These secondary {eelg. gasoline,
simple hydrocarbons, hydrogerman be stored more easily or used as larggeale starting
materials in industryCreation of primary fuels bygolar energy conversiors an eco-friendly

and nearly inexhaustiblgprocess which makesits understanding and optimization all the
way to a possible commercialization highly desirable.

t
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2 1.1Photocatalyticwater splitting
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Figure 11 Solar energy is transformed into thermal, electrical, or chemical energy by different techniques.
Further, these types of energy can be converted into each other.

Since the discovery of titanium dioxide as a solid state evagplitting cataly$t, the main
focus of research in this area has been on inorganic solid semiconductor materials. Other
examples for inorganic photocatalysts are Ta®¥, NaTaO;:Ld", Fe,0;® or BivO,®. A
more detailed description of the water splittimyocess will be given in Chaptet.3.3.

Even though the theoretical potential difference of the redox processes involved in overall
water splitting is 1.23eV, the atual minimum energy is significantly higher due to substantial
overpotential for both halreactions. Co-catalyss are used to lower this overpotential.
Typically,co-catalystmaterials consist of rare and nobel metals like platinum or rhodium for
the reduction and precious metal oxides like ruthenium(lV) or iridium(lV) oxide for the
oxidation reaction.

Many photoabsorbers suffer from intrinsic shortcomings such as fast charge carrier
recombination, or extrinsic limitations such as degradation under operatconditions. The
long-term catalyst stability is a basic requirement and needs to be assured for any real
application. Suppression of recombination can be achieved hyhigh dielecricityin the
semiconductor as well as fast and efficient charge trandpor
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For the indepth evaluation of each haffeaction, sacrificial agents are used to quench the
respective charge carriers. In this work, the focus will be on the hydrogen evolution reaction.
Therefore, readily oxidizable sacrificial electron donors lédeohols and amines are used
Carbon nitrides, a class of crystalline 2D polmeric materials, were shown to perform full
water splitting under visible light in 2009 by Wangnd coworker8®, even though
experiments were performed as twseparate halreactions with the respective sacrificial
agents. This started intense research on carbon nitride based photocatalysts. Until today,
hydrogen evolution rates (HBRup to 331 >molh'* could be achieved™ o6 Dar k
phot oc atvieaphgtandusedl electron trapping” and its use as aqueous solar
batterie§® have been accomplished with carbon nitride materials. Even though the
development of these materials hdseen very impressive, carbon nitrides are limited in their
chemical tunability as they typically consist of triazine or heptazine units.

The structurally related, yet considerabily more tunable covalent organic frameworks (COFs,
see Chapterl.3.1) have been found to be very potent for photocatalytic hydrogen evolution
by our group in 2014 The field of COF photocatalysis has undergone vast development
since then. A closer look into the progress in this research field will be given in Chahter
1.2#A0AT T AADPOOOA AT A OOl OACA

One of the biggest concerns in the context of climate change and global warming is the
increased emmission of greenhouse gases. Mainly carbon dioxide and methane are emitted
by combustion of fossil fuels for energy and transportation as well as lasgale industrial
processes like clinker production from limestone. The concentration of &@s increased

by 36% since 1750, which is much higher than during the last 800 000 yeanstotal, for
which reliable data can be achieved from ice cores. The urgency for the development of key
technologies forCO, mitigation is high. Besides advancements in industrial processes and
energy production, carbon capture and storage (CE&mes more and more to the fore. In
CCS technology, CQ is separated from other gases and then stored in geological or
submarine sequestration sites.

The first commercial example for a CCS project wdee WeyburaMidale Carbon Dioxide
Project that was located in Saskatchewan, Canada from 2000 to 2011. Here, the letlegm
storage of CQO, in geological formations with focus on oil reservoirs was tested. After a
promising testing phase, leaks were observed in form of bubblirgpds, dead animals near
those ponds and sounds of gas explosions. Mamade wellbores are blamed for those leaks
that clearly diminish the longerm reliability for such projects. In addition, longerm
responsibility for maintenance and safety of the pondse unclear which increases the
demand for new technologies.
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An alternative to CCS that is being considered nowadays is carbon capture and utilization
(CCU), where the captured CQis further used industrially to be converted into carbonates,
carbamates, urea, or polymers.

In both cases, efficient C@ separation is crucial. Three different approaches have been
proposed as can be seen ifrigure1-2:

(1) Postcombustion capture. CQ is captured from the stream that exits the
combustion chamber.

(i) Precombustion.A fuel gas reformer produces syngawhich is a mixture of K
CO and CO,. CO; is separatedfrom the syngas before hydrogen is usex a
fuel for combustion.

(i)  Oxy-fuel combustion. Combustion with pure oxygen rather than with air yields
high purity CO, that can be storeddirectly

N,/O,
Co Hla/s T
bi omas:¢
—_—
Post Powé&r cQ
combustiapm heat separation’Cg
>CQ ]
Co @la/s Y
bioms Ref o co
Pre . : ETOMMAT by war ]
combust ia9p Gasi ficati®@ . heat—)Nz/o2 compr e&lsi
e —— separati dehydr gt
Air
Co glals
bi omass Powé&r
heat >CQ
Ox yf uel
combustion TOZ

Air Air
'separa-tionNz

Figure 1:2: Schematic representation of three different approaches for carbon dioxide separatignpost-
combustion, precombustion and oxyfuel combustion.
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The current commercial postombustion technology is based on the smlled amne
scrubbing. In this treatment, solutions of alkylamines in water are used to remove fZ&@n

gas mixtures. Commonly used amines are ethanolamine, diethanolamine,
methyldiethanolamine and mixtures thereof. The process is -@elleloped, but still has
some drawbacks. The amine solutions contiously degrade which decreases their GO
capturing ability significantly and the maintenance costs are fairly high due to the corrosivity
and toxicity of the solutions.

Due to the problems with liquid phasprocesses, solid materials such as activated carbons,
metal organic frameworks (MO$) or COFs acting as heterogeneous adsorbents have
gathered great attention during the last years.

Porous polymers often feature Higntrinsic adsorption capacities and selectivities as well as
suitable heats of adsorption to ensure high reversibility. Nevertheless, one should not forget
to think about the future practical applications. Zeolites for example show good adsorption
for CO, (e. g. 13X: 5.5 mmol g* at 30 °C and 20 bar), but are strongly influenced by water
vapour in the feed stream due to bicarbonate formation on the surface.

MOFs are more versatile concerning their pore sizes and pore surfaces which makes them
good candidates for CCS. For exampléylg-MOF-74 shows an adsorption capacity as high
as 8.61 mmol g* at 25 °C and 1 bar and high CO,/N, selectivity (195). For comparison,
the adsorption capacity of unmodified sandstone is 0.00126mol g*,** while graphene
shows an adsorption capacity of 7.95 mol g*.*® However, MOFs are often unstable
against water and lose their crystalline structure as well as their high, C&pacity at higher
humidity.

1301 O @@AOEAI O

Porous materials feature permanent porosity witifferent pore sizes ranging from nando
millimeters in ordered or irregular arrangements. They are classified according to their pore
diameter (micropores: <2 nm, mesopores: 2050 nm, macropores: >50 nm)
corresponding to the classification scheme aBlished by the International Union of Pure
and Applied Chemistry (IUPAE™ The pore structure defines the accessability and shape as
shown inFigure 1-3."® Pores can contain fluids or gases depending on the surrounding
medium and pore permeability. The structure of the pores has great influence on the
chemicaland physical properties of the material. They also define important parameters for

the characterization of porous materials like the specific surface area or the pore size
distribution of the materials. More details can be found in Chapter 2.1.
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Figure 1:3: Possible pore structures and shapes in porous materials. Accessibi{ay:closed pores(c) z (f)
open pores,(b) and (f) blind pores, (e) through pores; shape(b) inkbottle shaped,(c) cylindical open,(d)
funnel shape,(f) cylindrical blind,(g) roughness*®

A naturally occurring class of inorganic microporous materiaighich is also industrially
used are the aluminosilicatebased zeolites They are produced on a large scale as
sorbent§°?? catalyst€*?® or in gas separation®?" Zeolites usually consist of oxygen
tetrahedrons linked at the corners and arrangexround a cation. The schematic structure
of Zeolite A, a sodium aluminate with the chemical formula N&(AIO,),,(SiOy)12) - 27 H,O
that is known as Sasil® ands used as molecular sieve® is depicted inFigure1-4a.

The ®mbination of inorganic nodes with organic linkers by coordination leads to the
material classes oMMOFs and, if they have a zeolitéike topology, zeolitic imidazolate
frameworks (Z18). ZIF20, which has the same topology as Zeolite A, is shownkigure
1-4b.”% One of the bestknown MOF systems is MOB, which is shown irFigure1-4c. The
material consists of Z+based nodes that are linked by 14benzodicarboxylate ligandsl'he
materials are used in gas stora§f&* or in heterogeneous catalys$*®* as well asCCSF*

38]

Fully organic porous materials are called porous polymer frameworks @RI porous
organic polymers (PO®F? These amorphous materials are used in gas storage and
heterogeneous catalysis due to their particularly high specific surface &f'e4.



Figurel4: (a) Schematic structure oZeolite A consisting of cubes (green), truncated octahedra (orange) and
truncated cuboctahedra (yellow)Reprinted from 29, (b) X-ray single crystal structureof ZIF20. ZnN4
tetrahedra are shown inblue. Both show LTA topology. Reprinted fron?¥ (c) X-ray single crystal structure
of MOF5 consisting of [OZa(CQ)s] clusters bridged by organic carboxylate linkers. Zn®@etrahedra are
shown in blue. Reprinted fron®4,

1.3.# 1 OAT AT O 1 OCATIAE A ABOAAIAXKO®EIOE BT 1 UI AO

In 2005, Yaghi and coworkersreported that condensation ophenyl diboronic acids to
boroxines or boronate esters yields crystalline porous mate#alsThis finding initiated a
new research field in the porous polymer community. The extended organic polymeric
structures featuring permanent porosity as well as crystallinity were named covalent organic
frameworks, COFs. Their monomers, the s@lled linkers orbuilding blocks, are joined by
strong, but reversible covalent bonds to result in twar three-dimensional structure$?*

The reversibility of the bond forming reaction enables dedfaling of defects by formation,
breakage and reformation of bondsThis concept is known as dynamic covalent chemistry
(DCC)." The chemical reaction is carried out under equilibrium conditions and yields the
thermodynamically most stable product by replacing the kinetically favored intermediates.
DCC is the key principle for COF synthesis as it enabliesg-range order and thus
crystallinity in this material class.

The molecular composition of the framework not only gives rise to a unique chemical
diversity but also opens up the possibility of tuning the systems as reqtiite@iOFs feature

a low density due to their high porosity, tunable pore si?&%! and large surface areas.

COFs can be divided into different categories according to their linking unBsron-based
COFs are synthesized by boronic acid condensati¢hi® but suffer from hydrolysis under
moist conditions?? C-N-bridged COFs are in general thermally and chemically more
stable. Typically, they are synthesized by acatalyzed condensation of aldehydes with
nitrogencontaining functionalities like amines or hydrazones, but many more are known to
date. A chronology of COF linkage types is shown kigure 1-5.
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COF monomers can beclassified according to their geometry. The combination of the
different linker symmetrie{, Cs;, C,, Ty) leads to different framework topologies resulting

in e. g. tetragonal or hexagonal 2D or 3D frameworks according figure1-6. In the case

of 2D frameworks, the COF sheets are held together by van der Waals forces in the third
dimension. The stacking in this direction follows different patterns according to théling
blocks. An exact analysis is often difficult as the crystallinity in stacking direction is often
limited due to the weak interlayer interactions and hence, missing lkwagge order. The
initially proposed eclipsed stacking is considered as unfavoeablowadays. Dichtel and
coworkers predicted an offset of 1.7 for hexagonal sheets of boronate ester COFs in
2011"% that is often used as an educated guess for the slipping offset in COFs. So far, other
slipping distances ranging from 12 to 6.5 A were observed. In ideal cases, which
feature very high crystallinity in all dimensions, in depth characterization ostaeking order

is feasible. In 2017, we reported a detailed analysis of the two imilneked COFs TBICOF

and TTHCOF that show either an averaged eclipsed structure with apparent zeffset
stacking or a unidirectionally slistacked structuré&?
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COFs are usually synthesized solvothermally as insoluble powders under heterogeneous
conditions. The choie of solvent is crucial for the longange order of the system. In an
appropriate medium, the 2D COF layers can also be exfoliated into multiple layers by
ultrasonication™* **-*® Yaghi and coworkers found that foboron-based COFs, sontation

in acetonitrile for several minutes leads to sheets with a height of five layers according to
atomic force microscopy (AFMmeasurements. Further, nitrdeontaining cosolvents were
found to form stable cobidal suspensions wittboron-based COFs that can be used for
formation of freestanding porous thin films by solution castif.

A more detailed overvievef the differen COF types will be given in the following.

p
c | — c, | — c4+ — i, —
b _4
( R (d N\
7 ~\,
Cz | Cz I C2 I
c, | — | | c4+_) A
N\ 7
X /
. _/
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c, >¢ c, > e K
. /

Figurel6: Schematic &amples of different building blocks used for COF synthesis. Framework morphologies
resulting from different building blocksymmetries.

1.3.11 7 OA AORIAOAT AT O 1T OCAT EA AOAI Ax1 OEO
Most of the COFs synthesized so far are boraontaining frameworks that can be further
divided into two synthetic strategies.

The first strategy is the seibndensation of boronic acids as shown iRigure 1-7a. The
simplest example is the reaction of 1;denzenediboronic acid (BDBAo form a hexagonal

COF structurecontaining planar BO; rings. The secalled COF1 has a pore diameter of

0.7 nm and a BET surface area (see Chapt1..2 for details) of 711m? g**. More complex
stiuctures like the 3D COF103 have also been synthesized by selindensation.
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The second strategy is econdensation of two or more building blocks (sd@gure 1-7b).

This method is moreversatile;therefore,a larger number of COFs was synthesized so far
than with selfcondensation. Condensation adlcoholsand boronic acids leads to formation

of fiveemembered BQC, rings as linking unit. Borosilicate unit$-igure 1-7c) have also
been used by condensation of boronic acids and silan8f$2D and 3D COFs were reported

in all cases. Another linkage strategy that leads to ionic frameworks is the use of spiroborate
linkagesas depicted inFigurel-7d. These are created by the reaction of diols and trimethyl
borate. The counter ion can be adjusted, [MHH,]" and LI were used in the case of ICOF

1 and -2.F®

(@ R

R
T, LT
B~ B

OH 6 6
3 R@B’ — "B~ +3H,0
OH

(b)

© (d)

Figure 17: Schematic representations of (&)oronic acid selfcondensation, (b)boronic acid ce
condensation, (c)borosilicate linking unit, and (dgpiroborate linking unit.

Further, an effectivefilm formation has been shown for differertboron-based COFs.
Solvothermal deposition on graphene was followed by utilization of different substrates like
silicon and fluorinated tin oxide FTO)/glass. Controlling the choice of solvents during
synthesis enables the growti oriented films.

Despite their thermal stability, high surface area and low density, the practical applicability
of boron-based COFs is limited so far due to their instabiliiy the presence of waterTo
date, the borosilicate COF202 shows the higheslongevity in terms of retained crystallinity
and porositywhen exposed to ambient air for 24ours!®
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Great attention has been given to mechanistic studies on COF formation during the last
years. The easy to synthesiberon-based COFs have turned out to be very convenient
substrate for those investigations. In 2014Dichtel and coworkersynthesized the boronate
ester bridged COF5 as a prototypical hexagonal 2D framework from homogeneous
solution and analyzed the COF formation kineticallReversible and irreversible stages were
observed. The reversible stages were attributed to dynamicdfarmation, the irreversible
one to precipitation of the COF powder. Furthetthe crystallite size was controlled hifze
addition of excess water during syntheS& High control of the COF formation by seeded
growth through slow monomer addition was reported as a general route toge crystal
formation on the micrometer scale oboron-based COFs in 2018.%% A controlled,
universally usable synthesis method for COF single crystals could lead way to a great
knowledge gain by investigations on defeftee COF materials.

1.3.1.2#Z A OE AAGAGMA T AT GEOTAD QAT DA O

Another class of COFs are bridged by nitrogen containing band'hey often show lower
crystallinity tan boron-based systems, but are chemically more stable, esmlly towards
hydrolysis. The most widely used linkages are imine, imidied hydrazone bondsbut also

others areknown today. An overview & the most common linkageypes is given in the
following.

Imine COFs

The imine reactior(seeFigurel-8) is the most commonly used synthesis stratagnitrogen
bridged COFs to date. The imine bond isreated by condensation of amines with aldehydes.
When using both aromatic amines and aldehydes, full U-conjugation over the COF
framework can be achieved.

Figure 1-8: Schematic representation of the cotensation of an aromatic amine and aromatic aldehyde to
form an imine bond.

Thevast number of easily accessible amines and aldehydes lead to a high variety of imine
COFs with very different topologiestaghi ard coworkersreported the first imine CORn
2009, which was COF-300, synthesizedrom the condensation of tetrakig4-anilyl)
methane and terephthalaldehydéseeFigure 1-9). That resuled in a 5-fold interpenetrated
3D-COF. The first twedimensional imine CORwas publishedwo years later. Its hexagonal
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diamond-shaped pores are framed by 1,3,5triformylbenzene #B) and 1,4-
phenylenediamine (PD¥?

Other pore topologies have been achieved with imine COFs as well. Tlmmdensation of
C,-symmetric porphyrin linkers like in the case of GIRMNDA-COF, where 5,10,15,20-
tetrafp-amino-phenyl)porphyrinatocoppeny  (CuTAPP is reacted with 2,6-
dimethoxynaphthalend,5-dicarbaldehyde (DMNDA), leads to the formation of tetragonal
pores® Another porphyrirbased example is CORB66 that consists of 5,10,15,20tetra-
amino-phenyl)porphyrin(TAPP and terephthaldehyde. The square geometry of the pores
results in the tetragonaP4/ m space group®® The possibility for the integration of different
metals and the electrofdonating properties of the porphyrin unit makes porphyrin COFs
highly interesting in optoelectronic applicationd¥hen using thieno[3,2b]thiophene2,5-
dicarboxaldehyde as ¢linker, the formation of extended-dggregates of the porphyrin units
could be observed, which prolongs the excited state lifetime of the COFR promising
feature for application in photovoltaic§®

A

B
@NHQ " (@ -H,0
)

Figure 1:9: Condensation of anilineA with benzaldehyde B forms the molecular Nbenzylideneaniline C.
Condensation of divergentD with ditopic E leads to the rodike bisimines F which will join together the
tetrahedral building blocks to give the diamond structuref COF300: G single framework (space filling, C
gray and pink, N green, H white) and representation of the diac5 topology. Reprinted from! Y,

According to the linker geometry, the use of fourfefdnctionalized linkers can also lead to
rhombic poresas can be seen ifFigure1-10. Such arhombic pore of 2.4 nm wasachieved
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by condensation of 1,3,6,8-tetrakis(4formylphenyl)pyrene (TFPPy and 2,6-
diaminoanthraceng(DAAN which could then be used as heterogeneousatalyst for Diels
Alder reactions®® The solvatochromic properties of the integrated pyrene unit were used in
the rhombic system PYT COF. Thin films of the COF were integrated into a humidity sensor
with very fast response timé&$. The pyrene linker was also incorporated into the three
dimensional and twofold penetrated 3DPgOF which creates cuboid pore$® An extended
pyrene linker was used in the ATEXE®OF series(see Figure 1-10) by our group to
investigate the influence of the linker electronics towards photocatalytic hydrogen
evolution®

a)

X, Y =CH: X, Y =CH:

1,3,6,8-tetrakis(4-ethynylbenzaldehyde jpyrene (TEBPY) Azine-TEBPY-COF (A-TEBPY-COF)
=N, Y =CH: X =N, Y=CH:
1,3,6,8-tetrakis(6-ethynylnicotinaldehydepyrene (TENPY) Azine-TENPY-COF (A-TENPY-COF)
X Y=N: X, Y=N:
1,3,6,8-tetrakis(2-ethynylpyrimidine-5-carbaldehyde)pyrene (TEPPY) Azine-TEPPY-COF (A-TEPPY-COF)

Figure1-10(a) Synthesisof W ET AZ1 ET EAA #/ &0 AU OEA AAAOEA AAEA AAOAI
DUOAT AZAAOGAA Al AAEUAAQI ERERDAT AZA0OEABOAUERRASBT £ OEA OF
4%" 09Z#/ &8 11 #/ &0 Ei OEEO OfmBRO AAT PO OEIi EI AO OOAA

A very special array of a rectangular pore is the brigkall topology which was realized by
combination of a tshaped tritopic linker with a linear linket?

By the incorporation of the glinkers [HN]¢HPB and [HN]¢HBC, which have a propeller

like shape, triangular pores can be created. Polymerization with terephthalaldehyde leads to
microporous crystalline materials with pore sizes of 1.2 and hg.["®

Triangular pores also appear in muipore COF systems that are also called heteropore
COFs!™ The pores can be heterogeneous or hierarchical. Condensation of (4 84M§NjN;j
(ethenel,1,2,2-tetrayl)tetraaniline  (ETDJA which shows D,, symmety, and
terephthaldehyde leads to steshaped pores, where a central hexagonal pore is surrounded
by smaller triangular ones. Interestingly, substitution of the terephthaldehyde molecule with
ethoxy or butoxy groups changes the topology towards rhombicgs3f?

More advanced linker design and mixed linker strategies result in even more complex pore
structures. Triple pore systems combining inequilateral hexagonal and trigonal pores of two
different sizes as shown iRigure 1-11 have been realized in 2016" Other hierarchical
structures were created by truncation of specific linkers to yieldh&ped molecules.
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Condensation with linear linkers results in tg hexagonal pores that are surrounded by
smaller hexagonal ones joint by very narrow rectangular pofés.

The smart combination oflifferent orthogonal linkage strategies in the same COF broadens
the scope of different structures even more. Mixed boronaténe COFs based on
bifunctional linkers with aldehyde and boronic acid functionality were used for the synthesis
of double-stage hexagonal and tetragonal COFs with varying pore siZ&S’® The same
strategy can be applied for the construch of 3D COFs when using iadamantanamine as
node molecule”” The sophisticated bifunctionality of the COFs wasad in acidbase
catalyzed onepot cascade reactions.

7 A}
dual-pore COF-TPDA

TPA CH:—@—EHO
BPDA CHCCHC
TPDA oHc D O \_/ CHO

SIOC-COF-1 ’ =TPA ’ = BPDA

triple-pore _ i
SIOC-COF-2 ' = BPDA I- TPDA

Figure1-11 Cartoonrepresentation for the synthesis ofdualpore andtriple-pore COFs. Reprinted frorfi2l,

Ketoenamine COFs

A further advancemengspeciallyregarding the stability of imine COFs in strong acids and
bases was the discovery of the-salled b-ketoenamine COFs. They are based dnformyl
phloroglucinol (TFG) as aldehyde linker. Here, three hydroxyl groupsedocated next to the
three formyl groups ofTFB By reaction with amines, an imine bond forms reversibly as
described before. This enol irreversibly tautomerizes to the keto form of the COF as depicted
in Figure1-12."®
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Figure 112 Schematic representation of the ketenoltautomerism used in COF formation. The imine form
(left) reacts to form the more stable ketoenamine form (right).

Theb-ketoenamine COFs can also be synthesized by linker exchange ofdispective imine
COFs (from TFB to TFG}Y Due to their high stabilityp-ketoenamine COFs were used for
more demanding applications such as proton conduction in strong a&8sr pH sensing

in a very broad pHrange Combination with redoxactive antraquinonebased amine
linkers resulted in COFs with interesting redox properties and very stable capacitances in
sulfuric acid dectrolyte® By thin film fabrication on Au working electrodes, an increase in
capacitance of 400% could be achieved in oriented films compared to randomly distributed
powder

Hydrazone COFs

The condensation of aldehydes and hydrazides to form hydrazone linkages was first applied
in COF synthesisn 2011 by Yaghi and coworker$* 2 5-Diethoxygrephthalohydrazide
(DETH was combined with TFB and 1,3;%ris-(4-formylphenyl)benzene to yield theticular
hexagonal COF42 (seeFigure 1-13a) and COF-43 with high porosity and crystallinity.
After that, more hydrazone COFs were synthesized, most of them based on DETi
TFPTCOF™, LZU-218 NUS-3%¢: chemical structure of DETH is shown figure 1-13b)

or its modifications Most examples were synthesized with TFB, or less frequently TFG, as
aldehyde linker. As the DETH modification mostly directs the properties of the tregul
materials, the following examples are categorized accordingly.

The modified linker without side chains, terephthalic dihydrazideacted with TFG in a
liquid-assisted mechanochemical synthesis to form TFTThe reaction with TFB yielded a
COF that was coated on a fiber and applied for the preconcentration of pyrethrdffis.
Hydroxyl functionalized terephthalic hydrazide in different substitution patterns were used in
NUS50 (2,5-dihydroxyterephthalohydrazide; 2;BHTH) and NUS51 (2,3-
dihydroxyterephthalohydrazide; 2;BHTH; seeFigure 1-13e). Both COFs show catalytic
activity in Lewisacid catalyzed cyanosilylation of aldehydes when decorated witH idas
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The DETH modification with shorter methoxy sidechains is -@iBethoxy
terephthalohydrazide. When reacted with TFB as aldehyde, it yields@®BB, which is active

in the photocatalytic crosslehydrogenative coupling of tetrahydroisoquinolines and
nucleophiles®™ COF-JLU4 is synthesized with TFG as aldehyde linker and used as a
fluorescentpH responsive sensdf Longer carbon side chains have been demonstrated in
PrCOF-42, which is the propoxymodified version of COF42.!

Functionality can be addd to the frameworkvia allyl modification of the DETH linker. 2;5
Bis(allyloxy)terephthalohydrazide (semjure 1-13d) was used with TFG in the synthesis of
COF-AO, which was then loaded with Pd nanoparticles and crelasked with PSEH
oligomer to form a copolymer membrane. The membrane was used in agueous continuous
flow chlorobenzene dechlorination reactiori&!

TTBCOF contains the thioethebearing 2,5-bis(2(ethylthio)ethoxy)terephthalohydrazide
(BETH see Figure 1-13f), and selectively captures and displays Au ions at trdeeels in
water® Another thioethercontaining COF is COFLZU8 based on 2,5bis(3
(ethylthio)propoxy) terephthalohydrazide, which was similarly used focorg removal from
water "

The introduction of chirality to the COF was achieved with 20Bg(2S)-2-
methylbutoxyterephthalohydrazid¢MTh, see Figure 1-13g) as a building block. With TFB
as aldehyde linker, BtaMth COF was formed and used as a C@kca composite material
as stationary HPLC phad® The introduction of tertiary amine functionalities ity
2,5-bis(2-(dimethylamino)ethoxy)terephthalohydrazide is demonstrated in chapter

A combination of many different hydrazone COFs based on DETH andntslifications was
used as a multicomponent solidtate emitter with fingduned emission from blue to yellow
and white®

Examples for hydrazone COFs wadut DETHbased molecular linkers are less frequent. Bth
Dha COF and BthDma COF contain the trifunctional hydrazide benzerig3,5-
tricarbohydrazide (Bthand the linear aldehyde 2,&dihydroxyterephthalaldejde (Dhg or
2,5-dimethoxyterephthalaldehyde (Dmha The COFs show a selective luminescence
response towards aqueous Feions due to coordination interactionsvith the hydrazone
bond on the pore wall’”

The smallest possible bifunctional hydrazide oxalyldihydrazide (QDétms the COFs
TpODH with TFG and TFBODH with TFB, which were used for the selective adsorption of
Cu(ll) and Hg(I1)*®
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Azine COFs

The first COF that was linked via diazabutadiene units was published0a2 " This azine
COF was synthesized by condensation of hydrazine with 1,3;&8akis(4
formylphenyl)pyrene and used aschemosensing device for trinitrophenol type explosives.
The application of hydrazine as linear linking unit is what defireesne COFs, but also what
restricts their versatility. Nevertheless, several azine COFs with different aldehyde linkers are
known today.

The smallest hexagonal azine COF pores with a theoretical diameter of A8 were
synthesized with TFB and TFG and pisbed with a variety of different names, such as
ACOF-1M AB-COF™Y and COF-JLUZ**?/NUS 259 ATFGCOF!*°/RIO-13M"%%/HCOF-
1,124 respectively.

a) n@ﬁw \/@\“ b) m ‘ :qj: Igi
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benzene U 2 phloroglucinol

1,3,5-triformyl hydrazine hydrazine
(TFG)

Azine-Benzene-COF Azine-Triformylphloroglucinol-COF ( FG-COF)
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Figure 14 Acdic acidcatalyzed azine formation furnishes two microporous honeycomb frameworks. (a)
Scheme shows the condensation of hydrazine and 1:8j%®rmylbenzene to ABCOF. (b) The condensation
of the two monomers to ATFGCOF results in two different tautomersOH (left) and NH (right). (c) Structure
representation of ABCOF with quaseclipsed layer stacking; (d) a mixture of both OH and NH tautomers
within ATFGCOF with quaseclipsed layer stacking, and structure of the OH and NH tautomers (red, oxygen;
blue, nitrogen; black, carbon; white, hydrogen)Reprinted from 201

A higher complexity was achieved bgondensation of hydrazine with 1,1,2;2etrakis(4
formyk(1,1Npiphenyl))ethane (TFBEN NUS30, a dual pore system with hexagonal and
trigonal pores was created. In HEOF-1 and HRCOF-2, a linker desymmetrization
approach was used to create dual pore systems Wiv symmetric building block&>
Linker fluorination was used to improve the crystallinity and porosity ofCE¥ by more
favorable stacking energeticslue to integration of electron poor fluorinated aromatic
rings*©®
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Applications range from gas separatidff’! and storagé'®?, metal ion sensing®, and
atmosgheric water harvesting” to photocatalytic hydrogen evolutidit % and
photocatalytic carbon dioxide reductidt®.

Other linkage types

During the last years, more and more types of linkage chemistry have prdedre suitable
for COF synthesigseeFigure1-5 for an overview,)

Condensation of squaraine acid with amines leads to formation efjuarainelinked
COFs*4

Phenazindinked COFs are obtained from the condensation of triphenylhexamineldert
butylpyrene tetraoné® The reaction of 3,3jliaminobenzidine and TFG vyields the
benzimidazolelinked IISEREOF3 that was used as a support for B\ in oxygen evolution
reaction™*

Benzobsoxazolelinking was achieved by cyanideatalyzed reaction of aldehydes with 2,5
diamino-1,4-benzenediol dihydrochloride (DABD*=*"

COFsbased on irreversible nucleophilic aromatic substitution reactions show high chemical
stability. 1,4-Dioxinlinked COFs can be synthesized by nucleophilic aromatic substitution
between catechols and fluorinated aromatic carbonitrile¥! The same strategy was
published as plyaryletherbased COFs™**!

A very interesting condensation reaction to form fully’smnjugated olefin linkages is the
Knoevenagel condensation. It converts aldehydes or ketones into nitullestitutedcis
olefins with base catalysis. It was first demonstrated by Zhuahgl. in the formation of
2DPPV fromp-phenylenediacetonitrile and 1,3,8ris(4formyiphenyl)benzend?® Later,
tetrakis(4formylptrenyl)pyrene was used as aldehyde linker to form a framework with
rhombic pores that was found to show paramagnetism after oxidation with iodffleue to
confined radicals at the pyrene units. The same pyrene linker was then combined with
elongated nitrilesto form the reticular COFs sfz-COF-2 and -3 as highly luminescent
photofunctional materialg:??

Integration of the starbursshaped aldehyde building unit 2,3,8,9,14,1%hexa(4
formylphenyl)diquinoxalino[2,Zx:2\§ M;Jphenazine (HATMNSCHO) leads to CCPHATN, a
COF that was hybridized with carbon nanotubes and used as Li storage mat€fal.
Porsp’-c-COF is synthesized from 5,10,15,2Retrakis(Zbenzaldehyde)porphyrinp@PoiZ
CHO) and 1,4%henylenediacetonitrile (PDANand was used for the photocatalytic aerobic
oxidation of amines to imine§? TRCOF that was synthesized from PDAN and TFPT was
used as artificial photosysteiinrand regenerated NADH in 97% vyield after 1&inutes which
was monitored by the conversion 6fketoglutarate toglutamate!**!
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Model reaction:

OHC @ O CHO -

Fgure 115 Synthesis and structures of the olefiinked 2D conjugated polymer framework (2DPPV). (i)
Argon, cesium carbonate, 1s@ichlorobenzene, 150 °C, 3 days. Reprinted fr8# - Published by The Royal
Society of Chemistry.

The dversification of linkage strategies is a growing area of research that will further brighten
the scope of COF chemistry and applications in thettire.

1301 000Ul OEAOEA 11T AEZAEAAQEIT T &£ #1 &0
The modification of existing networks is a concept that has been known for a very long time
in the MOF field. It was first mentioned by Hoskins and Robson in 1986. Postsynthetic

modification allows for the introduction of chemical functionality to already synthesized
materialsi**”! The framework is formed and isolated in a first step and heterogeneously
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modified in a scond step. That opens the possibility for the adaptation of physical and
chemical properties while benefitting from the known characteristics of the underlying
material like synthetic conditions, stacking behaviour or the like. For a comprehensive
overviav the reader is referred t6°%.

(+)
[+

Metal
complexation

Clti)r\:lfe?m Linker
=+=\_modification -exchange J\ )\

X

Postsynthetic
modifications

Linkage
conversion

Figure 116 Postsynthetic modification of COFs can be realized via metal complexation, covalent linker
modification, linker exchangeor linkage conversion.

Due to their high chemical stability, COFs are as suitable for postsynthetadification as
MOFs, if not even more. Different approaches have been transferred from the MOF
chemistry to the COF field so far, ranging from coordinative to covalent modifications: metal
incorporation by complexation, covalent attachment of moleculesnge of which will be
discussed in the following.
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Complexation of metals

COF linkers often provide coordination sites for molecular building blocks or active metals
that are uniformly distributed in the materif® The metals are integrated by solvebtised
posttreatment of the isolated COF with a respective metal salt solutidimey are either
coordinated in the COF sheet layer or intercalated between the COF sheets.
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Figure 117 Schematic representation of metal complexation strategies. (a) Metal complexation in the COF
sheet, (b) confinement of metal nanoparticles in the COF pores, (c) complexation of metal between COF
sheets, and (d) metal nanoparticles on the outer COF suréac

A myriad of different metals has been integrated in different COFs ranging from group 2
elements C&** and S to transition metals of periodd (Ti[**1 Vv /[132 Mn, 133134 Fg 139
CO,[89, 133, 136] Ni,[133] Cu,[133, 137-138] Zn[133]), period 5 (MO,[139] Rh51401 Pdé2 141-142])' and period

6 (Ref* 44 A4l Mostly, metalation is used to create catalytically active sites in the COFs
which can then be used for SuzuMiyaura couplind®®, as Lewis acid catalyst for
cyanosilylatioR?, the selective oxidation of styrene to benzaldeh§ig or sulfide oxidation

in the Prins reactio* Another application is the tuning of the adsorption properties of the
systems. For example, the ammonia adsorption capacity is increased by integration of
alkaline earth metalg:*”
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The same wategy can be used to graft metal nanoparticles to COFs. The complexation is

used as a crystal seed for metals like 8l or Pd**" and the resulting materials are again

used as heterogeneous catalysts, @. in nitrophenol reduction.™® Pachfule et al.
demonstrate here, thatsthe nanopatrticle size is larger (5 to @m) than the pore sizef the

TpPal thatwasused1.8nm) , it is |likely that the nanopa
outer surface™®” By the introduction of strong anchoring groups like thioethers, the
controlled confinement & 1.7 nm small Au nanoparticles encapsulated in a COF with

2.4 nm pores is also possible. The composite material is active in Sukligaura coupling

as well as nitrophenol reductiof*®

Linker exchange

The reversible character of the bond formation in COF synthesis allows fhstsynthetic
exchange of linkers in the framework, even after isolation of the matelfialcontrast to the
MOF field, where the building block exchange based on dynamic covalent chemistry is a
widely usedconcept, only few examples are known for COFs.

In 2017, Zhao and coworkers for the first time achieved a C@B-COF transformationvia
linker exchangé’ The addition of a high excess of 10 equivalents of a more electron
donating and thus more active linker at thimitial synthesis conditions gives rise to a new
COF.

The strategy can also be used to synthesize COFs that are unreachuaibl¢he traditional
synthesis method. Aminmodified linkerswhich did not result in crystalline materials by a
simple condensationreaction were introduced to COFs synthesized beforehand from
unmodified linkerg**!

Further, exchanging TFB with THEads to a conversion from imindinked to b-ketoenamine
COFs. The latter then benefit from the high crystallinity of the underlying imine COFs and
show superior quality than traditional condensatisaactions!™

Recently, linker exchange in the 3DOFs COF300 and COF-320 was realized as well as
transformation from the 3D COF301 to the 2D TPBDHTRCOF.™"

Linkage conversion

The reversibility of the bond formation is key to crystallinity in COF synthesis as mentioned
in Chapter 1.3.1. At the same time, it is the materials weak spot concerning chemical
stability. A solution to this contradiction is the transformation of the linkage afier
successful crystallization of the material by an irreversible chemical reacEspecially imine
bonds have been subject to many different chemical transformations.

In 2016, Yaghi and coworkers transformed the imine linkages of two COFs to amide
linkages by oxidation with sodium chlorite, acetic acidnd 2-methyt2-butene. Both COFs
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showed retention of crystallinity andorosity andhigher chemical stability, especially in
acidic condtions**"
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Figure 118 Possible linkage conversion strategies for imidieked COFs. Formation of (aamide linkage,
(b) benzoxazole linkage(c) thiazole linkage, and (dan azaDielsAlder COF.

Postoxidative cyclization of imin€€OFs to benzoxazoldinked materials has been achieved
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ as the oxidizing agent®? The
transformation improved thermal and chemical stability of the system in both acidic and
alkaline media.

A combination of a linker exchage reaction of 1,4phenylenediamnine to the
bifunctionalized thiol linker 2,5diaminobenzenel,4-dithiol and subsequent linkage
conversion by oxidation with oxygen leads to formation of thiazole containing C&®sAlso

in this case, crystallinity and porosity are retained.
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Another possibility to convert imine to thiazole bonds is the reaction with elemental sulfur
under elevated temperatur®” In this case, the higher stability against reactive conditions
particularly in alkaline environment is accompanied by an increase in electron beam stability
which then allows irdepth real structure analysis by transmission electron microscopy.
Defects like grain boundaries and edge dislocations by integration efémd 7-membered
rings in the material can be visualized.

A linkage conversion reaction can be used at the same time to addwieinctionality to the
COF. Lui and coworkers use the azBielsAlder reaction between the imine linkage and a
variety of arylalkynes with functional moieties like methyl, fluoride, methyl ether, or
trifluoromethyl to alter the surface properties of the GS. Water contact angles of 35° to
155° were measured on the pressed pellets of the COES.

Covalent linker modification

Another possibility for the postynthetical integration of functionality into COFs ibet
covalent modification of linkersThis method is often referred to gsore wallengineeringor
channetwall functionalization There are almost infinite options regarding the chemistry
used for this type of modification based on the available functiorgoups in the COF
material. The modification approaches can be subdivided according to their underlying
chemistry.Some selected reactions will be discussed in the following.

In 2011, Jiang and coworkers were the first to demonstrate covalent linkerdification in
COFs™® They synthesized an azideunctionalized COF which was then modified by
copper-catalyzed clickchemistry(seeFigure1-19a) with different alkynes lik&-hexyne, 2
propynyl aetate or (3*, 3h*-dihydropyrenl-yl)methyl propionate as a fluorescent tag.
Later, they used the same reaction with inverted functionalities (acetylene moiety on the COF,
azide on the clicked molecule) to add pyrrolidine azide to the CBFE! The pyrrolidine
functionalized COF showed decent activity in Michael addition reactiomsddition of
functional groups likecarboxyl or amino groups enables tuning of the adsorption capacity
towards carbon dioxidé'>® Even acetylendunctionalized bucky balls can be integrated into
COF lattices by the clicichemistry approach>

Terminal alkenes have been integrated anged in thiolene coupling reactiongseeFigure
1-19Db).%°2%2 The method wagdor exampleused to integrate high hydrophobicity on COFs
by the addition of 1H,1H,2H,2H-perfluorodecanethiol to an allyfunctionalized imine
COF .13

An aminefunctionalized COF that was obtained by reduction from nitro groups was
modified by the aminolysis of acetic anhydridas shown inFigure 1-19c. The resulting
amide-functionalized COF was used in a liquiphase adsorption study with lactic acid,
where $rong interactions with the COmpore wallwere found!®*
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Figure 119 Schematic representation of (a)copper<lick reaction, (b)thiol-ene click reaction, and
(c) aminolysis of acetic anhydride.

The tools of organic chemistry have been widely explored in the COF field to transform the
materials heterogeneouslywith respect to a varigt of applications. The tailoring of their
physical and chemical behavior opens doors into fields that might not be accessible without
postsynthetic modification routesSelected &amples of such fields of application for
functional COFs will be discusseih the following.

1.3.%#1 OA1 AT O 1T OCAT EA AOCAI AxDOEOI ADLOMA
EUAOT CAT AOI 1 OOE
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The splitting of water to hydrogen and oxygen is an endergonic reaction with a Gibbs free

energy ofnG = +237.2 kJmol* under standard conditions gpH = O (see equation 1). As

water is transparent to the entire solar spectrum, sensitizers are used to drive the reaction.
Sensitizeract as the semiconducting materials that enable exciton formati@he potential

difference of the reaction is 1.22V, thus light with a wavelength ofO 1008 nm can in

principle induce water splitiingf® To allow the conversion of photons to chemical energy

by watersplitting at visible lightadditionally, an overpotential is required to overcome kinteic
hindrance of the reaction. Catalysts are used to reduce this overpotential.

Oxidation: (/ a Y -/ "Q cA (1.1)
Reduction: q( cA Y ( Q (1.2)

Overall reaction: ¢( / «a Y I "Q ¢( "Q nG=+273 kIJmol* (1.3)

Irradiation with energy greater than the band gap, ©6f the semiconductor results in
generation of excitons and excitation of the electrons to the conduction band of the
semiconductor while the holes remain in the valence band. After charge separation, the
charges migrate to the semiconductor surface, whehey react with water molecules on the
surface by evolution of hydrogen and oxygen (segure1-20a).
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Figure 1:20: (a) Basic principle of overall water splitting. After excitation, charge carriers migrate to the
surface to react with surface boundco-catalysts and water. Hydrogen and oxygen argenerated. (b)
Simplified reaction conditons to evaluate the hydrogen evolution reaction. A sacrificial donor is introduced
to trap generated holes by oxidation. NHE is standard hydrogen electrode.

For the indepth evaluation of each haifeaction, sacrificial agents are typically used to
neutrdize the respective charge carrierfn this work, the focus will be on the hydrogen
evolution halfreaction. Therefore, sacrificial electron donors like alcohols and amines that
are readily oxidized are used as can be seerRigurel-20b. With transitionmetalmodified
TiO,, hydrogen evolution rates as high as 850amol h* g* were achieved*®

In 2015, our group performed a comprehensive study on the chemically related, yet different
N,-COFs. In the order N-COF, N;-COF, N,-COF, N3;-COF, the number of nitrogen
atoms in the central aryl ring of the COF linker rises from 0 to 3. All COFs are
photocatalytically active, but thdénydrogen evolution rates (HERIjffer. Addition of each
nitrogen atom leads to a four times higher HER. Thedcat calculations suggest that
different radical anion stabilization energies are at the heart of this effect, which would be
in line with a reductive quenching pathway that the-ROFs undergo during photocatalysis.
Another series of COFsthe ATEXRZOF seriesd was synthesized from pyref@ntaining
linkers with different numbers of peripheral nitrogen atoms. Their hydrogen evolution rates
were determined to correlate with the theoretically calculated radical cation stabilization
energies of the systest?

The superior performance of crystalline materials over amorphous or serystalline ones
was shown by comparison of the NCOFs with its amorphous counterpart PTEOF .

Later, this finding was aafirmed by Cooper and coworkers. In their study, dgensitized
sulfonecontaining COFs were shown to exhibit HERs as high as 168wl h* g*. Both
wettability and crystallinity were determined crucial for the good performance of the
systent!®”
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Figure 121 Acetic acid catalyzed hydrazone formation furnishes a mesoporous 2D network with a
honeycombtype in-plane structure. (a) Scheme showing the condensation of the two monomers to form
the TFPTCOF. (b) TFRCOF with a cofacial orientation of the aromatic building blocks, consting a close
to eclipsed primitive hexagonal lattice (grey: carbon, blue: nitrogen, red: oxygen). Reprinted frid).

In the ATEXPXCOF series, itwas also shown, that COF thin films have the potential of
serving as photocathodes in water reductiobater,Bein and coworkers synthesized oriented
thin films from a thiophenebased COF on indium tin oxide (ITQPsubstrates and proved
efficient light harvesting as well as suitable band positioning. An increased photocurrent of
the system was observed by the addition of Ptcatalyst!®

In 2017, we performed a study on the utilization of the nobsietalfree molecular
cobaloximes as hydrogen evolution ecatalysts with COFphotosensitizersising the afore
mentioned N-COF series as well as COR2.%%° A closer look into the progress in this
research field will be given in Chapte3.2.

1.3.4 17 OAT AT O T OCAT EA AOAI AxT OEO AO CAO
Technology for gas storage is becoming more and more important, especially in the field of
energy and environmental applicationdntrinsically porous materials are widely used for

selective gas binding and separation. COFs are peially advantageous dueo their
precisely adjustable and controllable pore sizes as well as straightforward modification of
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their physical and chemical properties as has been discussed befafgich facilates their
use for the adsorption of different gasé§®> 17°-+"1

Sarting in2008, different computational studies on the hydrogen uptake capacities of COFs
predicted their exceptional suitability as ambient temperature hydrogen storage
materials!*’#*"® Experimental validation was given f@OF-1 with 1.28 wt% at 1 atm and
77 K9 and COF-5, which showed an uptake of 3.4wt% at 50bar and 77 K*"? Other
mesoporous 2DCOFs were found to exhibit moderate hydrogen adsorption capacities as
for example ILCOFL, whichstores 1.3wt% hydrogen at 7K and 1.0 bar.!*®

3D COFs showed enhanced capacitiesompared to 2D system8’* ¥/ The hydrogen
uptake of COFR102 was found to be72 mg g’ *at 77 K and 35 bar.'*

The decoration of COFs with metal nanoparticlesncreases their hydrogenuptake even
further™ A hybrid material with Pd nanoparticles in COE02 enhanced the hydrogen
capacity of the COF by a factor of 2 to 3 depending on the Pd content at 2%8and

20 bar™® The doping of COFR301with PdC} leads to a material that can store 4.2t%
hydrogen at 298K and 100 bar.'®! This is due to the hydrogen spillover effect, which is

187

also known in other adsorbents, such as MOFs or activated carboff§:**” Doping with
transition metals leads to dissociation of hydrogen on theetal sites and thus atomic
diffusionand chemisorptionto the sorbent Hydrogen spillover facilates hydrogen storage

at ambient temperature, which makes it a promising approach for future reseaf€h.

COFs were also used as reversible storage materials for the corrosive gas ammonia.

Currently, the commercially used active carbon showsh aammonia uptake of
11 mmol g*.*¥ While most MOFs are unstable upon ammonia exposure, the high
chemical stability of COFs offerthe possibility to design materials that are optimized
towards theLewis basiguest moleculeammonia.™® It strorgly interacts with Lewis acidic
boron sites in COF10 which leads to a very high uptake capacity of 1fmol g™ at 298 K
and 1 bar.'™ Integration ofmetal cations (C&", Mn?*, SF*) that serve as Lewis centers to
coordination sites in a carboxylic acid functionalized COF increased its ammonia capacity
from 6.85 mmol g* at 298 K and 1 bar to 14 mmol g* at 298 K and 1 bar.**"

Porous materials are used for théasage of natural gas. The adsorption of methane was
analyzed from a theoretical point of view. The threlfmensional COF102 and COF-103
were predicted to store 230 and 234//v at 298 K and 1 bar, which would classify them as
suitable methane storage matwls according to the U.S. Department of Energy target for
CH, storage™™® For COR102, experiments found an uptake 087 mg g' * at 298 K.[**?
Another broad computatnal study screened a database with 280 COFs in 12 different
topologies and found the highest values (19@v at 298 Kand 1 bar) for the 3D PICOF-4.

I n the same study, 2D COHFsstackiegrdistansedor reethane d
adsorption, whichwas found to be as high as 6.8.*°2

or
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From an ervironmental point of view, the capture of carbon dioxide is @tfer important
exampleas has been discussed in Chaptér2. A lot of research was done to find matexls
with high CO, capacities at low pressure. Different types of COFs have been used in,CO
adsorption!*® 193191 Eor example, a CQ uptake of 1180 mg g' * at 298 K was found for
COF-102.184 A closer look into this field of reearch is given in Chaptes.
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2 - AOET AO
In the following, an overview on the main analytical methods used for COFs will be given,
namely physisorption analysis, powderray diffraction (PXRD)and solid-state nuclear

magnetic resonanc€ssNMR) They cover for the most important features of CO&slefined
porosity, crystallinityand chemical integrity.

21 ' AO AAOI OPOEIT I

Adsorptionat a solid/gasinterface is defined as the enrichment of one or more components
in an interfacid layer™ Adsorption can be divided in chemi and physisoption.
Chemisorption results from ahemical bond formation between the adorbate and the
absorbent Thus, chemisorptionis characterizedby a relatively high heat of adsorptign
typically between 80 and 40kJ mol™. Chemisorption only occurs oshemicallyactive sites

of the material. Physisorption describes a merely physical process that is reversithle
effectively no or only very low activation energidsallows complete surface coverage and
multilayered pore filling.Therefore, physisorption with inert adsorptives is a potent analysis

technique for thecharacterizationof porous materials identifying pore sizes and surface
areas

2.1.1 Physisorption isotherms

To analyze the porosity of micrpmeso, and macroporous materiés, the uptake over a
wider range of relative pressures of an adsorptive is measuat a constant temperature.
Typical adsorptives are argon, nitrogen, hydrogen, carbon dioxjde water. By evaluation

of the shape of the isotherm, conclusions about th@eractions that occur in the systemica

be drawn and, hence, insightsito the type and size of interand intraparticular pores. The
adsorption of a gas by an adsorbate is quantitavely described by its adsorption isotherm.
According to the IUPAE, six physisorption isotherm types can Histinguished(seeFigure
2-1) that are typical for micropaous (type 1), mesoporous (type IV, and V), or macroporous
and nonporous materials (type I, Ill, and VI)

Type | shows a strong pore filling at low relative pressure with a plateau at increased relative
pressure. This is very typical for microporous materials with small external surface area,
where adsorbateadsorbent interactions and capillary forces are domimaeading to early
condensation of the adsorbtive into the pores. Smaller pores lead to earlier pore filling, while
in larger pore systems, the pore filling is shifted to higher relative pressures.
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In type Il isotherms, monolayer formation is observedaw pressure rangesAbove a certain
pressureB, a linear rise indicates multilayer formation with a terminal rise at high relative
pressure which is typical for textural pores. This isotherm type is very typical for macroporous
and nonporous materials.

1 IT
8
/]\ ITI 1V
o
a
H
O B
g
g
&
5| v VI
g

Relative pressure —

Figure2-1 Types of physisorption isothermsccording to IUPAC recommendatiarReprinted from[2].

Type Il isotherms armdicativefor very weak interactions of the adsorbate and the surface.
Interactions occur mostly betweethe adsorbed molecules which leads to a convex shape
of the isotherm. This type is rather uncommon, an example being the adsorption of water
vapour on nonporous carbons.

The most common isotherm for mesoporous material is type ItVis a combination of
monolayer formation comparable to type Il isotherms in the lgwessure region and
multilayer formation at higher pressure. Pore filling becomes visible at a certain critical
pressure where capillary condensation creates a steep rise of the adsorptive eptak
Typically, desorption creates hysteresist this stage, as it takes place at lower pressure
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than the pore filling. If pore filling is fully reversible anlysteresisdoes not occur, the
isotherm is referred to as type IVb.

Type V isotherms are closelglated to type Il and likewise uncommon. It is characteristic for
weak adsorbateadsorbent interactions.

Type VI shows stepwise multilayer adsorption where the-b&ight represents monolayer
capacity for the adsorbed layers on nonporowssirfaces.

2.1.2 Surface areadetermination

One of the most characteristic properties of a porous material is its surface area. It is
determined from gas adsorption measurements according to the Langmuir or the BET theory.
The Langmuir adsorption model describeadsorption of an ideal gas at isothermal
conditions. It uses the following assumptions to describe the adsorption process: Formation
of a monolayer on a completely homogeneous surface, where all binding sites are equal,
and no additional interactions betwen adsorbate moleculesccur.

From that, the following equation is deduced, where n is the amount of adsorbatg the
monolayer capacity, p the pressure and K the ratio between the constant of adsorption
reaction ky and the constant of desorption reactiokyes

- — (2.1)

More accurate is the 1938 published BrunaudmmetTeller (BEJtheory!™ whichbecame
the mostwidely usedmodel to date It is an extension of the ltgmuir theory and assumes
that the adsorptive is adsorbed on the surface inimfe layers without interlayer interactions
The Langmuir theory is applied to each individual layer (see ) withp and p, as the
equilibrium and the saturation pressur&®y and W,, as the adsorbed weight and monolayer
weight andC as the BET constant.

— (2.2)

To extractW,, and C, 1/W[(po/p)-1] against p/p, is plotted. Linear fitting in the range of
approximately 0.050 po/p O 0.35 gives the slopes and the intercepti that are used as
shown in eq.2.3 and eq. 2.4. The standard BET procedure requires the measurement of at
least three, but preferably more than five points in this pressure range on theoNAr
adsorption isotherm at the respective boiling point of, r Ar.

AR (2.3)
0 p - (2.4)
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The values can now be used to calculate the total surface afaccording to the Langmuir
theory (see eq2.5), whereNAi s Av o g adr A8 the crosssettienal area andM
is the molecular weight of the adsorbate. The specific BET surface areabtained by
dividing S by the sample weight.

3 — (2.5)

2.1.3 Pore size analysis

The pore size distribution links the pore volume to pore siéth a number of assumptions
made likeideal pore geometrythe pore shape (cylindrical or sphericar a noncontinous
transition from mese to macropores, a certain pore ige range can be computed very
accurately.

The Kelvin equation (equ. 2.6) is used to describe the radius of the curvature of the liquid

meniscus in the pore to the relative vapour pressureat which condensation occurs. This

radius is directly relatedo the pore width and is often referred to as the Kelvin radiysin
this equation,r is the surface tension of the adsorbate and is the molar volume.

J— (2.6)

In addition to the Kelvin equation, th&arretJoynerHalenda (BJH method includes the
monolayer thickness t which leads to the following equation:

S — 2.7)

Where ¢ is the pore radiusy the surface tension of the liquid and, ¥he molar volume.

In general, bothmodels underestimate the pore voluméy up to 20 - 30% for pores smaller
than 10 nm due to the disregard of enhanced surface forcésThis deviation can be
overcome byadapting the Kelvinequation to a series of very homogeneus and w&hown
pore diameters and using the empirically corrected version of the Kelvin equation.

In recent years, developments idensity functional theory (DFTand Monte Carlo (MC)
simulations yielded more accurate descriptions and, hence, are the methods of choice for
pore size determination todayThose methods are based on statistical mechanics and
describe the adsorbed phase on a moleculaeVel taking into accountattractive and
repulsivefluid-solid and fluidfluid interactions even at curved solid wallsThis predicts the
capillary condensation and evaporation of argon and nitrogen in silica and homogeneous
carbons quantitativelyi-or theanalysisof those material non-local density functional theory
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(NLDFJ kernels were developéd, while quenched solid density functional theory (QSDFT
describes PSD$or heterogeneous carbonsvell. This latter method takes into account
surface roughness as well as chemical inhomogerfitat the same time, those methods are
known to exhibit good results for COFs.

The pore size distributions are calculated by the integration of equilibrium density profiles of
the adsorbent in modeled pores. Kernels are used as theoretical referencesttie
experimental systems. A kernel consists of isotherms calculated for a set of pore sizes for a
given adsorbate. Comparison of calculated and experimental isotherms allows the
validation of the method.An accurate analysis of pore sizes over the complete micaad
mesoporous range is possible with DFT methods, as long as the chosen kernel is compatible
with the experimental system.

22 01 xAKAUD AE £EF£OAAOQEIT 1
Xray diffraction (XRPis a nondestructive analytical method used for the analysis of the
atomic and molecular structure dfypicallycrystallinematerials.
In 1912 Maxvon Laue was the first one to discover, that crystals act as 3D diffraction lattices
for Xrays with a wavelength in the size of thespacing of the crystal lattice. The regular
arrangement of atoms in a crystalline material causes a likewisgular, coherentscattering
of an incoming monochromatic X ay b e am b yelectrdneThestatersd lreams
of a crystalline materiatan interact and cause constructive or destructive interference. The
specific directions in which the electromagnetic waves add constructively are defined by
Braggds |28 (see eq.

17 Al (2.8)

where<is the wavelength of the incidentpay beam and n is an integer.

The diffracted Xays are then detected and processedlhe measured intensity is
proportional to the square of the static structure factiy, which is the Fourier transform of
the electraon density (see eq. ® and 2.10) witha, b and c being the lattice parametersy,

y and z the coordinates in the unit cell an&i, k and | the Miller indices.

Je &) e & (2.9)
GEl M @h B8 EZ° =Y LY RAAUAU (2.10)

The positions of the maxima of the electron density equal the atom positions in the unit cell.
As the measured intensities only give the modulus of the structure father,problem of
phase determination remainsAfter phase analysis, the structure can befined. The
structure factor can be expressed by the sum of the atomic form factbisf the atoms in

the unit cell (see eg2.11). The atomic form factof is the Fourier transform of the electron
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density of one atom. In structural refinement, the atocoordinates are altered until the
difference between measured and calculated structure factors is minimized.

&eiB ADEANED & o (2.11)

In the case of COFsdirectstructural refinement is usually vechallenging The number of
single crystal analyses is little, as materials are usually obtained as nanocrystalline powders
with crystallite dimensions below 100m. Additional real structure problems as anisotropy

in crystallite size, strain, and solvent molecules remaining in the pores, impede direct
structural analysis. Therefore, atomistittucturemodeling was established athe maintool

for the PXRD analysif COFs. This allows to correlate modeled and experimiglly obtained
diffraction patterns and structure assignment.

23 . OA1 AAO 1T Aci AGEA OAOI T AT AA OPAAOOIT O
Solid state NMR is a powerful tool for the characterization of COFs. It provides structural
and dynamic local information on the investigated systemislbased on the existence of a

nuclear spin in NMR active nuclei, which is the case for spir systems. The most important

nuclei in the context of COFs aréH, *C, ****N. By application of an external magnetic
field, degenerated energy statesre split up into energetically separated states, which is
called Zeeman effect. The energy difference of the separated states is dependent on the
local environment of the investigated system, espally on the spatial proximity of other
spins and the shigling effect of chemical bonds. The effects are time and orientation
dependent, which leads to a strong influence of anisotropic interactions in media with
reduced mobility and therefore access to the dynamics of the system.

While in solution-based NMR vey rapid processes based on Brownian motiane averaged

out, thus leading tovery sharpsignals, ssSNMR suffers from several effects leading to peak
broadening and poor signaito-noise ratio.Therefore, special sSSNMR techniques likagic-

angle spinning (MAS) are inevitable for a reliable evaluation of immobile samples. MAS was
introduced by E. R. Andrew and I. L. Lowe to mimic the averaging orientation in solution. It
uses a spinning rate equal or greater than the dipolar linewidth (cad 100 kHz) at an
angle i\, of 54.74° relative to the magnetic field Bto average anisotropic dipolar
interactions. Chemical shift anisotropies can still be accessed from spinning sidebands. With
crosspolarization CP), the polarization of abundant nuclei, ofterH, is transferred to rare
nuclei, so that the signato-noise ratio is strongly increased. This can also be achieved by
transfer from radicals (added to the sample as polarizing agent or natieeiare nuclei The
so-called dynamic nuclear polarization (DNP) ssNMRcisnsidered asa hyperpolarization
technique. DNP uses the Overhauser effect, which is interactions between unpaired electrons
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and NMRsensitive nuclei. In DNP experiments, the NMR signal is deteftem the NMR
nucleus while the unpaired electron is excited by microwave irradiation. This results in a
significant amplification of the signatio-noise ratio. This technique was used @hapter4.2

to investigate the interaction of C@with aminemodified COFs.

With advanced experimental techniqudike the homonuclear 2D double quantund single
quantum correlation experimentsH & 'H distances carnbe probed. It generates double
guantum coherences by dipoteipole coupling to gain throughspace information of locally
close protons. The spectrum only contains crgssaks of protons with direct dipolar
interactions due to the doubl@uantum filter, wich is indicative of a protorproton proximity

of below 3.5 A. This technique contributed substantially to the structural investigation of the
COF sample in Chapter 3.4, where photocatalytic activities were comparedwith
experimental as well as theoretical structural consideratidresed on advanced ssNMR
techniques

X

Figure2-2: Schematic representation of the magic angle (54.7°). Rapid spinning of the sample about this axis

averagesthe dipolar interactions.
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The synthesis of COF thin films and membranes has always been challenging. The insoluble
powders that are created during COF synthesis are hardly processable withventional

thin film fabrication techniquedike dip or spin coatinglimiting the applicability of COFs in
practice. Both bottomup and top-down approaches have been tested for COfin film
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fabrication” The followingtechniqueshave beensuccessfully executesb far: exfoliation of

COF powders by shear forc&™, solventassisted exfoliatidh ¥, solvothermal synthests

7 interfacial polymerizatiot® 9, flow synthesi&’, and vapor-assisted synthe&is.

In this thesis, two main methods were used for the synthesis of COF thin films on Si, glass or
ITO wafers: solvothermal synthesis in autoclave reactors and interfacial synthesis between
organic solvents and water. The methodology is briefly described infdil®wing.

- 0 0

Th 2o

4 m/m—m—m—m—mm 1

Figure 2-3: Schematt representation of thin film synthesis methods used in this thesi§olvothermal
synthesis in autoclave reactors (left), in which the wafer (dark blue) is placed floating in fyathetic mixture.
Interfacial synthesis (right), where material deposition is carried out by lifting the substrate through the
interface.

Solvohermal synthesis

For the synthesis of COF thin films, substrates can be directly added to the solvothermal
reaction mixture that is used in traditional COF powder synthesis. It has been proven
advantageous to use ainert Teflon holder to carry the substias, as the substrates can be
placed at an optimized height depending on the solvent volume and the adhesion of the
COF powder on Teflon is low. This holder is placed into an autoclave with an appropriate
inlet volume and subjected to the respective stamdaCOF synthesis conditions. g. acid
catalysis at 120°C for 72 h. With this method, homogeneous coverage of the substrates is
achieved. The number of substrates coated at the same time is limited due to limited space
in the autoclaves as well as the ¢ that the substrates should be placed at the same height
in the solvent to achieve comparable film thicknessIt was shown that s@ynthesized films
are formed homogeneously, crystalline and oriented parallel to the substrate surfaég.

Interfacial polymerization

This method confines the COF formation reaction to the interface between two immiscible
solvents,e. g. water and dichloromethane. It isnspired by classical polymer thin film
synthesi&**®! By protonation with strong acids, imines are dissolved in water and the
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corresponding aldehydesre added carefully as the top layer. The COF film fostwithin
hours at room temperature, its thickness is adjustable by the reaction time. The transfer from
the interface onto the substrate was achieved by keeping the substrates on the bottom of the
reaction vessel during synthesis and liftitgem up with a grid to minimize solvent
turbulences as far as possible. Coverage of several substrates at the same time is easily
achieved on a large area.
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As stated before, COFs have been used as photosensitizers in the field of photocatalytic
hydrogen evolution since 2014. Their evolution will be discussed in the following chapters.
The first COF to be found to perform photocatalytic hydrogen evolution was tefore-
mentioned TFP-COF followed by the N-COF series.Platinum nanoparticles were used as
co-catalysts and sacrificial agents as triethanolamiEEOA or methanol as well as the
solvent systenwere screened to find optimum working conditions for each individual system.
This leads to hydrogen evolution rates of 1976émolh* g* for TFPTCOF with

10 vol%TEOA in water and 1703>mol h™* g* for N;-COF with 1 vol% TEOAIn PBSbuffer

at pH7. In Chapter 3.2, the advances in the field wilbe stated and based on that,
representative variablesvill be identified that need to be optimizd to gain maximum
efficiency in COF based photocatalytic hydrogen evolution systemtsose variables are the
following: The robustness of the COF, which is mainly defined by its linkage stability, should
be as high as possible. Good stacking and high crgBinity as well as porosity promotes the
COFs activity. Botitharge separation ancaxial charge transporheed to be quick enough

to prevent recombination. r-plane conjugation of the network suppatgood light
harvesting ability.The interactions of the COF with the sacrificial electron donor as well as
the co-catalyst need to be optimized.

In the second part of this project, the scope of proton reduction catalysts for COF
photosensitizers was broaded significantly.We demonstrated the use ophysisorbed
molecular chloro(pyridine)cobaloxime ceatalysts with azineand hydrazinelinked COFs.
With N,-COF and TEOA as sacrificial donor, a hydrogen evolution rate of 782nol h* g*
was achievedBy a @mbination of experimental results anguantum chemicakalculations,

a monometallic pathway of hydrogen evolution via an intermediate 'Coydride and/or
Co'-hydride species was identifiedhis leads way to an overall singlsite, noble metal free
COF-based photocatalytic system in a letike architecture for solar fuel generation. Long
term stability of the system is still insufficient and needs to be addressed in further studies.
The last part of the project focused on the improvement of the intel@ttbetween the
beforehand identified chloro(pyridine)cobaloxime <matalyst and COF42. For this
purpose, the cecatalyst was functionalized with an azide group in different orientation (two
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axial and one equatorial functionalization positienwere realied) and COFR42 was
modified by a copolymerization approach to carry propargyl units. This enabled the covalent
attachment of the cecatalyst via Cu(tcatalyzed click chemistry. The COG¢o-catalyst hybrid
shows improved and prolonged photocatalytic actwitcompared to the equivalent
physisorbed system. Blgorough analysis with a combination afolid-stateNMR techniques
and quantum chemical calculations, we found that a genuine interaction between the COF
backbone and the cecatalyst facilates the reoordination of the cobaloxime during
photocatalysis.

The concept of covalent hybridization of COFand molecular hydrogen evolution ce
catalysts for improved solaiuel generation was developed and performed in the course of
the presented thesis.
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3.2.1 Abstract

Covalent Organic Frameworks
(COFs) are a new class of
crystalline organic polymers that
have garnered significant recent
attention as highly promising H

evolution photocatalysts. The
present article discusses the
advances in this field of energy

research while highlighting the
underlying peremptory factors for the rational design of the readily tunable COF backbone
and hence optimal performance.

3.2.2 Introduction

Fossil fuels have been the driving force for economiowtth in our world since the dawn of
the industrial revolution. At present, more than 80% of the world energy requirement is
derived from fossil fuels. However, overexploitation and hence ¢verincreasingdepletion

of these natural resources, in additioto the anthropogenic climate change caused by the
release of greenhouse gases by combustion of fossil fuels, is a matter of profound concern.
Of the renewable alternative energy resources available, solar power is arguably the most
promising one. Howeversolar energy is diffused and thus requires large collection areas
for harvesting meaningful amounts. Also, solar energy is intermittent in nature. Thus, as a
probable primary energy source, it would need to be coupled to energy storage mechanisms
in an exceptional scale. In nature, photosynthesienvertssolar energy intasstoredchemical
energy in the form of carbohydrate fuels and oxygen. While too complex to duplicate in all
its detall, it is an excellent inspiration to keep pace with the increasing energy demands on
our planet, as it offers a blueprint for the design of artitl photosynthetic systems where
the goal is to use (and hence convert) solar energy to make solar fuels likdyldriving
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thermodynamically uphill chemical reactions like splitting of wateéigure3-1), as shown in
eq 1-3.19

¢( ¢A o 0 (1)
(/ c¢E o -/ ¢ (2)
(1, 0’0 -/ G=+237.2 kJmol* (3)

Under standard conditions, the freenergy change 0f237.2 kJ/mol for the conversion of
one molecule of water to K and */,0, (eq3) corresponds topnE= 1.23 V per electron
transferred. Thus, for a photosystem to drive this reaction upon photoexcitation, it must
absorb light with photon energies >1.23%V, caresponding to wavelength® OLO00 nm.

This process should produce two and four electdole pairs per molecule of Hand O,
respectively. An ideal photosystem, with its band gap larger than that required to split water,
and withappropriately positioned conduction band and valence band energies with respect
to E(H/H,) and E(Q/H,0), respectively, should be able to drive the hydrogen evolution
(eq1) and the oxygen evolution (e8) reactions using #h* generated upon illumination
Honda and Fujishima were the first to report water splitting by band gap excitation of titanium
dioxide in 1972 Substantial progress has been made in subsequent years, but the intense
complications associated with the complete watgplitting reaction has led to oia handful

of successful systeffisOn the other hand, studying the oxidative and the reductive half
reactions separately enables detailed investigationsdaoptimizations and thus greatly
facilitates the ultimate endeavor.

3.2.3 Results and discussion

A typical photocatalytic hydrogen production schenteigure 3-1) starts with absorption of
light by the photosensitizer to generate electdhle pairs. Charge separation occurs
subsequently; ao-catalystis usually added for carrying out the proton reduction reaction,
while a sacrificial electron donor is added as source of electrons, replacing water as a
thermodynamically and kinetically challenging reducing agent. The sacrificial donor then
regenerates the photosensitizer by undergoing irreversible decomposition and thus prevents
back electron transfer. Direct ptocatalytic hydrogen production following this mechanism
has been explored under homogeneous conditions and using particulate photoabsorbers
alike, each with their pros and cons. Molecular photocatalytic systems based on redox active
metal complexes are ighly tunable, but they are poorly stable and have comparatively low
efficiencies! Y Heterogeneous systems, on thehar hand, have limited lightharvesting
abilities and tunability? ***® However, they are robust and lontived and show decent
photocatalytic efficiencies.
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Figure 3-1 Artificial Photosynthetic Water Splitting. SED, sacrificial electron donor; WOC, water oxidation
catalyst; PA, photoabsorber; HEC, hydrogen evolution catalyst.

The past few years have witnessed increasing interest in ogpolymers for photocatalytic

H, evolution, the study of which had been dominated by inorganic materials so"f&f!
Graphitic carbon nitride, represented by Lie
this category®24 While it features good H evolution activity, the scope for finuning the

structure and photophysical properties, and hence élolution activity, is rather limited and
mechanistic insights are accordingly scarc&:?® This is because carbon nitrides, made by
polycondensation of the precursors at high temperaturesie mostly amorphous or
semicrystalline 1D or 2D polymers with a large dispersity index. In addition, the molecular
backbone of carbon nitrides is composed of either heptazine or triazine units, thus limiting

their molecular tunability. The need to overote these inherent limitations with carbon

nitrides, while still retaining the wetlefined molecular backbone in a heterogeneous system,

marks the advent of covalent organic framework (COF) photocatalyBigre 3-2).

In 2005, Yaghi and coworkers showed the utility of topological design principles in
reticulation of molecular building blocks via covalent bonds, to foramystallineCOFs#"
COFs were thus a new class of highly porous organic polymers with 2D or 3D network
topologies, similar to metadorganic frameworks, but composed solely of light elements and
potentially more robust in nature. The suitably chosen functionalized molecular building units
are linked to each other in a reversible fashion by thermodynamically controliigdamic
covalent chemistr{?®*? The reversibility in bond formation undethe networkforming
reaction conditions imparts seliealing ability for the repair of structural defects and
facilitates reorganization of the framework structure to produce lerange order and
crystallinity, not seen in typical organic polymers whickedormed by kinetically driven,
irreversible bond formation reactions such adC cross coupling.
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2H +2e —»H, " ; ‘

"y
Molecular co-catalyst

Figure3-2: Photocatalytic Hevolution with metallic Pt (left) and moleculaco-catalysts (right). Thesacrificial
electron donor molecules have been omitted for clarity.

COFs are one of the most significant discoveries pertaining to heterogeneous photocatalysis
because (i) they are composed of molecular building blocks and hence possess almost
unlimited ckemical tunability of the different functions fundamental to the photocatalytic
process, namely, light harvesting, charge separation, charge transport and electrocatalysis.
(i) They possess permanent, nanometgzed structural pores which can be preciséiyed

by choice of appropriate molecular building blocks and their reticulation. The high structural
porosity entails high surface areas, enabling both rapid diffusion of charges to the surface
and a very high interaction surface for enhanced accessipilif sensitizers, electrolytes,
sacrificial components, andco-catalyss throughout the sample. (iii) Unlike molecular
systems, the photoactive building blocks can be locked in a rigid architecture, and this can
enhance the lifetimes of the excited statbg preventing deactivation through collisions.
Possible conjugation, both kplane and in the stacking direction, can also contribute to
increased charge carrier mobility. (iv) The crystallinity, in other words, the local and the-long
range order in thesesystems, facilitates charge transport, can prevent recombination of
charge carriers, and minimizes charge trapping at defect sites. (v) COFs are composed of
covalent bonds and thus are very stable and robust. They are largely impermeable to solvents
and, with appropriately chosen linking schemes, can be stable to hydrolysis, extremes of pH,
and oxidative and reductive environments, and (vi) being composed of lightweight elements,
COFs have an extremely low density and can offer high gravimetric performantee
exceptional blend of soliestate character together with modularity, porosity, and crystallinity
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means that COFs actually have the potential to be avagurde in photocatalysis research:
33-35]

In 2013, Jiang and coworkers synthesized a squaraine linked porphyrin COF featuring
e x t e n-@anjdgatith and chargecarrier mobility. With a 1,3diphenylisobenzofuran
label, this COF showedsteady generation of singlet oxygen from molecular oxyd&h.
Molecular oxygen beingri the triplet state, this showed that a triplet excited state of the COF
photocatalyst, which did not contain any noble metals, can be populated upon visible light
excitation and can actually be harvested in a subsequent reaction.

(a)

S

0 sodium ascorbate
0 10 20 30 40 50 60 70
lllumination time (h)

Produced H, (a.u.)

Figure3-3: Molecular structure (a) of the TFRTOF hexagonal pore as seen by TEM at &(b). Visible light
mediated H evolution (c) with TFPICOF using sodium ascorbate donor and &i-catalyst The inset shows
Hz evolution using TEOA as an electron donor. Photodeposited Pt nanoparticles (d) on FEPF after
photocatalysis for 84h. Adapted with permission from ref 36. Copyright 2014 Royal Society of Chemistry.

Indeed, this ability of COFs to harvest light energy laid the falation for their development

as platforms for photocatalytic hydrogen evolution. In 2014, we reported the first COF
(Figure 3-3a) observed to produce Hin the presenceof metallic platinum as the proton
reduction catalyst when irradiated with visible light. The hydrazondinked TFPICTOF,
based on 1,35-tris(4formytphenyltriazine (TFPT) and 2dethoxyterephthalohydrazide
building blocks, shows a much smaller dihedral angle of 7.7° between the central triazine
and the peripheral phenyl rings as compared to its benzene analogue with a dihedral angle
of 38.3°. This planarity of the molecular building block translates into a largely planar
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structure, potentially enabling enhanced stacking interactions and thus charge transport in
the axial direction as evident from the interlayer distance of 3. 8%oresponding to typical
van der Waals interactions between aromatic rings. The relatively small optical band gap of
2.8 eV enables significant light absorption in the visible region, thus rendering platinized
TFPTCOF an effective H-evolving photocatalyticsystem. With ascorbic acid as the
sacrificial donor in water, H evolved at a steady rate of 23¢-mol h** g, and in 52 h
(Figure 3-3c), the amount of H produced was more than the amount of Horesent in the
COF itself, thus showing that Hproduction is photocatalytic and does not originate from
the decomposition of the C@®. The COF was also seen to be recyclable, at least three times,
with no appreciable decrease in Hevolution activity. H evolution at specific wavelengths

of irradiation was found to follow the absorption spectrum of TFEDF, thus suggesting
band gap exitation to be the source of charge carrier separation,PtC} was used as the
platinum precursor, and TEM images of the COFRpost photocatalysis showed
photodeposition of Pt nanopatrticles of roughly @m size Figure 3-3d). While photoactivity
was retained, the COF lost its crystallinity as seen in al®postphotocatalysis sample, likely
because of exfoliation in water. Interestingly though, the amorphous productrétleout of

the photocatalysis reaction mixture could be reconverted to the crystalline and porous-TFPT
COF by subjecting it to the original synthesis conditions without addition of new building
blocks, thus suggesting that the connectivity of the COF renaal intact throughout the
catalytic conversion. The Hevolution activity could be improved by replacing the sacrificial
electron donor ascorbic acid with triethanolamine (TEOA), however at an expense of a
quicker deactivation of the COF. With 1®0l% TEOA the H, evolution rate was
1970 >mol h®* g® (Figure 3-3c) corresponding to a quantum efficiency of 2.2%. This rate
was almost 3 times higher than those with benchmark photocatalytic systems such-as Pt
modified amorphous melorf®® other carbon nitrides® and crystalline poly(triazine
imide)

As discussed before, the most remarkable feature of COFs pertinent to photocatalysis
research is their tunability down to the atomic level in an etlwise heterogeneous
backbone!®2% 32 %% This was exemplified in the engineering of azitieked N-COFs with
triphenylaryl nodes for photocatalytic water reducti8.Four COFs, with the number of
nitrogen atoms in the central aryl ring increasingfn 0 to 3, were synthesized by reaction

of the corresponding aldehydes with hydrazine under reversible conditibigufe 3-4a).
Substitution of the GH units with Natoms gradually decreased the dihedral angle between
the central aryl ring and the peripheral phenyl rings in the COF nodes, thus increasing
planarity. As a direct result, the peaks in the powderay diffraction (PXRD) pattern become
sharper and the staking reflection at 2 = 26° becomes more and more prominent along
the series from R to N;-COF, thus indicating a gradual increase in crystallinity with
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increasing nitrogen contentHjgure 3-4b). This finding is significant in that it shows that a
bulk property such as crystallinity can be controlled precisely by a modulation at the
molecular, i.e., the building block level.
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Figure3-4: Molecular structure (a) of the hexagonal pore of Nand PTRCOF. For the NCOFs, the crystallinity
increases gradually from N to N:-COF as seen in the PXRD pattern (b). TheeMolution rate with Pt co-
catalystand TEOA donor (c) analogously increases by 4 times for every additional N atom in the central aryl
ring. The stability of the radical anion consonantly increases (d) as one goes frartdNNz-COF. Four different
conformations are possible around torsiomngle A in PTIEZHO (e) as opposed to only two around torsion
angle C in MCHO. Additional RA type interactions (f) and Hbonding interactions (g) can be seen in single
crystal structure solutions of PTH. All of these possibly contribute to the lower rystallinity of PTRCOF.
Panels gd are adapted with permission front*l, Copyright 2015 by Nature Publishing Group. Panelg are
adapted with permission from#?l. Copyright 2017 Royal Society of Chemistry.

The porosity of the COFs as measured by the BET surface area increased as well along this
series, again reflecting the increasing degree of order with increasing nitrogen content. The
increase in planarity and hence crystallinity can affect more facileitexcmigration not only
along the COF plane but also along the axial direction. The observed increase in planarity
also leads to an obvious increase in electronic conjugation; however, with the simultaneous
increase in the electromeficient character oftie central aryl ring acting against this trend,

all four COFs were found to have essentially identical optical band gaps of around@.6

2.7 eV. The lightharvesting ability of the COFs was therefore ruled out as a variable for the
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photocatalytic water redumon activity which was studied under visible light irradiation using
TEOA donor and photodeposited platinum nanoparticles as electrocatalyst. Interestingly, the
H, evolution rate showed a 4old increase with each isolobal substitution ofé& with N
atomsin the central aryl ring. Thus, the Hevolution rate increased from a mere 28mol h®

1 g® for No-COF to 90, 438, and finally to 1703 >mol h®* g** for N;-, N,-, and N5;-COFs,
respectivelyKigure 3-4c,Table 3-1). Unlike TFPICOF, the postphotocatalysis samples did
not show any significant structural chga in the material; framework connectivity, structure,
and crystallinity were nearly fully retained with only a slight loss in the {oangge order.
Also, upon replacing the sacrificial donor with ascorbic acid, loftgrm experiments with N
COF for over 120 h showed sustained Hevolution and thus evidence the remarkable
stability of the COF under photocatalytic conditions.

Computational methods are a powerful tool in predicting and analyzing electronic properties
of COF photocatalysts pertinent to their hptocatalytic activity. Using representative
semiextended model systems for the-@OF series, it was found that, in line with the
observed H evolution activities, the highest occupied molecular orbital (HOMO) was
stabilized gradually from I to N;-COF, suggesting a progressive increase in the
thermodynamic driving force for hole extraction by TEOA. The simultaneous decrease in the
lowest unoccupied molecular orbital (LUMO) energy, however, indicated a gradual
decrease in the driving force for electroreinsfer to Pt up the series, contrary to the increasing
H, evolution rate.

Molecular orbital calculations in unit cells of NCOFs after optimization with periodic single
point conditions at the DFTB+/miel-0 level of theory reveal that the HOMO is localed
only on the azinelinker moiety, thus suggesting it to be a possible haleenching site
through hydrogen bonding interactions with TEOA. The LUMO was seen to be delocalized

across the conjugated U syst etermimated niotleb f r ar

hexagons on the PBED3/def2-SVP level of theory, electron affinities were of the order of
T 2eV, rendering anionic quenching of the photoexcited COF as the likely reaction
pathway. The ionization potential values were estimated to be very high, aroun@ €YV in
vacuum. Thus, oxidative quenching of the photoexcited COF, i.e., the intermediate
formation of a radical cationic COF by electron transfer to theo-catalyst seems unlikely.
Assuming the formation of the radical anion to be the ratketermining s¢p in the overall
photocatalytic process, the increasingly electrpoor character of the central aryl ring
translated into a progressive increase in the stability of the radical anion, going from the N
to the N;-COF model systemsHigure 3-4d), and this was found to be in line with the
observed trend in the Hproduction activity of the COFs. Increased stability of the COF
radical anion also suggests more effective charge separation. This highlights the importance
of the interface between the COF and the electron donor, i.e., the necessity of efficienthole
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transfer reactivity by optimizing the C@Bacrificial donor interactions, for the design of a
potent photocatalytic system.

Table3-1 Summary of HEvolution Activity of COBased Photocatalytic Systems.

COF HEC SED other solvent illumination activity AQE TON ref
conditions 0 > Yl
TFPTCOF Pt 1wt%sodium water >420nm 230 36
ascorbate
TFPTCOF Pt 10vol% TEO, water >420nm 1970 2.2¢3.9% 36
at 500nm
No-COF Pt 1vol% TEO# PBS buffe >420nm 23 0.001% a 40
atpH7 450nm
Ni-COF Pt 1vol% TEO/ PBS buffe >420nm 90 0.077% a 40
atpH7 450nm
N>-COF Pt 1vol% TEO£ PBS buffe >420nm 438 0.19% at 40
atpH7 450nm
Ns-COF Pt 1vol% TEO£ PBS buffe >420nm 1703 0.44% at 40
atpH7 450nm
PTRPCOF Pt 1vol% TEO/ PBS buffe AM1.5 83.83 41
atpH7
N2-COF Col® 1vol% TEO# pH8, 60 4:1 AM1.5 782 0.16% at 54.4 60
equ dmgH ACN/HO 400nm
N.-COF Co2° 1vol% TEO/f pHI10 4:1 AM 1.5 414 9.79 60
ACN/HO
Ni-COF Col 1vol% TEOf pHS8 4:1 AM 1.5 100 2.03 60
ACN/HO
N:-COF Col 1vol% TEO£ pH8 4:1 AM1.5 163 5.65 60
ACN/HO
COF2 Col 1vol% TEO#/ pH8 4:1 AM1.5 233 5.79 60
ACN/HO

a: Turnover number (DN) is based on the cobaloxinm-catalyst
b: Coel: [Co(dmghpyCl]. c: C&: Co(dmgBd(OH),]

The complex interplay of structural, morphological, and electronic factors for photocatalytic
H, evolution in COFbased systems is further demonstrated with f€IBF, having the same
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total number of N atoms as WCOF, but distributed instead on the peripheral rather than
the central ring Figure 3-4a).*® Under similar conditions as for the NCOFs, PTRCOF
produces H at a rate of only 83.83>mol h™ g after an initial activation period
corresponding to the pbtodeposition of Pt nanoparticles. The lower symmetry of fCKBF,
compared to that of N-COF, most likely leads to disorder in the former system due to a
higher number of possible molecular conformations involving the torsion angle between the
central and the peripheral aryl rings in the PTP nodeBidure 3-4e). Such molecular
arrangements could have a detrimental influence on the stacking interactions, taussing
stacking disorder. Further disorder can be induced into the iBtem by a possible donor
(phenyldacceptor (pyridyl) stacking interactions, as opposed to faoeface interactions in
the Ns;- system Figure 3-4f). Also, the higher basicity of pyridyl Ns in the PTP nodes,
compared to that of the triazine Ns in the \hodes, could lead to oligomers or molecules
occluding the pores of PFEOF (Figure3-4g). As a consequence of a possible combination
of these factors, the overall crystallinity of RT®F was seen to be very low as compared
to that of N;-COF, resulting in a BET stace area of only 84.21m? g** for the former, the
theoretical surface area being 2147 g*. The low crystallinity and porosity further induce
morphological changes: as compared to small, wellispersible aggregates for NCOF,
PTPCOF forms large sphers and macroscopic intergrown monoliths that are very hard to
disperse in water during photocatalysis. Because dispersibility affects the efficiency of light
absorption and scattering, the amount of COF photosensitizer needed to absorb all light
now becomesa variable and puts comparison of the Hevolution rate with N-COF in
perspective. Photophysical measurements and quantum chemical calculations call attention
to additional factors responsible for the poor performance of RCPF: As compared to N-
COF, measured fluorescence quantum yield and lifetime imply possibly a less efficient
nonradiative deactivation of the photoexcited state of PCRF via chargetransfer pathways
involved in H evolution. That the nonradiative excitestate decay rates might acally
correspond to these chargéransfer steps was confirmed in an analogous experiment where
the emission quantum yield of PT®OF was observed to be significantly lower and its
luminescence decay significantly faster under photocatalytic conditions, (W&th added
TEOA and photodeposited Pt), compared to that in water. Interestingly, while gICRFs
have a band gap of around 2.®2.7 eV, PTRCOF has a band gap of only 2.1eV and thus

a more extended absorption in the visible region. However, the undermining factors
discussed above, which apparently challenge charge transport and the efficiendygbt
absorption in PTRCOF, seemingly emasculate this effect. In addition, from the calculations
of frontier molecular orbitals for the PTEHO building block at the PBEMD3/def2-TZVP
level of theory, the HOMO and the LUMO were seen to have a similar siéextent, thus
rendering facile charge recombination another possible channel reducing the efficiency of
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the photocatalytic system. In addition, the calculated vertical electron affinities of the N
CHO and the PTPCHO units show that the anion radicabf PTPCHO is significantly
destabilized compared to that of @CHO. This is because the pyridine moieties in the PTP
motifs cannot stabilize the negative charges as effectively as the central triazine rings in the
N3 system.

It is thus evident that therare a myriad of variables that need to be modulated and
orchestrated t o ,dévawng COFiplotocatplyst: This mdludes s$iructural
factors such as crystallinity and porosity on the one hand and optoelectronic factors like
charge separation,charge migration, charge recombination, and stability of the radical
cationic or anionic intermediates on the other. Our research highlights te&ucturé®
propertydactivity relationship in such systems and accentuates the importance of the best
possible gtimization of the said factors for best performance. While these can be potential
hurdles, they can be actually engineered to the desired extent at a molecular level in COFs,
as mentioned at the beginning.

The development of robust COFs is the most basstep toward the development of
photocatalytically active systems. In this context, it is important to remember that crystallinity
in COFs is generated througheversiblebond formation®*% Under conditions of dynamic
covalent clemistry, bond breaking is thus as facile as the bond formation process, and
stability and crystallinity act in opposite ways. The choice of the linkage in a COF, as well
as the COF synthesis conditions (including choice of catalyst, solvent and tempenatisre
thus of significant importance, and linkages which are more prone to hydrolysis, such as
boronic acid ones, might render the photocatalytic system unstdii&: ““ In that regard,
supramolecular interactions to strengthen the intrand interlayer interactiort& ***® and
irreversible lockin strategies such as post synthetic stabilization of crystalline C®Esuld

be promising tactics to rigidify the framework with a desired complexity. Thmpetition
between stability and crystallinity quite reasonably generates COFs with structural disorder
and defects?*? the roles of which in the chargéransfer processes during photocatalysis
need b be explored in detail and precisely controlled, as this could be the key to establish
a precise structur@property correlation.

COF as the photosensitizing scaffold has to be able to harvest light energy efficiently and
transfer charges to the electrocalyst. For optimal performance, this mandates extended
absorption in the visible and neamnfrared region while still maintaining the driving force
necessary for proton reduction as well as the overpotential for electron transfer. Conjugation,
inotherwod s t he del oc aledranaysteng both i the axial diredtion arat
plane, should lower the band gap and also render charge transport more efficient by quick
dissipation of the excitation enerd¥;*” thus emphasizing the importance of planar and
conjugated chromophores as the building blocks. An appropriate choice of the linker is also



62 3.2H2 evolution with covalent organic framework photocatalysts

necessary for a fully conjugad COF layer. Achieving efficient charge separation is another
challenge in such low dielectric constant polym&tsthat typically show facile recombination

of charges created upon photoexcitation. In that regard, ouoftier molecular orbital
calculations of model oligomeric systems indicate that electmach terminal groups could
actually assist in charge separatidt! Another way to circumvent this issue would be to work
with molecules having londived excited states to possibly increase the excistatelifetimes

of the COF. However, while systematic and thorough studies are yet to be done, our studies
have generated examples where COFs with lon¢gered excited states are less efficient as
H, evolution photocatalyst§? It must however be mentioned that it is very difficult to ascribe
the H, evolution activity to a single variable, as discussed above.

The unique advantage of COFs over molecular systems is their ability to transport
photogenerated chages efficiently, thus reducing the likelihood of recombinati6t:” An
interesting research exemplifying the superior charge transport properties of COFs was
reported by Banerjee and ceovorkers where the authors used the COF synthesized from
1,3,5-triformylphloroglucinol and 2,5dimethy}p-phenylenediamine as a support faCdS
nanoparticles®® For a CdS:COF ratio of 90:10, the authors observed a Hevolution rate

of 3678 >mol h** g*, which was ascribed by emission quenching experiments and Hott
Schottky measurements to an efficient transport of the photogenerated electrons from the
CdS photosensitizevia the COF layers, which further prevented charge recombination
losses seen in bare CdS. Ai¢volution rate of only 128>mol h** g was observed for CdS
alone under the same conditions. In more general terms, the charge transport and the carrier
mobilities can be maximized in a COF by improving the overall crystallinity; by refining
stacking inter act i oanbgalsinthe axial gitedtion;zahd byincreasihga p
in-plane conjugation preferably with precursors having high native chacgerier mobilities,
such as thiophene, perylene, etc.

a. Linkage stability and robustness of the COF, b. Stacking and crystallinity, c. Axial charge transport, d. Porosity,
e. In-plane conjugation and light harvesting, f. Charge separation and stability of reaction intermediates,
g. COF-sacrificial electron donor interaction, h. COF-co-catalyst interaction

Figure 3-5: Representative variables that need to be optimized for maximizing photocatalytic Elvolution
efficiency of COmbased ystems

of
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Optimization of the interaction of the COF with the sacrificial electron donor is necessary as
well for optimal H evolution photocatalysisHigure 3-5). The appropriate choice of the
donor could be very specific for a particular COF photosensitizer and has to be optimized
for high cage escape yields (for reductive quenching) and faster delgitgon than charge
recombination, in addition to the solvent, pH, concentrations, été. While quantum
chemical calculations point to a reductive quenching mechanism in the azimsed COF
photocatalytic systems developed by f%$,a thorough photophysical investigation of the
mechanism and identification of the reaction intermediates is necessary. This could be all
the more importa because of the possible role of these Lewis basic electron donors in
some other steps in the intricate photocatalytic cycle or its possible role in poisoning the
nanoparticulate electrocatalysts.

Optimization of the COFelectrocatalyst interface would bequally important for efficient

H, evolution photocatalysisHigure 3-5). This is because without an added electrocatalyst,
COFs have not yet been observed to produce.lWhile charge recombination is an aspect,
the major factor seems to be the kinetic overpotential associated with the chdrgesfer

and bond formation processes for Hevolution. Thus, in the absence of dedicated catalytic
sites right at the COF backbos, suitable co-catalyss for hydrogen evolution need to be
identified. Metallic Pt, with a large work function and a low Fermi level, is traditionally
employed as the electron sink to trap electrons from the C&FIt further provides effective
proton reduction sites and makes Hormation facile. In this regard, coordinatiosites for
platinum on the COF backbone might lead to more specific interaction of platinum with the
COF and can result in improved charge transfer. This was observed in studies with phenyl
triazine oligomers (PTOs) where the smaller oligomers were obsetedoe more efficient

H, evolution photocatalysts because of the increased number of terminal nitrile moieties
which possibly act as coordination sites for platinum while also assisting in the dispersion of
the photocatalyst by Fbonding *¥ Unfortunately, platinum is an extremely rare element and
hence very expensive. In the long run, it thus needs to be replaced waticatalyss based

on earth-abundant nonprecious elementsi*? In our recent work we demonstrated the
feasibility of this approach using NCOFs and the hydrazondvased COF42 as
photosensitizers and a series of molecular cobaloxineo-catalyss as biomimetic
hydrogenase mimicsHigure3-6a,b, Table3-1).4 Composed entirely of molecular building
blocks, this system represents thesfiisinglesite heterogeneous COF photocatalyst with a
unique level of molecular tunability. Hevolution activity was found to be dependent on the
solvent used, and acetonitrile was observed to be important for better performance. Further
dependencies oneaction pH, choice of sacrificial donor, and the crystallinity and porosity
of the COF were noted. Using MCOF as the photosensitizer and chloro(pyridire)
cobaloxime co-catalyst H, evolution rates as high as 782molh® g* were obtained,
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correspondingto an apparent quantum efficiency (AQE) of 0.16% at 406m. The H
evolution rates were comparable to the previously discussed benchmark photocatalytic
systems like Pnodified amorphous melor® other graphitic carbon nitride$?” and
crystalline poly(triazine imide) (P¥#. The turnover number (TON) was 54.4 at 2.
Interestingly, for the same mol % of metallic Pt as the cobaloxime cataBestl, a three
times lower H evolution rate was observed with the former when measured under the same
conditions in 4:1 acetonitrile/waer. However, the H evolution rate of N-COF with Ptco-
catalystwas more than 8 times higher in water than in 4:1 acetonitrile/water, and a poorer
distribution of Pt nanoparticles on the COF surface and/or a poorer photodeposition from
the hexachloroplahic acid precursor in the latter solvent was observed to be the probable
reason. Photodeposition of Pt nanoparticl&3,their distribution on the COF surface, as well
as the sizes of the nanopatrticle clusters, onthe surface atoms of which are catalytically
active, thus are important factors that affect the Elvolution rate in such cases and will need

to be optimized.

The decisive role of the kinetics and thermodynamics of the changesfer processes
between he COF photosensitizer and the eoatalyst was illustrated in the lowerldvolution

rate with N;-COF than N,-COF, using Co-1 co-catalyst Figure 3-6b). With molecular ce
catalysts, an important advantage will be the possibility of studying the photocatalytic
processes in detail and resolving the reaction intermediates experimentally tbdufine
tune the photocatalytic activity of the hybrid system. Using G@Fphotosensitizer an€Co-1
co-catalyst, successive reduction of &¢o Co" and then to Cd and/or the final formation

of the possible H evolving Cd'8H species could be veriid (Figure 3-6¢,d). The Cd'sH
and/or Co'"8H species were further observed to produce i a heterolytic pathwayRigure
3-6e). Characterization of the KHevolving species and optimization of its integrity during
photocatalysis with molecular coatalysts will be important. This is because many molecular
co-catalysts are known to be photoreduced to the corresponding metallic species during
photocatalysis with instead act as the heterogeneous,4¢volving specie€” Furthermore,

the deactivation of the catalyst, for example by formation of cobalt oxide from cobeuues,
could be a limiting factor in the long rurf” With co-catalysts like cobaloximes featuring
labile ligands and the molecular heterogeneasu structure of COFs having potential
coordinating framework atoms, it is important to probe whether the complex actually binds
to the COF, because if it binds it can mediate an inner sphere electron transfer to the catalyst.
As studied for the BCOF systen with Co-1 co-catalyst, we could confirm that neither
metallic Co nor cobalt oxide nanopatrticles were formed during photocatalysis, nor does the
catalyst bind chemically to the COF at any stage during photocatalysis. Improving upon this
weak and nonspeci€ interaction between the ceatalyst and the COF by covalently binding
the two could be the next step forward. A more directional binding is expected to optimize
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the kinetics of electron transfer to the amatalyst and surpass the diffusigsontrolled Imits.

Our work also shows that the simpler path of optimizing the COF and the-catalyst as
independent modules has potential as well. With molecular -catalysts the biggest
challenge is however the search for a system that is stable and has limited
photodecomposition over time.
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Figure3-6: (a) Photocatalytic H evolution with N>-COF andCo-, (b) H evolution rates with the N-COFs and
with COF42 photosensitizers usingCo-1 co-catalyst and TEOA donor, and (c) spectrophotometrically
monitoring the reduced Cd state and subsequent formation of the Cand/or H{Cd" state using COR2 and
Colco-catalyst (d) The paramagneti€oll state formed during photocatalysis can be observed in thébxnd
EPR spectrum. (e) The ¢gH and/or the CézH species are shown to produce by a heterolytic pathway
involving a single cobalt center in the reaction involving2fCOF andCo-1co-catalyst. Reprinted from[60].
Copyright 2017 American Chemical Society.

3.2.4 Conclusion

In conclusion, the molecular and hence the modular nature of the heterogeneous COF
backbone creates enormous prospects fop Evolution photocatalysis as demonstrated by
the first promising steps outlined above. However, these results mark just the beginning of a
prospering area of research, and every aspect of these complex architectures needs to be
scrutinized to push the limits of COF photocatalysis further. Optimizatiorthef solid state
factors such as robustness, crystallinity, porosity, and defect engineering of COFs will be



66 3.2H2 evolution with covalent organic framework photocatalysts

important and are expected to ameliorate the desirddttomup design for enhancing the
light-harvesting and charge transport properties of such teaals (Scheme8). Thus, the
development of this field will be driven by the overall progress in COF research; its success
will be contingent on our ability to engineer ordered complexity within a stable, photoactive
COF framework.
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3.3.1 Abstract

We demonstrate photocatalytic
hydrogen evolution 8ing COF
photosensitizers with molecular
proton reduction catalysts for the
first time. With azindinked N,-
COF photosensitizer, chloro

(pyridine)cobaloxime co-
catalyst and TEOA donor, H
evolution rate of

782 >mol g* h' and TON of
54.4 has been obtained in a
water/acetonitrile mixture.

PXRD, solitate spectroscopy,
EM analysis, andquantum chemicalcalculations suggest an outer sphere electréransfer
from the COF to theco-catalystwhich subsequently follows a mononatlic pathway of H
generation from the C8-hydride and/or Cd-hydride species.

3.3.2 Introduction

With fossil fuel reserves dwindling every day, there is an urgent need for clean and
sustainable alternative energy sources. Atrtificial photosynthesis, the ersion of solar
energy into energy stored in the bonds of
most viable and nonintermittent solution in this regafd Development of efficient
photocatalytic systems for hydrogen evolution via photoinduced water splitting is thus a very
active field of energy researchn this context, covalent organic frameworks (COFs) have
recently emerged as a new class of photoactive materials for ligittuced hydrogen
evolution®® Similar to related polymeric carbon nitrides, but even more so, COFs are
modular, versatile, and adaptive as they are characterized by an easy tunability of

o

‘N
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(opto)electronic properties, structure, crystallinity, and poro$ityIn addition, COFs are
solely composed of light elements and thus have enormous prospects as edtimdant
and synthetically versatile platforms for modu) heterogeneous photocatalysi&® T h e U
electron conjugation inplane together with the possibility of axial charge transport in the
stacking direct i-orhitaldboan réshlitén highvobarge aaprier mbbilities,
thus making COFs promising supraolecular architectures for efficient light harvesting and
charge transport’® Already, even with the very limited number of reports of éolution
with COFs, hydrogen evolution rates as high as 1768nol g* h™* have been achieved:*?
However, in all such studies latinum has been used as theo-catalystto reduce the
overpotential of H generation. Despite the excellent activity of metallic platinum, it is rare
and expensive and should thus be replaced by eaghundant, nonpreciousmetalbased
co-catalyss in the long run®** The combination of a COF as the molecularly defined
photoabsorber with an eah-abundant molecularco-catalystcould provide a highly tunable,
singlesite heterogeneous photocatalytic platform which is fully accessible to the tootfox
organic synthesis. It would thus be an importasteppingstonetoward sustainable and
inexpensive photocatalytic systems. However, development of such a system is challenging
because of the limited photostability of molecular co-catalyss and generally slow
multielectron diffusiorcontrolled proton reduction processes which need to be coupled
efficiently to the lightharvesting and chargeercolation processes on the COF.

We report here, for the first time, lighihduced proton reduction catalysis witBOFs using
cobaloximes & noblemetalfree molecularco-catalyss (Figure 3-7). Efficient hydrogen
evolution is seen with an azinknked COF (N,) and a chloro(pyridingcobaloxime co-
catalyst(Co-1) in the presence of triethanolamine (TEOA) as a sacrificial electron donor in

a water/acetonitrile mixture under AM 1.5 illumination. The methodology can also be
extended to other azineand hydrazonebased QOFs and other cobaloximes aso-catalyss.

The results lead way to the development of efficient and robust, nefletalfree, singlesite
heterogenized systems for artificial photosynthesis that offer a precise control over the nature,
density, and arrangeent of the photocatalytically active sites.

3.3.3 Results and discussion

Photocatalysis

The azinebased N-COFs were chosen as the photoabsorber, owing to their robustness and
efficient hydrogen evolution activity with metallic platindif.All our primary investigations
have been carried out with MCOF (Figure 3-7) because of a relatively easier sthesis
protocol as compared to that of the most active member of the serieg; GOF.
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Figure3-7: Structuresof N>-COF and the cobaloximeo-catalysts used in this gidy. Schematiaepresentation
of photocatalytic H: evolution with N>-COF and Ga is shown on the left.

Of the different transition metal basedo-catalyss reported for proton transfer catalysis,
cobalt complexes with dimethylglyoxime ligands, also known as cobaloxinags,among

the most efficient. They feature low overpotentials foy ¢eneration, easy synthesis, and
oxygen tolerance, and can be easily incorporated covalently into natural and artificial
photocatalytic system&:*> 1 Cobaloximes have been used as earth abundant molecular
H, evolution co-catalyss, e. g., with MOF*® and carbon nitride photosensitizefS:*® We
thus chose the complex chloro(pyridine)cobaloxime (D1, Figure3-7) for our studies.

In a typical photocatalytic experiment, Big of N,-COF was dispersed in 10 mL of 4:1
ACN/H,0 solvent together with 100>L of TEOA (0.075 M final concentration) as the
sacrificial electron donor and 400>L of a 2.48 mM solution ofCo-1 in acetonitrile (0.1mM

final concentration). When irradiated with 10enW/cm? AM 1.5 radiation, the resulting
mixture produces hydrogen actively at a rate of 160nol g* h™* over a period of 7h (Figure

1a) with a peak hydrogen as high as 702 mol g** corresponding to a turnover number
(TON) of 3.54 (based onCo-1), after which theactivity of the system levels off. An induction
period of about 1.5h is however seen at the onset, which possibly corresponds to the
photogeneration of Cd and then finally Céand Co"8H and/or Co"8H species from the
initial Co" for H, evolution tooccur {ide infrg.*3% 1722231 |n control experiments without
either the COF or TEOA, no H evolution was observed in a period of 8. The control
experiment withoutCo-1 produced only 5>mol g* h™ in 3 h. This implies that all the
aforementioned three components are necessary for the photocatalytic system to work and
that there is a charge transfer in the ensemble. The negative Gibbs free energy of the
photoinduced electron transfer reactio &ble 3-2), from either the conduction band dN.-
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COF or the reduced radical anion species to either ¢or to Co" calculated according to
the Weller equatiof**! suggests that electron transfer is theodynamically feasible.

—
]-®-N2 + Co-1 + TEOA l/

-e-N2 + Pt + TEOA
007-4-N2 + Co-1
]+ N2+TEOA =

]-+Co-1+TEOA / e

-
o

{1 Rate = 782umolig/h
TON = 54.4

= NwWwbhbOoN
QQQQQ oo

H, evolved (umol/g)
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Figure3-8: (a) Hevolution using N-COF and Ga (see text for details) as well as2KlCOF and metallic platinum
(5t , Iwi HPtCE solution in water) in the presence of TEOAyhen irradiated with 100mW cnmi2 AM 1.5
light. Control experiments in absence of either of the three components, with all other conditions being the
same, show no Hevolution in 3h. (b) K evolution using optimized parameters, Bng of Ne-COF dispersed in
10 mL of 4:1 ACN#E solvent togetherwith 10q@ , 1 £ 4 %/ ! h AR Boluoddf Cel in ACN, and
4.69 mM dmgH at a finalpH of 8. The reaction mixture is illuminated with 10&W cn? AM 1.5 light.

After photocatalysis, the COF sample wathen fully characterized to check for any
decomposition. The framework structure and crystallinity is fully retained after photocatalysis,
as seen in the PXRD pattern of the post photocatalysiO®F sample Figure6-1). FTIR

and ssNMR spectraHgure 3-10 and Figure6-2) again remain unchanged, demonstrating
that molecular connectivity and hence the structure of the COF remains intact after
photocatalysis. SEM images evidence that the idde morphology of N-COF is unchanged
(Figure 6-3), and TEM images confirm retention of the hexagonally ordered crystalline
domains after photocatalysig-{gure 6-4). Also, no trace of cobalt oxide or metallic cobalt
was seen on the surface of the COF.

Table 3-22 Gibbs Free Energy of formation of @@nd Cd by Oxidative and Reductive Electron Transfer
Pathways. The N2COF energy levels are the calculated values for a model hexagon with hydrazone
termination® §Cd"/Cd") andECd/C0) potential values have been obtained from ref 25.

Ecd?V (NHE EN:*), V(NHE) ECd'/Ca"), V(NHE) ECd/Cod), V(NHE) nG°, n&°, n B, nGe,
in vacuum in vacuum in ACN in ACN e\® e\® e\® eV

¢l.52 ¢2.31 ¢0.43 ¢0.88 ¢1.09 ¢c0.64 ¢1.88 ¢1.43

a. Calculations are as followéd © ©O—,¥d 0 ©O—,yd 0. & 0— ¥yd 0. & 0O—.

We then tried to find the optimum working conditions for the hybrid photocatalytic system.
Solvent variation was found to have a profound influence on Hroduction?® Different
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solvents have different coordination abilities for binding to cobalt; they have different
polarities and dielectric constants which differently stabilize the reduction intermediates. Also,
the solvent dependence of the CtCo' redox potential, and/orthe reduction of the C¢
and/or Co"-hydride intermediate greatly affects the driving force for the generation
reaction. While in DMF/HO 4:1, H, evolution is seen at a rate of 22.6mol g* h*; most
efficient H evolution is seen with ACN/kD 4:1 (160 >mol g* h'') (Figure6-5). H, evolves

at a rate of only 4.75>mol g* h* in a THF/H,O 4:1 system. The ratio of ACN to kD in

the solvent was found to have an influence on the ldvolution efficiency as well and the
rate of hydrogen production increases when the ratio is increased from 2:3 to 3:2 and to
finally 4:1 where it reaches a maximunirigure6-6). The induction period also seems to be
somewhat shortened when using a higher ACN content.

As seen commonly for many production systems, thpH of the reaction mixture was also
found to have a profound influence on K evolution efficiency?? The amount of H
generated from the photochemical reaction is maximum at aroup#i 8. Significantly less
H, evolution is seen at lowepH values because TEOA is eithergionated or else due to
inhibition of proton loss from TEOA®! Likewise, very little Hevolution is seen apH 12
(Figure 6-7) because of the reduced thermodynamic driving force and because of
protonation of the cobalt catalyst becoming greatly unfavorable.

Next, we varied the sacrificial donor. Triethylamine (7)E#s the electron donor led to
significantly reduced hydrogen generation (Bfnolg*h') as compared to TEOA
(160 >mol g* h*, Figure S8). Interestingly, a TEOA concentration as low as 0.0M3ed to

the most efficient Hproduction in our system. When [TEOA] was increased to 0.3V5 H,
evolution was reduced (110>mol g* h'), most likely as a result of an increase in pH.
Cobaloxime complexes are unstable because of the labile dimethylglyoxime ligands which
undergo exchange with free dimethylglyoxime in solutiit> ! We thus added 8
equivalentsof dmgH, to the photocatalytic reaction mixture when absolutely no further H
evolution was seen with the initially adde@o-1. H, evolution duly renewed and continued
for an additional 9 h at the rate 170>mol g* h'!in compaitison to H, evolution for only 6h
with a slightly lower rate of 150>mol g* h'before dmgH addition (Figure 6-9). The
improvement in the efficiency of Horoduction with dimethylglyoxime led us to explore its
use as the sacrificial electron donor, replacing TEOA, for letgym hydrogen evolution.
With 0.05 M dimethylglyoxime (this is the limit of solubility of dmghh 4:1 ACN/H,O
solvent), H however evolves at an esdmely poor rate of 0.63>mol g* h*for 24 h after an
initial induction period of about 3h (Figure6-10).

Crystallinity and porosity of the COF also seem to have an effect on the efficiency of H
evolution. Poorly crystalline samples (with typically lower porosity) led to poorer H

generation. hi s i s most Il i kel y becausystennih thealess ma l | ¢
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crystalline sample and/or stacking faults which could impede lateral and/or vertical charge
carrier transport in the COF photosensitizer and likely also the interfacial chargadfer
from the COF to the cobaloxime. We would also expect a less porous COF sample to
impede accessibility t€0-1 and thus limit effective transfer of charges.

With all the above variables optimized, a 4volution rate of 782>mol g* h'is achieved
corresponding to a TON of 54.4 at 20h (Figure 3-9b) and an initial TOF of 3.96h%. The
amount of H evolved thus makes this system competitive with carbon nitride based
benchmark photocatalytic systems such as -nRidified amorphous melon
(720 >mol g* h"),*® g8C;N, (840 >mol g* h*)?¥ or crystalline poly(triazine imide)
(864 >mol g* h*).?® The TONs obtained are comparable to that obtained for a
homogeneous photocatalytic system comprising of at@tpyridyl acetylide chromophore
and Co-1 co-catalystin MeOH/H,O 3:2 (TON of 56).% BEven higher TONs may be
attained in our system by adding dmgHperiodically because, as shown above, the COF
photosensitizer is quite stable under photocatalytic conditions. In fact, our previous report
shows it to be stable for more than 126 under photo@talytic conditions*® The apparent
guantum efficiency (AQE) in the present system was estimated to be 0.027% under AM 1.5
illumination. Under 400nm irradiation, the AQE is estimated to be as high &16%. To

put this into perspective, the AQE of the photocatalytic reaction of the Ni bis(diphosphine)
catalyst, NiP, in combination with the heptazine carbon nitride polymer melon in water is
(0.04 + 0.01)% using 460 nm irradiation*"!

In order to further optimize the hydrogen evolution efficiency of BIOF with cobaloximes,

we tried to circumvent the instability of the dimethylglyoxime ligands. Indeed, a higher H
evolution rate (414>mol g* h™") and a higher TON of 9.79 are obtained with the more
stable Bk-annulated complexCo-2 as compared to that withCo-1 (160 >mol g* h™,
TON 3.54) under the same conditions Figure 3-9a and Table 6-1).* However,
cobaloximeCo-3, despite the stable tetradentate diimirgioxime ligand, produces very little
hydrogen (20>mol g™ in 6 h).*" The low activity could arise from the difficulty Go-3 to
undergo protonation at tle oxime moieties since they are linked covalently to the boron
atom. This makes adjustment of the redox potentials to the aelBsic conditions of the
reaction mixture difficult and thus probably disfavors proton reduction in this systéms
compared toCo-2, which is also a BRannulated complex, Hevolution withCo-3 is further
hindered because of the single diimine dioxime ligand, whose other diimine end cannot be
protonated. Inteestingly, the Hevolution efficiency of B+COF withCo-1 (160 >mol g* h™)

is higher as compared to that in the presence of colloidal platinum (5&hol g* h™) (Figure

la, the mol % of platinum being the same a€o0-1). As seen from our previous report,
photocatalytic hydrogen evolution with/NCOF in the presence of platinum takes place with
much higher efficiency in water (438mol g* h™).” %! The lower H evolution efficiency of
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N,-COF in this report is tha probably a reflection of the choice of solvent (4:1 ACN/B,
instead of pure water). TEM images of the post photocatalysis (with Pt in 4:1 AGRJHN ,-
COF sample shows a distribution @2 nm nanopatrticles on the surface of the COIFigure
6-11). Such distributions were however seen only in some areas. In comparison; well
distributed, though larger, nanoparticle clusters of @05 nm size were seen when the
reaction was done in watewhere a significantly higher Hevolution was observed. Thus,
while smaller nanoparticles indeed form in 4:1 ACNA® and should make H evolution
more efficient because of a higher availability of surface Pt atoms, the overall poorer
distribution and/or paorer photodeposition of Pt nanoparticles in this solvent probably
reverses the trend in Hevolution reaction. The energetics of the charge transfer processes
involved, in 4:1 ACN/H,O vs H,O, might also vary and could also contribute to the lower
H, evoluion efficiency in the former solvent. A comparison between the activities sCOF
with Co-1 and with platinum in 4:1 ACN/HO is thus difficult. Co-1 is insoluble in pure
water, whereagCo-2 is soluble. However, no hydrogen evolution is seen with-BIOF in

the presence ofCo-2 in water.

We also measured the activity of other COFs which are known to produceg H
photocatalytically with metallic platinum, namely, the azitieked COFs N and Ns, and

the hydrazone linked COH2 (Figure3-9b, Figure6-12, Figure6-13, and Table6-2). With
COFs N; and N3, nonoptimized TONs of 2.03 and 5.65 could be obtained at pH with
Co-1 co-catalyst respectively, while a TON of 5.79 was obtained with CO&2 under
similar conditions. The reactiomethodology can thus be extended to different types of
COFs producing H under photocatalytic conditions.

Interestingly, the klevolution rate of N-COF (163 >mol g* h) is lower than that of M-
COF (390 >mol g* h'Y) with Co-1 at pH8 in 4:1 ACN/H,O. This is contrary to our
previously reported results with &t-catalystin water where N-COF was seen to be 4 times
as active as N-COF (1703 vs 438 >mol g™ h*, respectively¥) However, the H evolution
rate of N;-COF (175 >mol g** h®™) with metallic Pt in 4:1 ACN/HO is still about 3.5 times
higher than that of N-COF (52 >mol g** h®*) with Pt under the same condition§gble6-3).
Therefore, the charge transfer processes between the COF @udl seem to dictate the
lower reaction rate of N-COF with Co-1 as compared to N-COF.
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Figure3-9: (a) Hevolution with N>-COF and differento-catalysts. Theco-catalystconcentration is 0.ImM in

all measurements. All other conditions are the same includingld of 10. (b) Hevolution with different COFs

at pH8. 5mg COF sample has been used in all the measurements. All other conditions are the same. Rates
are 233, 390163, and 108mol g'h*for COF42, N, Ns and Nt COFs, respectively. TON for the reaction with
N2-COF is 10.89 at 61

Outer versus Inner Sphere Electron Transfer

Cobaloximes, as discussed before, are known to be quite labile complexes, more so under
photocatalytic conditions. The dimethylgloxime ligands as well as the axial pyridine ligands
exchange readily and this limits the lorgrm usability of such catalysté! This ligand
exchange could have far reddng implications in the present photocatalytic system in terms
of what the actual proton reduction catalyst is or what way the electron is actually transferred
from the COF photosensitizer to the cobalt center. The lability of the dimethylglyoxime
ligands might lead to the formation of an entirely different,Hevolution catalyst, with the
primary coordination sphere of cobalt being occupied by N atoms of the azine linkers (the
N atoms of the pyrimidine nodes might be too sterically hindered to interacwever, this
seems unlikely looking at the importance of the dimethylglyoxime ligands in keeping the
catalyst active for proton reductiof®** 2621 A quite possible alternative could be axial
coordination of a N atom of the azine linker to the cobalt center after the labile pyridine is
lost. This would mean that the COF backbone forms a part of the coordination sphere of
the co-catalystand electrons are transferred from the COF photosensitizer to the cataly

an inner sphere mechanisri?¥

In order to probe any interaction between NCOF and Co-1, we recorced **C cross
polarization magic angle spinning (CPMAS) NMR spectra of GIOF post photocatalysis
and found it absolutely identical to pristine NCOF including the signal for the azine carbon

at 162 ppm (Figure 3-10a and Figure 6-14), thus suggesting no chemical interaction
between the COF andCo-1. Neither peaks corresponding t€o-1 could be seen, nor were
effects due to the presence of any paramagnetic cobalt specigshsas line broadening or
loss of signal intensity observed. No interactions could again be seen in an illuminated and
dried mixture of N-COF and 8 or 35 wt% Co-1 in ACN. This time, while peaks
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corresponding toCo-1 are seen owing to higher amounts o€o-1 in the sample, the
chemical shifts again remain unchanged. No interactions were observed in‘th&AS NMR
spectra as well (Figure S2). ATR spectra of the COF sample before and after
photocatalysis are again identical, including th€CON).«cnappearing at 1620 cm™, as is

the IR spectrum of an illuminated and dried mixture of,;/&OF and 8 wt% Co-1 in
acetonitrile. In the latter sample, the new features arising can easily be assignedod

and the spectrum is simply additiveFigure 3-10b). Energydispersive Xay (EDX)
spectroscopic analysis in TEM shows no trace of cobalt in the ypigitocatalysis sample
(Figure6-16). However, in the illuminated and dried mixture of ,MCOF and 8 wt%Co-1,
cobalt and chlorine can easily be detectedrigure 6-17). Also, the filtered, washed, and
thus recovered BFCOF sample after photocatalysis does not produce anyiH the presence

of TEOA withoutCo-1, all other conditions being exactly the same as before. These results
combined provebeyond doubt that (i)Co-1 rather than the photochemically decomposed
metallic cobalt is the catalytically active species and (ii) that it does not chemically interact
with N,-COF. Also, physisorption, if any, is weak enough f@o-1 to be washed away very
easily with standard solvents.

— N2 before photocatalysis a 100 - : b
— N2 after photocatalysis = W
— N2 + 8 wt% Co-1 ;
— N2 + 35 wt% Co-1 801 /:
Co-1only , 32 701 V(C=N)' WV |
'_ 60 1 f f '
s0 e oponcend| |
' 40 1—N2 + 8 wt%Co-1
e Co-1only
250 200 150 100 50 O 2000 1600 1200 800 400
3(ppm) Wavelength (cm™)

Figure3-1Q (a)* CPMAS NMR spectra ob88OF under different conditions. No change in chemical shift in
the COF signals is seen. Please see Figure S12 for assignments. (b) ATRR spectra of N-COF under
different conditions. Again, no shift in the frequencies of the bands is seen.

Quantum chemical calculations withCo-1 and model compounds further confirm this
argument. Four different cobaloxim€OF composies were modeled in order to mimic
possible binding sites of the cobatto-catalystto the framework Figure3-11 and Quantum
chemical Calculations section). Two different cobaloximes with pyridine and ACN as the
axial N donor ligands Figure6-18 and Figure6-19) were also modeled in order to compare
cobaltdaxial nitrogen bond lengths of these optimized compounds against the
corresponding distances in cobaloxirm@OF models, in orderto estimate their binding
strength. For cobaloximé&OF models, the shortest cobahitrogen distance obtained is
2.79 A for the surfacediazene cobaloximeCOF model (Table6-5), which is still significantly
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larger than the longest cobafaxial nitrogen bond distance of 1.96 A observed among the
modeled cobaloximes Table 6-4). A distancebased approximation thus suggests that
cobalt tends to form more stable complexes with its axial N donor ligands in the parent
complexes, pyridine or ACN, than with a N center on the COF framework. Interaction
energies were also calculated on PBHEB/def2-TZVP level of theoFy*? using the
FermiONs++ program package*“? and, as anticipated from the analysis of cobélt
nitrogen distances, all four COFobaloxime models, especially pordiazene and pore
diazene90°, were seen to be distinctlynfavored in comparison to the parent complexes
with either pyridine, ACN or KD as the axial ligands Table 6-6). Combined experimental
and quantum chemicalinvestigations thus refute the possibility of an inner sphere electron
transfer from the COF to theco-catalystvia covalent interactions and suggest possibly an
outer sphere collisional electron transfer mechanism.

a b
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Figure 3-11 Constrained optimized geometry of (a) poréliazene, (b) porediazene90°, (c) surfacediazene,
and (d) surfacetriazine cobaloximeCOF models, obtained on the PBEB/def2SVP level of theory using the
Turbomole program package. Theurfacediazene and triazine models are for possible interactions on the
surface of the COF microstructure. Other details of the calculations can be found in the Supporting
Information. The dashed pink lines show the shortest €W distance obtained and & 4.197, 4.082, 2.792, and
3.00 A, respectively, in panels.

Mechanism

A general mechanism of proton reduction by cobalt complexes involves stepwise reduction
of the Co" complex to the resting state of the complex, dhen to Cd which is then
protonated to form a Cd" hydride intermediaté’*** 17 2- 2. 271 A direct proton coupled
electron transfer step from Cdo H5Co" has also been propose#? Likewise, in the present
COF-cobaloxime photocatalytic system, Gand the Cd intermediates can actually be
identified in the photolysis solutions owing to their unique spectroscopic signatures.

Prior to irradiation of the reaction mixtureontaining COF42 as the photosensitizer and
Co-1 as the co-catalyst cobalt is only present in the +3 oxidation state and has no
significant absorption in the visible region. After irradiation forh2at pH 8, an absorption
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band centered at 440nm correspmding to Co' can be seen, and the reaction mixture is
visibly dark yellow (Figure 5d% 226 32 4344 Measurements were impeded by the use of-N
COF, since the COF particles took an extraordinarilgng time to settle down for us to be
able to record an absorption spectrum of the supernate. This problem could be avoided with
COF-42. We also recorded an Xand EPR spectrum of this photocatalytic reaction mixture
before and afterillumination and could observe formation of the one electron reduced
paramagnetic Cd species with Lorentzian line broadening correspondingdg = 2.006
(Figure3-12b) as has been reported previoushy:** *>*" Before illumination there seems to
be a weak signal atg.« = 2.058 possibly corresponding to paramagnetic impurities in the
starting complexCo-1."%"% At low pH the formation rate of Céis itself very low. At high pH,
H, production is supposed to be greatly decreased and photoaccumulation of the §tate
should be possiblé?"! Nevertheless, or efforts to spectroscopically monitor the Cstate at

pH 12 proved unsuccessful. However, a4 illumination of the reaction mixture gpH 10
with 5 equialents of added P(-Bu} led to an intense blue color corresponding to an
absorption band at 50@700 nm (Figure 5a). The blue color which disappears immediately
upon air exposure can have three possible origins. It can be attributed to the phosphine
coordinated Cd species®* “¥ namely, [Cd(dmgH)(P0-Bu))] or bridge protonated
[Co'(dmgH)(dmgH)(Pa-Bu))]. It could also be attributed to a solvent stabilized charge
transfer state of [CBH(dmgH)(P(-Bu))], i.e., the HICo" species?®“*? as all of these have

a similar absorption spectrumHowever, an initially formed photoreduced Cmspecies
uncoordinated to P§-Bu), or the Cd'-hydride species can safely be ruled ot 25-26:32.43-

“l Pf-Bu) is actually reported to increase the efficiency in some hydrogen evolving
photocatalytic systems by stabilizing the aforesaid intermediaté<tate’** S However, the
fact that no hydrogen evolution is seen in our syst with added R{-Bu) makes us believe
that it is the Cd' hydride [CoH(dmgH)P-Bu))], known to produce H only on thermolysis

at 150 °C,®™ which is actually formed.

The cobalt' and/or cobalt" hydride formed in the reaction mixture can produce hydrogen by
either a homolytic/bimetallic pathway involving two cobalt centers or a kinetically
distinguishable heterolytic/monometallic pathway involving a single cobalt cefiter; " 2

5253 In order to distinguish between these two pathways for the present photocatalytic system,
we studied the amount of hydrogen evolved for different concentrationsCuo1, while
keeping all other conditions the same. Frofigure3-12c it can be seen that EHevolution
after 3h of photolysis exhibits a linear dependence o€q-1], thus supporting a single
cobalt mechanism for hydrogen generatioffrigure 6-26).1* 2653
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Figure 3-12 (a) Red trace: UyVis spectra of the degassed photocatalytic reaction dispersion containing

2.5mg of COM2,50f , 1 £ 4 %/, All-¥E2.48™FAn ACN)in 5 mL 4:1 ACNMHmixture atpH8
illuminated with 100mWcnm? AM 1.5 light. Thereaction mixture was allowed to stand for h after
illumination before a spectrum was recorded. Blue trace: similar reaction conditions as before except-h10

of the reaction mixture and 5 equiv of externally added P{Bu)3. The noise in the spectra fsom the still
suspended COF patrticles. (b}and EPR spectrum at 4K of the photocatalytic reaction dispersion containing
COM42 before and after illumination. The microwave frequencies are 9.47614 GHz in both cases. The reaction
conditions are identicako those in Figure 5a. (c) Fevolution at 3h after illumination under different [Cel].

In all measurements, ng of \-COFand 10p, | £ 4 %/ ! E1 2 BRas been ubed TiedeActidn# . T (
pHis 8.

The other reversible cycle, i.e., thehotochemical COF cycle, can proceed along either
oxidative or reductive quenching of the COF upon photoexcitation. Our previously
published theoretical studies on the MCOFs show that the formation of a radical cation
intermediate during the photocataligt cycle is less likely for these COFs for energetic
reasons? In fact, a radical anionic state has been identified in an ongoing experimental
study. This speculation however does not undermine the importance of a correct
identification of the reaction pathway adopted in our CQE&obaloxime photocdalytic
system. Detailed transient absorption measurements are underway in this regard and will be
reported elsewhere.

We also tried to explore the charge transfer pathways in our photocatalytic system by
photoluminescence measurements. Unfortunately; GOF is scarcely emissive; thus, it was
not possible to collect reproducible emission spectra or quantum vyields of the photolysis
dispersions to check whethé&2o-1 or TEOA quench emission. Measurements were further
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impeded by simultaneous absorption @o-1. Photoluminescence lifetimes recorded using
time-correlated singlephoton counting method (TCSPC), however, show almost no change
in the decay of N-COF in the presence of either TEOAC0-1 or both (Figure 6-27 and
Table 6-8), which probably suggests a different time scale of the electron transfer process
from TEOA and toCo-1 under these condition§

3.3.4 Conclwion

Photocatalytic hydrogen evolution with COF photosensitizersngsmolecular, earth
abundantco-catalyss has been demonstrated with large,ldvolution rates and good TONSs,

as exemplified with the NCOF series and COF42 with Co-1 and other cobaloxima. No
external proton source is required for Hevolution. Metallic cobalt, which could possibly
form by photodecomposition ofCo-1, could be ruled out as the hydrogen evolvingo-
catalyst Co-1 in solution thus acts as the proton reduction catalyst tramshg reducing
equivalents from the photosensitizer to the protons. Experimental results guahtum
chemicalcalculations suggest an outer sphere electron transfer from@OF to co-catalyst
Co-1 and a monometallic, i.e., a single cobalt pathway was identified in the present system
for H, generation from the intermediate C6 and/or Co"-hydride. Longterm stability needs

to be further addressed with other more stable and efficient éVolving co-catalyss or by
engineering the COF so as to prevent ligand dissociatiBfi.A possible improvement of the

H, evolution effciency by optimizing the electron transfer process between the CO# e
co-catalystby covdently linking the moleculaco-catalystto the COF backbone also needs

to be explored and is currently underway.

To conclude, it is important to understand thenplications of the results presented in this
article. The quest for earth abundd molecular replacements o€o-catalystplatinum for
photocatalytic H evolution using COF photosensitizers is a big challenge because: (i) COFs
that produce H photocatalytcally are themselves rare. A number of factors come into play
such as crystallinity, porosity, rigidity, and stability on the one hand and light harvesting,
charge separation/recombination, and charge transport on the other, which have to be
retained throghout the course of the photocatalytic reaction. (ii) Electron trangfem the
COF to the co-catalysthas to be thermodynamically and kinetically favorable. There needs
to be an efficient coupling of singl@hoton electron events with the multielectroedox
reactions necessary for Hevolution. (iii) Molecularco-catalyss, unlike metallic platinum,
possess limited photostability and could have slow multielectron diffusion controlled rates.
The observation of photocatalytic Hevolution from COFs wh molecular cobaloxime based
co-catalyss is thus the first step in overcoming these challenges. The results presented herein
lead way to the developmendt f e f f i emolecularcowd@a@$6 based phot ocas
systems entirely free of noble metals whiatith the robustness and tunability of the COF
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backbone, enables a precise control over the nature, the arrangement and the density of
photocatalytically active sites for optimal competenC The results show that water splitting
or CO, reduction catalysts could be combined with COlbased lightharvesting systems in

a O l-likeaarfchitecture for stable generation of solar fuels in futuX&hile covalently linked
COF-co-catalystarchitectures could be envisaged for better performance,raesults also
show that design and optimization of th€ OF photosensitizer and theco-catalystas
independent components is another worthwhile avenue.

3.3.5 Acknowledgments

B.V.L. acknowledges financial support by an ERC Starting Grant (project COF Leaf, grant
number 639233), the Max Planck Society, the cluster of excellence Nanosystems Initiative
Munich (NIM), and the Center for Nanoscience (CeNS). We thank Viola Duppel for
recording the SEM and TEM images, Igor Moudrakovski for the measurement of the-solid
stade NMR, Marie-Luise Schreiber for recording the ATR spectra, and Prof. Reinhard
Kremer for recording the EPR spectra.

3.3.6 Author contributions

Tanmay Banerje conceptualized,designed and performed the experiments andote the
manuscript. Frederik Haasassisted in synthest initial samples Gokcen Savascdesigned
and performed all quantum chemical calculation&Kerstin Gottschlinghad the initial idea
for the project andprovided additional samples that enabled more detailed analysis of the
reaction mechanism Christian Ochsenfeld and Bettina V. Lotsch supervised the projadt.
authors worked on and revised the manuscript.

3.3.7 References

[1] Y. Tachibana, L. Vayssieres, J. R. Durradgture Photonic2012, 6, 511.

[2] S. Berardi, S. Drouet, L. Francas, C. Gimbesurifiach, M. Guttentag, C. Richmond,
T. Stoll, A. LlobetChem. Soc. Rev2014, 43, 7501-7519.

[3] V. S. Vyas, V. Wh. Lau, B. V. LotschChem. Mater. 2016, 28, 5191-5204.

[4] S-Y. Ding, W. Wang,Chem. Soc. Rv. 2013, 42, 548-568.

[5] R. P. Bisbey, W. R. DichteACS Central Scienc2017, 3, 533-543.

[6] N. Huang, P. Wang, D. JiangNature Reviews Materia016, 1, 16068.

[7] X. Ding, J. Guo, X. Feng, Y. Honsho, J. Guo, S. Seki, P. Maitarad, A. Saeki, S.
Nagase, D. Jiang,Angew. Chem. Int. EQR011, 50, 1289-1293.

[8] C. Butchosa, T. O. McDonald, A. I. Cooper, D. J. Adams, M. A. Zwijnenburghe
Journal of Physical Chemistry 2014, 118, 4314-4324.

[9] V. S. Vyas, F. Haase, L. Stegbauer, G. Savasci, F. PodjakOchsenfeld, B. V.
Lotsch,Nat Commun2015, 6.

[10] L. Stegbauer, K. Schwinghammer, B. V. Lots€hemical Scienc014, 5, 2789-
2793.

[11] F. Haase, T. Banerjee, G. Savasci, C. Ochsenfeld, B. V. Lots€araday Discuss.
2017, 201, 247-264.



<;\

83

[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]

J. Thote, H. B. Aiyappa, A. Deshpande, D. Didaz, S. Kurungot, R. Banerjee,
Chemistryd A European Journa2014, 20, 15961 -15965.

P. Du, R. Benberg,Energy & Environmental Scien2812, 5, 6012-6021.

V. Artero, M. ChavarotKerlidou, M. Fontecave Angew. Chem. Int. Ed2011, 50,
7238-7266.

W. T. Eckenhoff, W. R. McNamara, P. Du, R. EisenbeRjpchimica et Biophysica
Acta (BBA) Bioenergetics2013, 1827, 958-973.

V. S. Vyas, F. Haase, L. Stegbauer, G. Savasci, F. Podjaski, C. Ochsenfeld, B. V.
Lotsch,Nature Communication2015, 6, 8508.

J. L. Dempsey, B. S. Brunschwig, J. R. Winkler, H. B. Gragg. Chem. Res2009,

42, 1995-2004.

M. A. Nasalevich, R. Becker, E. V. Rambsrnandez, S. Castellanos, S. L. Veber, M.
V. Fedin, F. Kapteijn, J. N. H. Reek, J. I. van der Vlugt, J. Gascdnergy &
Environmental Scienc2015, 8, 364-375.

L-F. Gao, Z-Y. Zhu, W:S. Feng, Q. Wang, H-L. Zhang, The Journal of Physical
Chemistry 2016, 120, 28456-28462.

S-W. Cao, X-F. Liu, Y-P. Yuan, Z:Y. Zhang, J. Fang, S. C. J. Loo, J. Barber, C.
Sum, C. XuePCCP2013, 15, 18363-18366.

P. Du, K. Knowles, R. Eisenberd, Am.Chem. Soc2008, 130, 12576-12577.

J. T. Muckerman, E. FujitaChem. Commun2011, 47, 12456-12458.

B. H. Solis, S. Hammes&chiffer,Inorg. Chem.2011, 50, 11252-11262.

G. J. Kavarnos, N. J. TurroChem. Rev1986, 86, 401-449.

P. Zhang, M. Wang, J. Dong, X. Li, F. Wang, L. Wu, L. Sure Journal of Physical
Chemistry C2010, 114, 15868-15874.

P. Du, J. Schneider, G. Luo, W. W. Brennessel, Rsenberg,Inorg. Chem.2009,

48, 4952-4962.

T. M. McCormick, Z. Han, D. J. Weinberg, W. W. Brennessel, P. L. Holland, R.
EisenbergJnorg. Chem.2011, 50, 10660-10666.

K. Schwinghammer, B. Tuffy, M. B. Mesch, E. Wirnhier, C. Martineau, F. Taulelle,
W. Schnick, J. Senker, B. V. Lotsclnpgew. Chem. Int. EQRR013, 52, 2435-24309.

J. Zhang, X. Chen K. Takanabe, K. Maeda, K. Domen, J. D. Epping, X. Fu, M.
Antonietti, XWang Angew. Chem. Int. EQR010, 49, 441-444.

C. A. Caputo, M. A. Gross, V. W. Lau, C. Cavazza, B. V. Lotsch, E. ReisAegew.
Chem. Int. Ed2014, 53, 11538-11542.

P-A. Jacques, V. Artero, J. Pécaut, M. Fontecaveroceedings of the National
Academy of Science2009, 106, 20627 -20632.

P. Zhang, P-A. Jacques, M. ChavareKerlidou, M. Wang, L. Sun, M. Fontecave, V.
Artero, Inorg. Chem.2012, 51, 2115-2120.

It needs to be mentioned that a comparison between the activities with acatalyst

in solution versus photodeposited metallic platinum is not reasonable in any case,
even in the absence of all the factors discussed above. This is because only a fraction
of atoms on the surface of the nanoparticles are photocatalytically active; the rest, in
the bulk of the nanoparticles, are inactive.

V. Balzani, Electron Transfer in Chemistry, Vol, WILEYVCH Verlag GmbH,
Weinheim,2008.

C. Adamo, V. Barone,The Journal of Chemical Physi@999, 110, 6158-6170.

M. Ernzerhof, G. E. Scuserialhe Journal of Chemical Physid999, 110, 5029-
5036.



84 3.3Single site photocatalytic H2 evolution from covalent organic frameworks with molecular

cobaloxime cocatalysts

[37]
[38]
[39]
[40]

[41]
[42]

[43]
[44]

[45]
[46]

[47]
[48]

[49]
[50]
[51]
[52]
[53]
[54]

[55]

S. Grimme, J. Antony, S. Ehrlich, H. KgeThe Journal of Chemical Physi@910,
132, 154104.

A. Schafer, H. Horn, R. Ahlrichghe Journal of Chemical Physi@992, 97, 2571 -
2577.

R. Ahlrichs, M. Bar, M. Héaser, H. Horn, C. KélmeChem. Phys. Lett1989, 162,
165-169.

A. SchéferC. Huber, R. AhlrichsThe Journal of Chemical Physit994, 100, 5829 -
5835.

J. Kussmann, C. Ochsenfeldlhe Journal of Chemical Physi2913, 138, 134114.
J. Kussmann, C. OchsenfeldJournal of Chemical Theory and Computati®9015,
11, 918-922.

X. Hu, B. S. Brunschwig, J. C. Peteds, Am. Chem. Soc2007, 129, 8988-8998.

T. Lazarides, T. McCormick, P. Du, G. Luo, B. Lindley, R. Eisenb&rgym. Chem.
Soc.2009, 131, 9192-9194.

M. Baumgarten, W. Lubitz, C. J. WinsconGhem. Phys. Letdl987, 133, 102-108.
D. M. Cropek, A. Metz, A. M. Muller, H. B. Gray, T. Horne, D. C. Horton, O.
Poluektov, D. M. Tiede, R. T. Weber, W. L. Jarrett, J. D. Phillips, A. A. HolBatfon
Transations2012, 41, 13060-13073.

W. Lubitz, C. J. Winscom, H. Diegruber, R. Moseler,Zeitschrift flir Naturforschung
A, Vol. 42 1987, p. 970.

A. Bhattacharjee, M. ChavareKerlidou, E. S. Andreiadis, M. Fontecave, M. J. Field,
V. Artero,Inorg. Chem. 2012, 51, 7087-7093.

E. SzajnaFuller, A. BakacEur. J. Inorg. Chem2010, 2010, 2488-2494.

J. Hawecker, J. M. Lehn, R. Ziessélew J. Chem.1983, 7, 271-277.

G. N. Schrauzer, R. J. Holland]. Am. Chem. Socl1971, 93, 1505-1506.

F. Wen, J. Yang, X. Zong, B. Ma, D. Wang, C. LJ, Catal.2011, 281, 318-324.

A. Fihri, V. Artero, A. Pereira, M. FontecavBalton Transaction2008, 5567 -5569.
V. W:-h. Lau, V. W:z. Yu, F. Ehrat, T. Botari, |. Moudrakovski, $imon, V. Duppel,
E. Medina, J. K. Stolarczyk, J. Feldmann, V. Blum, B. V. Lotgdafvanced Energy
Materials2017, 7, 1602251.

C. S. Diercks, O. M. Yaghi,Science2017, 355, eaall585.



&

34 2A0ET T Al AAOGECGT 1z A1 AADEAOCAEADAI RD
PEI O AAOAIT UDEIAI EQRAION CAT

Kerstin Gottschling, Gokcen Savasci, Hugo Vigholwealez, Sandra Schmidt, Phillip Mauker,
Tanmay Banerje®etra RovQg Christian Ochsenfeld, and Bettina V. Lotsch

published in

J. Am. Chem. Sa202(0142(28) 1214612156

DOI: 10.1021/jacs.0c02155
https//pubs.acs.org/doi/10.1021/jacs.0c02155
Formatting and numbering of figures were changed.
Adapted with permission from ACS

This project was highlighted as a supplementary cover image of the journal Chemistry of
Materials, the cover image was designed by#stin Gottschling.

July 29,2020
\olume 124

Nu rher 30
pubsac arg/JACS

JOUERNAL OF THE AMERICAN CHEMICAL S0 CIETY

-

ACSPublications W ww.a £org

3 Most Trusted. Most Cited. Most Read.



86 3.4Rational design of covalent cobaloxim€OF hybrids for enhanced photocatalytic
hydrogen evolution

3.4.1 Abstract

Covalent organic frameworks

(COFs) represent promising

1dd) 0 H

materials for the field of

i

nanosciences due to their

\:xaml
(wdd) o H,

unique combination of chemical

tunability, structural diversity,

(wdd) DA Hy

high porosity, nanoscale

Theory regularity, and extreme thermal

Experiment

stability. Covalent organic
frameworks (COF) display a unige combination of chemical tunability, structural diversity,
and porosity. Recent efforts in the field are directed at using such frameworks as tunable
scaffolds for chemical reactions. Owing to their built photoactivity and nanoscale
regularity, COFs lave emerged as viable platforms for mimicking natural photosynthesis.
While previous approaches have focused on platinum nanoparticle or molecular co
catalysts physisorbed in the COF pores, controlling interfacial charge transfer through close
COF-co-catalyst contact remains an open challenge. Here, we present a covalently bound
COF-co-catalyst hybrid based on an earthbundant azidefunctionalized cobaloxime
hydrogen evolution catalyst immobilized on a hydrazeheked COFR42 backbone. This
single site heerogeneous catalyst shows improved and prolonged photocatalytic activity with
respect to the corresponding physisorbed systems. Advanced-stditt NMR and quantum
chemical methods reveal details of the improved photocatalytic activity and the structural
composition of the involved active site. We found that a genuine interaction between the
COF backbone and the cobaloxime facilitates charge transfer andagordination of the
co-catalyst during the photoreaction, thereby improving the reactivity and hnalp
degradation of the catalyst. This study highlights the importance of engineering the COF
co-catalyst interface and at the same time provides pertinent design principles for improved
polymeric photocatalysts in general.

3.4.2 Introduction

Identifying competive alternatives to fossfuelbased energy constitutes one of the main
research goals of this decade. Naturmspired processes, like artificial photosynthesis, guide
the way to a green and sustainable solutioMuch effort was put into research for dgrent
material classes like porous conjugated polym€rsor metal organic framework8 and
processes like carbon dioxide reductiBnand photocatalytic hydrogen evolutionCovalent
organic frameworks (COFs) are emerging as new materials for the conversion of sunlight
into energetic materials like hydrogefi®? COFs consist of lightlements only and their
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bottomrup synthesis enables high versatility and tunability on a molecular level while
benefiting from high stability and crystallinity due to covalent bonding in plane amal“ -*
stacking out of plan€®® Most reports of COFs as photosensitizers for lighiven hydrogen
evolution use platinum as a ceatalyst'**? hydrogen evolution rates up to 16.3nmol h

! g* have been reported in this conteXf! Recent studies showed théte precious metal
platinum can be replaced by eartmbundant molecular cecatalysts, namely
chloro(pyridine)cobaloxime and related complex€$'® These cecatalysts are welknown

and welldefined while offering high tunability, which facilitate their incorporation into
photoactive organic and inorganic systemi$*¥! Cobaloximes feature low overpotential for
the hydrogen evolution reaction and have been used in heterogeneous systems with KfOFs
21 and carbon nitride€??¥, as well as physisorbed to COF¥! A major drawback of
molecular proton reduction catalysts physisorbed to photosensitizers is their
photodeactivation over timé&?2® and rate limitations due to diffusioontrolled
mechanisms. While previous attemffsused molecular cobaloxime catalysts in solution, in
this work we report photocatalytic hydrogen evolution with molecular cobaloxime catalysts
covalently tethered to the COF backbone, yielding unprecedented insights intortarire

of the active site and the COfeo-catalyst interface. By comparison with equivalent unbound,
i.e. physisorbed systems we show how the modification of the hydrazmsed COR42

and attachment of functionalized chloro(pyridine)cobaloxime lead to mosdficient
hydrogen evolution in a water/acetonitrile mixture under visible light illumination in the
presence of a sacrificial electron donor. The structural composition of the photoreaction is
verified by computational and experimental methods includiagvanced highresolution
solid-state NMR techniques. These results combine the advantages of fully heterogeneous
systems with the tunability of molecular -@atalysts and lead the way towards true single
site COFRbased photocatalytic systems with a higlvéd of interfacial control.

3.4.3 Resultsand discussion

COF characterization

In previous studies, CO2 has been shown to be active in photocatalytic hydrogen
evolution reactions with conventional hydrogen evolution-catalysts soh as platinum
nanoparticles or molecular chloro(pyridine)cobaloxinté. At the same time, this COF is a
wellknown and versatile platform that ishemically robust due to its hydrazodaked
structure’?®?! In this study, we used COR2 as a platform for covalent possynthetic
modification with cobaloxime complexes. The synthesis of G&F by solvothermal acid
catalyzed condensation of 1,34riformylbenzene (TFB) and 2@iethoxy
terephthalohydrazide (DETH)lfowed published protocol$?” In order to provide functional
sites for the covalent attachment of the amatalyst, 10 mol% of DETH was replaced by the
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propargyktcontaining 2,5-bis(prop2-yn-1-yloxy)terephthalohydrazide (DPTH) dbtain the
propargytmodified pCOF,. The COFs were characterized by HR spectroscopy, sorption
analysis, powder Xay diffraction (PXRD), magangle-spinning solidstate NMR (ssNMR),
and quantumchemical calculations.

The successful transformation tfe starting materials to pCOJ was proved by the lack of
residual aldehyde stretches in its /R spectrum. Characteristic C=0 stretching vibrations
and signals originating from the hydrazone bonds overlap at 168t* (seeFigure6-42).

New vibrations emerged at 225&m™* which could be assigned to the propargyl groups
confirming the successful incorporation of DPTH building blocks into the COF backbone.
This was further supported by a 1D'H}**C ssNMR spectrum where signals at 79 and
58 ppm can be assigned to the propardyfunctional group Figure 3-13C). These shifts
match the corresponding chemical shift of the liquid state NMR of the DPTH linker (see
Chapter 6.1.2 for experimental details) and are also confirmed by quantum chemical
calculations (se€lable6-12).

PXRD analysis confirmed the crystalline structure of pOFhe PXRD pattern shows a
strong reflection at 3.3° 2followed by smaller ones at 5.9, 7.0, 9.1 and a very broad one

at 26° 2— The experimental powder pattern was compared to a simulated one (B&gire
3-13E) and the difraction peaks assigned as the 100, 101, 200, 201 and 001 reflection,
respectively. The peaks are broadened due to small domain sizes in the COF particles,
especially in the z direction, where the interlayer interactions are defined #y-stacking
only. Different possible orientations for the propargyl functionality as well as slightly shifted
AAO stacking modes |l ead to very similar powd:¢
in the experimental data, the different orientations cannot be digtiished, one of these
possible structural models is shown Figure 3-13B. This model presents an AA stacking
mode with an interlayer distance of 3.8, which is typial for structurally similar
COFs[M1278%31 Note that in the underlying structural model, one out of six DETH linkers
per pore was replaced by DPTH which results in a functionalization degree of 16.6% instead
of the statistically distributed 10% the experimentally prepared pCQF:

Pawley refinement of the structure in the idealized AA stacking mode suggests 2h@
symmetry. For the modeled structure, the resulting cell parameters are %1.09 A,
b=350A, c=2948 Aand | = = 90.00° and | = 89.94°. Sorption analysis
revealed a mesoporous structure of the material with pore size of 88 and a Brunauer
EmmetiTeller (BET) surface area of 1839° g*, which matches the theoretically expected
values of the structural model (sdggure3-13D).
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Figure 3-13 (A) Synthesis of pCQOk by solvothermal condensation of triformyl benzene (TFB) and a 9:1
mixture of 2,5diethoxyterephthalohydrazide (DETH) and 2J&is(prop-2-yn-1yloxy)terephthalohydrazide
(DPTH). (B) Eclipsed stacking model for pCQFC, N and O atoms are represented in grey, blue and red. H
atoms are omitted, the second and third layer amepresented inorange and yellowfor clarity. (C) Solid state
1DYC{H} CPMAS NMR spectrum of pCQeacquired at 11.T, 1XxHz MAS,29&, and using crosgolarization
times of 5ms. Spinning side bands are marked with asterisks. Calculated shifts are marked with yellow bars.
The narrow signals labelled with crosses at 1pm, 37ppm, and 32pm correspond to residual
dimethylformamide.(D) Argon adsorption isotherm of pCQk Inlet: Pore size distribution from NLDFT
calculations with cylindrical pores in equilibrium mod&esulting main pore size is 2r8n. (E) PXRD pattern

of pCORo(open, green circles), Pawley refined profile (blue line) and calculated XRD pattern for the idealized
AA stacking (black line).

Postsynthetic modification and choice of ligands

For the covalem attachment of the cobaloxime catalyst to pCQJ; a postsynthetic click
chemistry approach was chosen. The coppefitalyzed Huisgetntype cycloaddition of
azines and alkynes is known to be broadly applicable with high yields and a high tolerance
for functional groups®®*3® Therefore, the pyridine which acts as axial cobaloxime ligand was
functionalized with an azide group to yield the pafanctionalizedpyridine 1a, which forms
the azidefunctionalized complex@o-1a] and likewise, the metdunctionalized analogues
1b and [Co-1b] were synthesized, as depicted in

Figure 3-14. It forms the aziddunctionalized catalystGo-2] by metal complexation as
before. Two strategies were tested for the attachment of the cobaloxime complex to pOF
i) metal complexation ofazide-functionalized ligands with subsequent C@fodification by
























































































































































































































































































































































































































