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Active molecular units in metal organic
frameworks for artificial photosynthesis
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Andrea Pannwitz () *°

Metal organic frameworks (MOFs) are polymeric solid-state coordination compounds that can link photo-
active and catalytically active molecular entities and maintain their activity and mechanism within their 3D
structure, resembling the large photosynthetic apparatus in natural photosynthesis. This review categorizes
photocatalytically active MOFs according to their structural properties and the location of the photosensiti-
zer (PS) and catalyst (CAT) in the following types with respect to the linker and secondary building unit
(SBU): (I) the PS and CAT are represented or localized at the linker and SBU, respectively, (Il) the PS and CAT
are represented or localized by/at different linkers, (I1l) the PS and CAT are both bound to the SBU, (IV) the
PS and CAT are bound to the linker or SBU but as a PS-CAT dyad, and (V) the PS and/or CAT are assembled
non-covalently within MOF pores. Furthermore, all reported studies on artificial photosynthesis are sum-
marized in the context of light-driven H, evolution, CO, reduction, overall water splitting, water oxidation
and other oxidations such as alcohol and amine oxidation, which are relevant in the field of artificial photo-
synthesis. Additionally, this review presents an overview on the stability and repair strategies for these MOFs.

1. Introduction

Since fossil fuel supplies are limited, alternative energy
sources such as solar energy are becoming more significant in
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about photosynthetic processes in green plants provides a very
good perspective on the concepts needed and their interplay
in accomplishing sustainable light-driven catalysis. Translation
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of key concepts into artificial processes provides a very
attractive avenue for sustainable solar fuel generation and
other photochemical conversions. One of these promising
concepts is artificial photosynthesis, which links several
redox processes and utilizes light energy to perform precise
energy conversion, chemical synthesis, and, consequently,
energy storage."” Therefore, the development of artificial
photosystems or photocatalysts that mimic natural process
by converting H,O and CO, into energy-rich reduced pro-
ducts or organic compounds into valuable goods has
attracted considerable interest. In this regard, a general per-
spective on the elementary photochemical and -physical
steps in natural and artificial photosynthesis is provided to
highlight the inspiration for MOF designs discussed herein
and set the basis for the discussion on MOF-based solar fuel
generation.

1.1. Elementary photochemical and -physical steps leading
to photocatalysis

Generally, photocatalytic processes are initiated by (visible)
light excitation of a photosensitizer (PS), leading to the for-
mation of an electronically excited state PS*.>* As the uptake
of extra photonic energy makes PS* easier to be oxidized and
reduced simultaneously compared to its electronic ground
state, redox reactions with a variety of suitable reagents can
occur upon the absorption of photons. By increasing the
effective local concentration of these reagents and adjusting
thermodynamic driving force for desired forward electron
transfer via redox potential tuning, photocatalytic processes
can be improved.? Following photon absorption, the reduction
or oxidation of PS* is called reductive or oxidative quenching,
respectively, and regardless of the mechanism, both processes
lead to the formation of highly reactive reduced and oxidized
products. Consequently, efficiency-limiting charge recombina-
tion processes, which typically possess large driving force,
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Fig. 1 Principle of photochemical processes leading to redox processes
(PS: photosensitizer, OA: oxidizing agent, and RA: reducing agent).

have to be minimized by outcompeting them kinetically. If
this is achieved by comparably fast subsequent electron trans-
fer steps involving the transiently reduced or oxidized PS, i.e.,
PS™ or PS', respectively, the restoration of PS and, conse-
quently, closing of the catalytic cycle are achieved, as shown in
Fig. 1. In this scheme, if the oxidizing agent (OA) and/or the
reducing agent (RA) are represented by a (molecular) catalyst
(CAT) capable of facilitating specific small molecule activation,
artificial photosynthetic systems are generated.

1.2. Molecular building blocks in natural photosynthesis and
enzyme catalysis

Although at first sight the similarities between heterogeneous
photoactive MOF materials and the soft matter (= thylakoid
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membrane) embedded natural photosynthetic apparatus seem
limited, there are several commonalities, allowing the develop-
ment of biomimetic design strategies for the future optimiz-
ation of the photoactivity of MOFs. As generalized in Fig. 1,
nature has to adapt to the elementary processes to design an
efficiently performing photocatalytic processes, where light
excitation in the P680 and P700 dimeric chlorophyll reaction
centers ultimately leads to long-range charge transfers. The
reaction sequence in both schemes follows an oxidative
quenching mechanism. A detailed description is provided for
P700 in photosystem I of green plants, where the excited state
is quenched by electron transfer to the phylloquinone A1l
(vitamin K1) aided by auxiliary chlorophyll molecules (Fig. 2a).
This generates a charge-separated state with a distance of
25-30 A for the radical cationic P700 and anionic A1.>°
This efficient long-range electron transfer between molecular
entities is only possible because each entity is integrated
into a rigid protein scaffold, ensuring the optimal distance
and orientation to allow electron transfer to proceed with
high efficiency.” This large charge separation distance not
only effectively suppresses the thermodynamically favorable
back-electron transfer but also fast reduction of the P700
radical cation by plastocyanin, a copper-based protein. On the
other side of the redox chain, reduced A1l reduces an adjacent
iron sulphur cluster, which is also spatially fixed by protein
integration, consequently providing reducing equivalents
for final electron fixation via the conversion of NADP' to
NADPH,".

In enzymatic catalysis, besides long-range electron transfer,
other cofactors are also precisely managed by three-dimen-
sional biological scaffolds to influence the catalytic perform-
ances. Therefore, the outer coordination spheres play a signifi-
cant role. The third coordination sphere manages the long-
range transport of cofactors such as electrons, hydride equiva-
lents and other species to facilitate reactive pathways, while
the 2™ coordination sphere stabilizes the transition states and
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reactive intermediates through non-covalent interactions at the
molecularly defined catalyst. As a specific example (Fig. 2b and
¢), in proton reduction catalysts, [FeFe] hydrogenases (H,ases)
have dedicated substrate and product channels together with
an energetically highly tuned electron transport chain
(Fig. 2b).®° Importantly, the terminal hydride species, which is
crucial for the function of the enzyme, is kinetically stabilized
by hydrogen bonding interactions (Fig. 2¢). The formation of
the thermodynamically more stable p-H product is prevented
by a high energy transition state caused by interactions with
the surrounding peptide matrix. Specifically, catalysis proceeds
through a kinetically stabilized state before it converts to the
thermodynamically more stable, and thus less reactive ground
state. Therefore, this three-dimensional organization by
protein integration of photochemically and redox active mole-
cular building blocks into a suitable (soft matter) matrix pro-
vides the functional basis for harvesting solar energy in bio-
logical photosynthesis in a surprisingly good yield."®
Accordingly, the rational matrix immobilization of catalytically
active molecular species shows great potential for optimized
artificial (photo)catalytic systems.

1.3. Artificial photosynthetic systems and their
heterogenization

The above-described important steps in natural photosynthesis
and enzyme catalysis, such as (visible) light-induced charge
separation, suppression of charge recombination, terminal
charge consumption by chemical catalysis, and outer coordi-
nation sphere interaction in the catalyst, have been translated
to artificial systems (Fig. 2d-f). This started with the ground-
breaking work by Lehn and Sauvage in the late 1970s,"" gener-
ating a plethora of different functional unit-based materials
and molecular units. However, the integration of these simple
entities into function-enabling structural materials, e.g., to
achieve improved charge separation, has not been accom-
plished with sufficient precision to date. Thus, significant
effort has been devoted to the development of bulk material
photocatalysts such as metal oxides, metal chalcogenides, and
organic semiconductors, or nanoparticulate compounds and
their heterojunctions.'>>* However, the molecular systems or
structurally defined metal complexes are more relevant
because they provide definite active sites and distinctive reac-
tion mechanisms, and therefore can offer high product selecti-
vity, scalability and atom economy.>*?® Nevertheless, their
separated forms (Fig. 2d) often fail to achieve precise proximity
for electron transfer, leading to an increase in cross-reactivity.
Thus, to overcome this, molecularly defined oligonuclear
metal complexes containing PS bridged to CAT sites (Fig. 2e)
provide sufficient precision but require significant effort for
their synthesis.”” Most importantly, the commonly observed
lack of long-term stability and recyclability of homogenous
systems has led to the development of heterogenized
systems, trying to exploit the best properties of two com-
ponents, in which molecular units such as PS and CAT and
other cofactors are either directly assembled into a solid-state
structure or immobilized onto freestanding solid materials

This journal is © the Partner Organisations 2024
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Fig. 2 Electron transfer and catalysis aspects in biological blueprints vs. artificial photosynthesis. (a) Protein-bound functional building blocks in
photosystem |, where P = P700, Aja and Asp represent the phylloquinones of both active branches in photosystem |, and Fy is the first Fe;S4 cluster
of photosystem I. The protein scaffold is depicted in shaded grey. Reprinted with permission from ref. 5. Copyright 2022, the American Chemical
Society. (b) Depiction of the proton and electron transfer pathways of FeFe hydrogenase. Adapted with permission from ref. 8 and 9. Copyright
2020, National Academy of Sciences. (c) Active site of FeFe hydrogenase showing how the protonated bridgehead amino group can act via hydrogen
bonding to stabilize a hydride intermediate. Numbers indicate distances in A and the red-blue color scheme indicates negative and positive partial
charges, respectively. Adapted with permission from ref. 8 and 9. Copyright 2019, the American Chemical Society. (d—f) Schematic of artificial
photosynthesis (example: a typical photocatalytic reduction reaction) with active molecular units in (d and e) homogenous (PS, and CAT units are
either separated or connected), and (f) heterogenous (PS, CAT and other cofactor integrated MOF) conditions. (S = substrate, P = product, and D =
sacrificial donor). Purple sphere in (f) represents an additional function-built linker, which can provide intermediate stabilization of the substrate
through interaction and dotted circle is the pore of the MOF, indicating the feasibility of product diffusion.

(Fig. 2£).>**"?3731 This type of support should ideally provide tures such as cages, polymers, dendrimers, and zeolites are a
synthetic flexibility to adjust the chemical environment few examples of this tactic**° but they are frequently quite
beyond the initial coordination sphere, in addition to structu- challenging in terms of synthesis, and in particular zeolites
rally stabilizing the catalytic site.***® Supramolecular struc- have limited synthetic flexibility.
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1.4. Scope of this article

Therefore, this review focuses on an alternative heterogeni-
zation approach that involves adding molecularly defined
catalytic/light-absorbing function to metal-organic frame-
works (MOFs), which are three-dimensional (3D) coordi-
nation polymers composed of metal cations or their clusters
(referred to as secondary building units or SBUs, respect-
ively), which are periodically linked by organic linker mole-
cules.®” When creating highly active catalysts, the high
interior surface areas and high porosity of MOFs are desir-
able characteristics. They may also be electrically conductive
through band-like charge transport or hopping mecha-
nisms.*® Furthermore, MOFs are desirable platforms for the
methodical engineering of outer-sphere interactions due to
their high degree of modularity and the available variety of
synthetic functionalization techniques utilizing organic
chemistry.**° Simultaneously, the high local concentration
of active components being linked within the MOF structure
leads to improved charge transfer properties, and thus opti-
mized photocatalytic activity.

COOH
a ' l @ b
Zn 0(co H,BDC Cu,(CO,),

& 0

H,BTC

View Article Online
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Therefore, we discuss MOFs in which their essential com-
ponents enabling artificial photosynthesis are molecularly
defined entities and will describe the construction opportu-
nities and classification of these MOFs for application in the
area of solar fuel generation. Importantly, herein, we summar-
ize the photocatalytic MOFs based on their reaction scope
including light-driven hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), overall water splitting, CO,
reduction reaction (CO,RR), amine oxidation, and alcohol oxi-
dation reactions. Considering sustainability, we also present
general strategies for improving the stability of these MOFs
and repair approaches.

2. Construction of MOFs

MOFs are crystalline and porous materials assembled from
rigid bi- or multi-podal organic linkers connecting a metal
node or SBU into a three-dimensional (3D) lattice structure, as
shown in Fig. 3.*°7* The first example of this class of solid

COOH (V

COOH

Cr,X(H O)ZO(BDC)3 x F, OH

Zn,0(BDC), Cu,(BTC),
MOF-5 HKUST-1 MIL-101 (Cr)
COOH
d e
COOH O
Y O0H O
[VO(CO,),] H,BDC oo 21,0,(CO,), (H,0
2l - [Zn,(OH),(CO,),l.  H,BPDC 105(CO,)y (H;0),
V(OH)(BDC) Zn(OH),(BPDC), z, OS(TCPP H,), (H,0),
MIL-47 MOF-69A OF-545

Fig. 3 Representation of some common secondary building units (SBUs) and linker combinations to afford a selection of MOFs such as (a) MOF-5,
(b) HKUST-1, (c) MIL-101(Cr), (d) MIL-47, (e) MOF-69A, and (f) MOF-545. Atom labelling: C, black; O, red; metals, and blue polyhedra. H atoms are
omitted for clarity. Yellow and orange spheres represent the space in the framework. Reproduced with permission from ref. 51. Copyright 2017, the

Royal Society of Chemistry.

7686 | Inorg. Chem. Front, 2024, 1, 7682-7755

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi01363h

Open Access Article. Published on 10 October 2024. Downloaded on 12/10/2025 2:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

materials was found in 1999, when Yaghi and co-workers crys-
talized a robust and highly porous solid (namely MOF-5: Zn,O
(BDC);(DMF)g(CH5Cl), BDC = 1,4-benzene dicarboxylate, DMF
= dimethylformamide).*’ This archetype solid was comprised
of Zn,0(CO,)s octahedral SBUs each linked by six chelating
BDC units to give a cubic framework. Following this seminal
work, the associated building blocks in the main type of
MOFs, i.e., metal-oxo clusters (referred to as M,,) bearing car-
boxylate organic moieties as functional linkers attached to
these clusters, can also be viewed as the nm-controlled version
of dye-sensitized solar cells (DSSCs) or dye-sensitized photo-
electrochemical cells (DSPECs), where dye (and/or CAT) cover
the surface of a metal-oxo semiconductor via carboxylate
anchors.** As illustrated by a few examples in Fig. 3, the vari-
ation in the linkers and SBUs can lead to diverse structures,
making MOFs highly tunable materials. The large number of
available SBUs and linkers enables the design of countless 3D
MOFs, showcasing unique structures, which differ in topology,
reactivity, stability, pore size, and internal surface
area.”>**%57 The geometry of the linker and SBU and their
connection also enables the creation of other structures, such
as zero-dimensional (0D) metal-organic polyhedra (MOPs),
and 2D-metal-organic layer (MOLs) structures.*>*® Superior to
the classical solid-state materials and semiconductors, MOFs
provide the beneficial mass transport characteristics of sub-
strates and simple product-catalyst separation, allowing their
facile recycling.*”***° Most importantly, the backbones (linker
and SBU) of MOFs can preserve their molecular characteristics
such as light absorption properties and redox activities within
these porous structures, allowing the bottom-up design of
functional (photocatalytically active) materials.

In addition, MOFs can be functionalized with molecular
moieties to provide molecule-inherent photoactivity and cata-
lytic function. These units can be integrated into MOFs either
through covalent interactions using the linker and SBUs or by
non-covalent interactions within the pores (see Fig. 4). The
advantage of the covalent functionalization of the SBU and
linker is that the microscopic structural integrity of the MOF
and the structure of the added molecular components are typi-
cally maintained. In the case of non-covalent functionali-
zation, the pores of MOFs can be loaded reversibly with active
molecular components with an appropriate size in addition to
the uptake of the substrate. A molecular component relevant
to artificial photosynthesis (CAT or PS) can be incorporated
into MOFs using a direct one-pot synthesis method, as follows:
(i) via “linker engineering approach” (reactive center is structu-
rally tailored to serve as the linker during framework for-
mation) and (ii) encapsulation strategy. In contrast, post-syn-
thetic methods involve synthesizing molecular species and
MOF scaffolds separately, and then combining them by
soaking the virgin MOFs in a solution of the compounds or
their precursors. Therefore, this allows the molecules to dock
at a node (node-docking), linker (linker docking), or cavity
(ship-in-a-bottle), respectively. The details of these strategies
have been described in the review by Warnan and co-
workers.”” The direct injection of the molecular species into

This journal is © the Partner Organisations 2024
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Fig. 4 Schematic representation of the an exemplary MOF having three
distinct types of molecular component (PS/CAT) functionalizations via
covalent interaction at (a) linkers, (b) nodes/SBUs, and (c) non-covalent
interaction at the pores. In the same category of noncovalent encapsu-
lation (c), direct injection of the molecular components into the solution
during the photocatalytic experiment is also considered as the MOF
offers porous channels to transport and interact with the active sites.
(Additional molecular components include (a) an octahedral metal
complex with bipyridine-like dicarboxylate, (b) monocarboxylate
anchoring motif, and (c) coordinatively isolated segment. The SBU rep-
resents a metal-oxo cluster, while the linker is a biphenyl dicarboxylate.
The blue-highlighted regions emphasize the scaffolds connected to the
metal complex through anchoring motifs, with the sphere representing
the pore space within the framework.)

the solution during the photocatalytic experiment is also con-
sidered in the same category of noncovalent encapsulation
assuming that the MOF offers porous channels for the species
to interact with the active sites.

2.1. Modular MOF constructions for artificial photosynthesis

Molecular photoactive (PS) or catalytically active units (CAT)
can be incorporated/built into the MOF structure through
various synthetic steps, as described above. Therefore, the
resulting MOF structures can be grouped based on the localiz-
ation of the individual functional modules at or in the MOF,
leading to the following five options, which are also rep-
resented in Fig. 5.

2.1.1. Type I-MOF, linker-SBU. The organic or metalloli-
gand-based linker in MOFs acts as PS and SBU or an
additional molecular species covalently attached to SBU serves
as CAT (Fig. 5). Most of the examples in this section refer to
MOFs that are built from high-valent metal-based SBUs of Zr
(v), Ti(v), Ce(v), Ru(w), Eu(m), and Bi(m) and a strong light-
absorbing linker such as 2-aminoterephthalate (NH,-BDC), tet-
rakis(4-carboxyphenyl)porphyrin (TCPP), and Ru(u)-polypyridyl
carboxylate derivatives.>>”®* Typically, in metalloligand linker-
based MOFs, the origin of light absorption results from the
direct metal coordination sphere (for example, metal-to-ligand
charge transfer, MLCT-based excitation), whereas, in organic
linker-based MOFs, it can be ligand-centered (LC) or ligand-to-
metal charge transfer (LMCT) states that induce photoactivity.

Inorg. Chem. Front., 2024, M, 7682-7755 | 7687
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Fig. 5 Schematic representation of the types of photocatalytic MOFs
based on the localization of individual functional modules (Type |,
linker—SBU: bare/functionalized linker (PS)-bare/functionalized SBU
(CAT); Type I, linker—linker: bare/functionalized linker 1 (PS)—bare/
functionalized linker 2 (CAT); Type Ill, SBU-SBU: bare/functionalized
SBU (PS)-bare/functionalized SBU (CAT); Type IV, oligonuclear species
at the SBU or at linker: PS-CAT dyad at the linker or PS-CAT dyad at the
SBU; Type V: pore—MOF backbone: encapsulated or loaded species (PS/
CAT)-pristine MOF or covalently functionalized MOF (CAT/PS)). Color
code: yellow (PS); green (CAT); red line (covalently connected); yellow-
green gradient (indicating that the location of PS and CAT can be alter-
nated), dashed circle (pore occupied by a noncovalently attached or iso-
lated component).

The specific origin depends on the linker-SBU interaction and
their orbital contribution in the ground state (HOCO/VB,
highest occupied crystal orbital state/valence band) and
excited state (LUCO/CB, lowest unoccupied crystal orbital state/
conduction band) electronic structure. Despite the different
origins of light absorption, the charge separation between two
distinct scaffolds in these types of photocatalytic MOFs results
in a transiently oxidized species at the linker and a reduced
species at the SBU site (or vice versa in rare cases), which have
enormous potential to drive redox reactions. One classical
example is the Tig cluster-containing MOF, NH,-MIL-125(Ti)
(Fig. 6a), which yields formate during the reduction of CO,
under the irradiation of visible light in the presence of tri-
ethanolamine (TEOA) as a sacrificial electron donor.®® It was
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proposed that the NH,-BDC linker acts as the primary PS.
Upon photoexcitation, Ti** is reduced to Ti** by the transfer of
an electron from the excited NH,-BDC linker to the SBU, creat-
ing a charge-separated state that can reduce CO,. The electrons
for this process are provided by TEOA, which reduce the transi-
ently oxidized NH,-BDC back to its starting state.

Moreover, structural engineering of the organic linker in
type I-MOFs offers significant potential for (i) fine-tuning the
electronic structure and light absorption properties, (ii) enhan-
cing the charge carrier density and dynamics, (iii) modulating
the porosity, and (iv) achieving greater stability of the substrate
intermediate through interframework stabilization. This engin-
eering includes either the introduction of electron-withdraw-
ing and electron-donating substituents®® or the linear and
lateral m-expansion using oligo-arylene and azolinks.®”®°
Additionally, leveraging the semiconductive nature of MOFs
and the multinuclearity of the SBU, the SBU-based CAT can
accumulate multiple electrons simultaneously, making this
type of MOF suitable for all types of reduction reactions such
as HER, CO,RR and reactive oxygen species generation (ROS)
in the presence of a suitable donor.

2.1.2. Type II-MOF, linker-linker. In this type of MOFs, two
organic linker or metalloligand linkers are confined in a
closed space (Fig. 5). To ensure the structural integrity of the
MOF and its formation, a prerequisite for these MOFs is that
the linkers are similar in length. Importantly, one of these
molecularly defined units acts as PS and another unit serves
as CAT. This type of MOF is an ideal conceptualization of a
function-integrated system, where the role of the MOF struc-
ture is to provide a nanoreactor-like reaction space within the
porous channels’® and support the molecularly defined PS
and CAT unit to generate proximity between them to improve
the charge transfer. Both factors contribute to achieving
higher photocatalytic activity compared to their homogeneous
control.”*”7* One elegant example is the Zrg-based dual photo-
catalytic MOFs, namely mPT-Cu/Co comprised of a [Cu(PT)
(dppe)]PFs PS (dppe = 1,2-bis(diphenylphosphaneyl)ethane,
and PT = 4,4'-(1,10-phenanthroline-3,8-diyl)dibenzoate), and a
[Co(PT)]** CAT, yielding an impressive turnover number (TON)
of 18700 in the photocatalytic HER in the presence of
BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole)
which serves as a sacrificial electron donor (Fig. 6b).”>
Photocatalytic HER is initiated via the reductive quenching of
PS* by BIH, forming PS™, which subsequently injects electrons to
CAT for HER. Despite having a similar mechanism as observed
for the homogeneous system, the authors demonstrated that the
spatial proximity between PS and CAT (i) increased the stability
of PS and molecular CATs and (ii) accelerated electron transfer
processes between PS™ and CAT, which led to a significant boost
(almost 95-fold enhancement over their homogeneous controls)
in the photocatalytic activity of mPT-Cu/Co.

Moreover, this type II-MOF approach enhances the stability
of the coordination sphere for both molecular PS and CAT con-
currently within the MOF. This significantly contributes to
improving the overall efficiency compared to their homo-
geneous counterparts. Examples of this type of photocatalytic

This journal is © the Partner Organisations 2024
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MOFs are discussed in the respective chapters (Chapter
3.1-3.5).71737%7677 Additionally, this approach unlocks signifi-
cant opportunities for PS engineering. For example, Guo et al.
demonstrated a method to markedly enhance the sensitizing
capability of UiO-67 MOFs, composed of Ir/Cu or Ir/Co pairs,
by shifting the excited state distribution of Ir from *MLCT to
*IL (intraligand).”® This was achieved by incorporating a cou-
marin 6 (Cou-6) ligand to form the [Ir(Cou-6),(5,5"-dcbpy)]"
moiety (5,5-dcbpy = 2,2-bipyridine-5,5'-dicarboxylate), repla-
cing the 2-phenylpyridine (ppy) ligand in [Ir(ppy).(5,5'-
dcbpy)]". The resulting hierarchical organization of *IL MOFs,
paired with Co (for hydrogen evolution) or Cu (for CO,
reduction) catalysts, facilitates efficient electron transfer. This

This journal is © the Partner Organisations 2024

innovation led to remarkable photocatalytic H, evolution,
yielding 26 844.6 pmol g~*, and CO, photoreduction, achieving
a record HCOOH yield of 4807.6 pmol g~'. Additionally, the
isolated photocatalytic sites (PS/CAT pair) enable selective light
excitation, thereby preventing any unintended damage to the
modular construction.

2.1.3. Type III-MOF, SBU-SBU. The exploitation of photo-
catalytic MOFs with SBU/SBU-based PS/CAT pairs is less abun-
dant given that it is a synthetic challenge to achieve MOFs
with two molecularly defined units attached to two separate
SBU scaffolds (Fig. 5). Most importantly, bare SBUs are found
to be almost inert in harvesting visible light (Ces >* and Fe; "®
clusters exceptional). the post-synthetic

are However,
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functionalization of the SBU by the carboxylate function of an
N,N'-chelating ligand (MBA = 2-(5"-methyl-[2,2"-bipyridin]-5-yl)
acetate), followed by metalation in the chelating sites made it
possible to achieve molecularly defined assemblies of PS/CAT
pairs with close proximity. The most precise example is Zr-
MBA-Ru/Mn MOFs, as reported by Karmakar et al’® The
chosen Zr-MOF (= MOF-808) was first post-synthetically modi-
fied through the solvent-assistant exchange of formates with
MBA ligands at the SBUs. By consecutive post-synthetic metala-
tion with [Ru(bpy),Cl,] and [Mn(CO);Br] both functional units
were installed at the N,N'-chelating sites of the MBA ligands to
afford the Zr-MBA-Ru/Mn-MOF (Fig. 6c¢). The built-in [Ru
(bpy)o(MBA)]** at SBU acts as PS and [Mn(MBA)(CO);Br] at SBU
acts as CAT for CO,RR, yielding a selectivity of >99% in CO for-
mation. The control experiments with Zr-MBA-Mn-MOF and
Zr-MBA-Ru-MOF separately employed as the photocatalyst
showed only trace amounts of a CO, reduction product, sup-
porting the hypothesis that the close proximity between the PS
and CAT within the MOF shortens the distances for the trans-
port of charge carriers. Interestingly, the photocatalysis experi-
ments were conducted without an exogenous electron donor,
implying that water may be the terminal electron donor.
Similar to type II-MOFs, this strategy also enables photo-
catalytic reactions within the isolated domains of the frame-
work. However, unlike the use of dicarboxylate entities, a
monocarboxylate-based entity is employed. This monocarboxy-
late entity is integrated either by replacing the surface carboxy-
late molecules attached to the SBU or by substituting one of
the SBU-linker coordination. This process reduces the dimen-
sionality and particle size of the MOF, allowing the active com-
ponents (PS and CAT) to access a greater number of sites at the
SBU.?%8! Moreover, the increased exposure to light, together
with these factors, plays a crucial role in heterogeneous photo-
catalysis, thereby enhancing the overall photocatalytic
performance.

2.1.4. Type IV-MOF, oligonuclear species at SBU or at
linker. Molecularly defined oligonuclear metal complexes con-
taining photocenters bridged to catalytic centers (PS-CAT) can
be employed to build MOFs using either the SBU or linker as
the binding site (Fig. 5). One recent example is two hexanuc-
lear zirconium (Zrg) cluster-based MOFs (namely PCN 224 and
PCN 222 with different topologies) comprised of Zn-TCPP
linkers, which have been post-synthetically modified with a
molecular CO,RR catalyst (namely, fac[Re'Br(CO);(qtpy)]
complex). The anchoring motif in qtpy (qtpy = 4,4':2',2":4,4"
"-quaterpyridine) uses its terminal pyridine N to coordinate the
central motif (Zn) of one or two Zn-TCPP linkers, resulting in a
self-assembled PS-CAT dyad-like system in both MOFs
(Fig. 6d). These hybrid MOFs (namely Re 222, and Re 224)
engaged in the photocatalytic CO,RR under visible light
irradiation in the presence of BIH, serving as sacrificial elec-
tron donor.?” The heterogenized dyad in these MOFs yielded a
significantly improved TON for solar CO,-to-CO reduction
compared to the homogeneous porphyrin-based PS-CAT dyad.
Moreover, these hybrid-MOFs delivered an alternative charge
carrier separation pathway, which functions in parallel to their
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linker-SBU-based charge separation pathways. Therefore, a
wavelength-dependent photocatalytic pathway was observed,
where a shorter wavelength resulted in localized charge trans-
fers from the excited porphyrin linkers to the Zrg clusters, pro-
ducing formate. Alternatively, lower energy irradiation was
used to activate the CO-selective Re catalysts with exciton
migration enabling long-range, delocalized catalysis.
Generally, the type IV PS-CAT pair in TCPP-based MOFs coexist
with the type II and type I PS/CAT pair, resulting from the peri-
odic assembly of the porphyrin and semiconductive nature of
the MOF, which creates multiple photocatalytic channels for
redox reaction. The synergy among these photocatalytic chan-
nels and the long-range transportation of the charge carrier
resulted in a significant decrease in the recombination rate
and boosted the overall photocatalytic activity of the MOF. In
some specific examples, the dominance of type IV over other
types of photocatalytic channels and better product selectivity
were observed by (1) choosing a suitable source of light, as dis-
cussed above, and (2) utilizing a specific CAT entity in the dyad
such as an [FeFe] hydrogenase model®® and Pt(u), Pd(u)-based
single-atom catalysts (SACs).®*"®¢ Similarly, given the broader
potential for creating type IV PS-CAT dyads at the SBU, innova-
tive charge transfer complexes or monocarboxylate-based PSs
have been reported,®***®” which can electronically communi-
cate (via electron transfer) with the SBU through covalent con-
nections and sensitize pristine light-inactive MOF systems for
various photocatalytic reactions (Tables 1-4).

2.1.5. Type V-MOF, pore-MOF backbone. This type of
photocatalytic system is built with an ideal molecularly
defined species as one of the active units, which is either
added directly as a homogenous phase to a solid MOF dis-
persion at the time of photocatalytic reaction or encapsulated
in the MOF via non-covalent interaction prior to the photo-
catalytic reaction (Fig. 5). One of the perquisites in type
V-MOFs is that the active molecular species must fit into the
pore size of the MOF, and therefore the topology and linker
length of the MOF play a crucial role in achieving photo-
catalytic performances. There are many examples of this type
of photocatalytic system (see Tables 1-4), where the pristine/
covalently functionalized MOF particles serve as the chromo-
phore and the encapsulated/homogenous molecular units act
as the catalytic center or vice versa, building diverse MOF-sup-
ported PS/CAT pairs. In addition, some MOFs only serve as a
photo-inactive templating host to encapsulate both the mole-
cular PS and CAT units. One recent example from Stanley and
co-workers shows the immobilization of a CO,RR CAT [ReBr
(CO)3(4,4-dcbpy)] (4,4'-dcbpy = 2,2"-bipyridine-4,4'-dicarboxy-
late) and [Ru(bpy),(5,5"-dcbpy)]Cl, serving as PS onto the isore-
ticular series of Ui0-66, UiO-67, and UiO-68 (Fig. 6€).*® The
pore size determines the anchoring site (inside vs. outside),
which has a distinct impact on the electronic communication
between CAT and PS. This work provided a rational under-
standing of the host-guest effects, specific anchoring sites and
reactive center distance in the photocatalytic CO, reduction
(Fig. 5). However, this approach is no longer limited to carbox-
ylate linker-based MOFs, which now includes solution-state PS
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