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Metal-organic frameworks (MOFs) have emerged as promising porous optoelectronic compositions for energy conversion

and sensing applications. The enormous structural possibilities, the large variety of photo- and redox-active building blocks

along with several post-synthetic functionalization strategies make MOFs an ideal platform for photochemical and

photoelectrochemical developments. Because MOFs assemble all the active building units in dense fashion, the non-

aggregated yet proximally positioned species ensure the efficient photon absorption to drive photoinduced charge transfer

(PCT) reactions for energy conversion and sensing. Hence, understanding the PCT processes within MOFs as a function of its

topological and electronic structure of donor-acceptor (D-A) moieties can provide transformative strategies to design new

low-density compositions.

Introduction

Metal—organic frameworks (MOFs) are an emerging class of
porous compositions with modular topology and pore structure
defining their desired properties.’> These frameworks are
commonly constructed by interconnecting metal-ion based
secondary building units (SBUs) or nodes through organic
linkers or struts and the resulting porous compositions were
originally projected as next-generation materials for separation
and storage.®11 Over the years, these framework compositions
have shown promising applications in photovoltaics,12-14
photocatalysis, 1521 and fluorescent sensors depending on the
electronic properties of the components.?2-27 The enormous
diversity, the porosity (for
reactant/analyte delivery and product release), and the
comparative ease of integration with redox-catalysts have
made MOFs an attractive platform for photophysical and
photochemical developments. The reticular framework
chemistry has shown that linkers with similar molecular
backbone can be assembled in identical topological networks -
thus allowing the route for electronic tuning. Besides the
flexible choices of linkers, MOFs can be post-synthetically
functionalized?8-30 vja, for example, linker modification,28 31
metal or linker exchange,3? 33 or solvent-assisted ligand
incorporation (SALI)34-36 to integrate complementary functional
chromophores or redox moieties with appropriate electronic

structural molecular-scale

properties and energies for the desired photoinduced processes.
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MOFs can be prepared both as crystalline and amorphous
variants, however, the former is the most studied form due to
its precise and periodic positioning of the building units that
makes the understanding of the structure-property correlation
easier. The key feature of these 3D solid porous frameworks is
their ability to densely assemble chromophoric linkers (in
hundreds of millimolar) around the pores. This ensures high
photon absorptivity and provides a way to circumvent the
extant challenges stemming from various unproductive exciton
recombination processes observed in common molecular
aggregates. Thus, the dense arrangement of chromophores in
MOFs can constitute a near-ideal system for photocatalysis. For
photoelectrocatalysis, MOF-modified electrodes can provide a

higher areal concentration of accessible surface-bound
catalysts compared to a traditional monolayer-based
assembly.37

A photocatalytic process commonly starts with exciting
antenna molecules by photons absorption, then they sensitize
other components via an energy transfer (EnT) process, and
finally, the energy is delivered to catalytic sites for charge
separation to generate redox equivalents for chemical
transformation. This cascade of processes is reminiscent of the
natural light-harvesting complexes (LHC) in photosystem | and I
(PS-1/11), where more antenna pigments are assembled than the
special pairs; such system can be achieved in supramolecular
assemblies like MOFs. Alternatively, the initially generated
excited sensitizers can directly involve in charge-separation
processes with appropriate complementary units, where the
resulting charges (or redox equivalents) can take part in
catalysis or initiate a migration chain to be carried away for
further utilization.> 38 Such systems have essentially the one-
to-one ratio of the antenna component to the charge
separation unit and are a simplified molecular or
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supermolecular version developed for synthetic ease.
Nevertheless, a good photocatalyst must have high light
absorptivity producing long-lived excited states to transfer the
energy into relevant sites for charge separation, and
importantly, a slow charge recombination rate is required for
the system to initiate charge migration and/or driving chemical
transformations. Photoinduced charge transfer (PCT), involving
chromophoric linkers and metal SBUs,3° or post-synthetically
incorporated redox species (such as chromophores,30-43
complexes,*46  metallic clusters,47-49 semiconducting
nanostructures®®) may prolong the overall lifetime of excited
states for their meaningful utilization in catalysis. Therefore,
understanding PCT between different photo-responsive
moieties within MOFs would give insights for the design of
highly efficient MOF-based photocatalysts.

The assembly of photoactive components in MOFs also
makes them excellent candidates for luminescent sensing,
where the detection of various analytes is based on the “turn-
off” or “turn-on” process triggered by the PCT process. The
“turn-off” mechanism involves the binding of analytes at the
light-responsive component to quench its fluorescence via PCT
between the excited fluorophore and the analyte. Such a
quenching mechanism is not always accurate since other non-
analyte factors may ‘contaminate’ the results by suppressing
the fluorescence via undesired nonradiative decay. In contrast,
the “turn-on” detection can be more accurate as it involves the
specific analyte binding at one of the subunits of a donor (D)-
acceptor (A) dyad to suppress the intra-molecular PCT and
thereby facilitating a fluorescence recovery. This is commonly
achieved by altering the electronic and/or energetics of the
lowest unoccupied molecular/crystal orbital of the acceptor
subunit upon analyte binding (possibly by providing electron
density from the analytes), which significantly inhibits the
intramolecular ET from donor to acceptor. The complete
accessibility of such binding sites that are arranged in the
proximity of photo-active components makes the MOF-based
sensing system ideal and quick. These components, chosen
based on their relative electronic properties, provide
opportunities to the PCT within MOFs. Thus,
understanding the underlying properties will guide future
development of MOF-based sensors.

Many contemporary works suggest that MOFs are emerging
as optoelectronic compositions. Thus, photoinduced exciton
generation and relevant harvesting via EnT, as well as electrode-
induced charge transport through redox hopping are important
steps; these phenomena have been diligently reviewed in
several recent articles.>1->4. Given that the PCT is another critical
step in the same context, here we systematically discuss the
excited-state properties of MOFs that drive photocatalysis,
photoelectrocatalytis, and emission sensing. As such, screening
MOF literature leads to many hits that report some short of
photoinduced processes, where many interesting observations

and

tune

have been attributed to PCT in some-what hand-waving fashion.

Surprisingly, the proposed correlation of the underlying
mechanism to a PCT is found to be made without the key
spectroscopic data identifying the PCT intermediates. For that
reason, we focus our discussion on the works that elaborate PCT

2| J. Name., 2012, 00, 1-3

with state-of-the-art spectroscopic techniques (e.g., optical
transient absorption (OTA/TA), electron paramagnetic
resonance (EPR) spectroscopy, etc.) in MOF systems. We
believe the understanding will shine a light on the future
development of MOF photocatalysts and sensors.

I. Background of PCT

PCT processes may involve a transfer of a high energy electron
from a photo-excited D to the LUMO of A, which can be
described as follow:5%
Step 1: Excitation of D

D+A—13D*+A

Step 2: Delocalization of excited states in D-A pair
1'3D* +A— 1,3(D - A)*

Step 3: Charge separation

1,3(D - A)* N 1,3(D6+ _ AB')*

Step 4: Formation of radical ion pair

1,3(D8+ - Aé-)* s 1,3(D. + _ Al —)*

Step 5: Forming of electron transferred state
1,3(D+‘ - A”)* S D+ AT

(Singlet and triplet excited states are denoted by (1,3) in the
superscript)

Commonly PCT starts with the vertical photoexcitation of
the D (Step 1). Electrons are excited from its highest occupied
molecular orbitals (HOMO) energy level to higher energy level
(EDy = EDy + Eg,). This excited-state can get delocalized over
the D-A assembly (Step 2). In crystalline MOFs, the densely and
precisely packed chromophores offer unique excited-state
dynamics that can be fundamentally different from other
assemblies like the stacked chromophore aggregates. The
excited-states in MOFs can be delocalized over multiple
chromophores defining molecular excitons which undergo a
fast-displacement via an efficient hopping process,%® 57 and
drive electron transfer (ET) with complementary chromophore
or redox species with the appropriate alignment of frontier
molecular/crystal orbitals.5860 However, the key feature that
can be availed in MOF is the tunable relative concentration of
the complementary redox species. For those frameworks that
assemble two types of linkers (e.g., pillar-paddlewheel MOFs)
or the ET pairs are constructed from the linkers and metal SBUs,
a long-distant EnT is not required. In contrast, for systems
where the complementary moieties are sparse specifically post-
synthetically installed, an efficient EnT becomes a key step. The
occurrence of ET (Step 3) will lead to the formation of a radical
ion pair - the driving force of which would depend on the energy
gap between the excited-state oxidation potential of the donor
(EP?) and the ground-state reduction potential of the acceptor
(i.e. when the ionization potential (Ip+) of the excited D* is lower
than the sum up of electron affinity of A and the Coulomb

This journal is © The Royal Society of Chemistry 20xx
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energy of the separated radicals). At each step, however, the
excited species can recombine and relax back to the ground
state both via radiative (emission of light) and non-radiative
processes. Nevertheless, a useful strategy would be to prolong
the lifetime of the charge-transferred states, which is
commonly achieved by spatially displacing the charged species
or changing the structure of the ET-complex by delocalization.>>

An alternative case can be considered where the acceptor
component is excited. In this scenario, the LUMO (or LUCO,
lowest unoccupied crystal orbitals of MOFs) of the D still being
higher in energy relative to the excited-state oxidation potential
of the acceptor (EZ;}), the hole-polaron in the excited acceptor
is transferred to the donor at the ground state. This alternate
process can be described from a perspective that depicts an
electron being transferred from the donor (in the ground state)
to the excited acceptor, this process involves HOMO or HOCO
(highest occupied crystal orbitals) of the relevant components.
Thus, both processes are described through a generalized
charge transfer (CT)-probability, which will involve the lowest
unoccupied or highest occupied orbitals and be governed by
their energetics and respective coupling terms.

Marcus theory has been widely used to analyze various CT
reactions between inorganic redox couples in homogeneous
systems,®! electrochemical reactions on solid electrodes,%2 63 as
well as in biological®! redox enzymes such as cytochromes,®*
peroxidase,®> ¢ and photosynthetic enzymes.?7. 68 The PCT
processes among the redox entities in MOFs can also be
analyzed within the frameworks of Marcus theory, 1 6972 where
the CT rate constant (kcr) is expressed as the function of the free
energy AGY:

(A +4G°)?

1
JATAkpT €xp [_ 4mAckpT (1)

ker = Z?HHIZ)A
where Hpa represents the electronic coupling between the
reactant and product, AG? is the thermodynamic driving force,
and A; is the total reorganization energy. The A; term is the sum
of internal reorganization energy (A;) and solvent oscillators (As).
The A stems from the oscillators within the redox species and
can be determined by the vibrational energy of all molecules in
reactants (R) and products (P), whereas the A; is calculated via
the dielectric continuum model of the solvent. While the major
factor defining the kcr for a reaction is either the Hpa or AG* at
a given temperature and has been well established over the last
several decades, MOF can manifest unique opportunities to be
exploited relative to those in molecular or hybrid homogeneous
systems. This is because the fixed and structure-dependent
positioning of the D-A species defining the Hps « e F("=10)
where rg is the contact distance between D and A, and B is the
distance and dielectric dependent decay factor of the tunneling
electron wave-functions. The microporous MOFs offers various
features such as the structural rigidity, the unique solvent
orientation (relative to the bulk), and the micro/local
environment -these can play critical role defining the A; that
may be difficult to achieve in a homogeneous macromolecular
system and can only be observed in elegant biological design.
Figure 1a depicts the potential energy diagram of reactants
and products as a function of nuclear coordinate in an

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

Potential Energy ~

b) R P R P,

>

Nuclear Coordiantes

Figure 1. a) Potential energy diagrams of reactant (R) and product (P) for
endergonic reaction. Potential energy surface for the R and P in b)
nonadiabatic ET with insignificant and c) adiabatic with strong electronic
coupling (Hoa).

endergonic reaction. A CT process can occur at the intersection
of the potential
wavefunctions of R and P reaches maximum. The activation

energy surface where the overlap of

energy AG* required to pass this intersection is mathematically
related to AGO:

AG* = (A + AG®)? /42, )

Equation 2 explains a quadratic relation of the rate with the
driving force — with the highest rate observed when the driving
force is the same as the reorganization energy. Since a CT is too
fast to allow nuclei of R and P to shift their position,%! the
electronic coupling element Hpa is distance-dependent and a
strong coupling will enhance the CT probability in the adiabatic
fashion (Figure 1c). The AG° can be calculated by the Rehm-
Weller equation (3);73 74, these values often used to guide the
design for the feasibility of PCT between the D and A species.

AGr = e(Egx — Efea) = AEo0 — AGO(€) ©)
Here ED, and EZ; represent the ground state oxidation and
reduction potential of D and A respectively; Ego is the first

excited-state energy of D. The AG°(e) is the dielectric
correction term based on the Born equation (4):74

J. Name., 2013, 00, 1-3 | 3
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1

AGO(e) = —<

1

Pr——— P @)
where g is the permittivity of free space, & is the static
dielectric constant of the solvent, €. is the dielectric constant
of solvent where the redox potentials were measured. The first
term of the eq-4 reflects the interaction energy between the D
A radical ions with radius rp and ra at a center to center distance
Rpa, where the second term corrects the difference of ion
solvation between a solvent of interest and solvent where redox
potential was measured.

o (-

8meg Tp

I.PCT in MOFs

PCT in MOFs begins with the photonic energy absorption by
either chromophoric linkers, metal SBUs, or both. Here, the CT
can occur within intrinsic structural components of the
framework (e.g. a linker, metallic building blocks); alternatively,
a guest component that was installed or infiltrated into the
framework can be involved. PCT in MOFs can involve either a
linker-to-metal (LMCT), linker-to-linker (LLCT), or host-guest
components as long as it satisfies the requirements: (i) the
relative energetics of the frontier orbitals of D-A pair are
properly aligned to drive a CT in an energetically favorable
manner; and (ii) the center-to-center distance of the D-A dyad
lies within the range of the exciton delocalization radius of D.
We will discuss the PCT in MOF within the intrinsic components
and installed/infiltrated system.

IlLA. PCT between intrinsic structural components as donor-
acceptor pair

PCT between intrinsic structural component would either
require MOFs with one type of linker and redox-active metal
node with appropriate coordination geometry defining its
potential energy and ligand-field transitions or two redox-active
linkers (with inactive metal ions (e.g. Zn", Zr", etc) based node)
as seen in pillar-paddlewheel type structures. Recently, the
intrinsic LMCT between linkers and metal building blocks within

the framework has been extensively studied using spectroscopy.

The Huang group has explored the excited states and CT
dynamics within a cobalt Zeolitic Imidazolate Framework is
known as ZIF-67 (Figure 2a.) using various steady-state and
transient spectroscopic techniques such as ultraviolet-visible
(UV-Vis), femto- nanosecond (optical) transient absorption
(fs/ns-OTA), and X-ray transient absorption (XTA)
spectroscopy.3® Figure 2c shows the UV-Vis-near IR absorption
spectrum of ZIF-67 film. The characteristic absorptions at 300,
590, and 900-1400 nm (broad) are attributed to an LMCT, a
higher-energy [*A2(F) = “T1(P)], and a lower-energy [*Ax(F) =
4T1(F)] ligand field transitions as depicted in Figure 2b. The fs-
OTA spectra recorded by exciting the MOF sample at 1000 nm
(i.e. [*Az(F) = 4T1(F)] transition) highlight several key processes
when probed in the visible region (475-700 nm). These include
a ground state bleach (GSB) due to a depletion of #A,(F)
population (Figure 2d; at 520-600 nm), and a weak broad
transient absorption at 640-700 nm for the excitation of the
populated #T1(F) state (Figure 2d. inset). The excited 4T, (F) state

4| J. Name., 2012, 00, 1-3

9 3 V) ey
a . b)) —
3 WS Y 0.45ps:
3 X o : §
sof| < el ™
= Co(NOy), 611,07 MK, T,(F) y :
g . :
g 31.7pss_+
€3 ! :
- v : IMS
V2 v, , oust
- 2.9usi
5 10 15 20 25 30 35 40 4A,(F) '
20 (degrees) 2
C) 09/ *Ax(F) —4T(P) 1 d) f-OTA
< 1000 nm

j=——0.4 ps
| 1ps

—~
3
©

-

/ 500 600 70 5

05 0

‘A(F) —'T\(F) —— 100ps

| 200ps
0.0 . 3 - 640 660
300 600 900 1200 1500 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

1<e) f) 1s—4p

s ]

/ 11s+lp+s

608 nm @ 1000 nm exi.,
608 nm @ 530 nm exi. ;((

—— Laser-off
-~ Laser-on

580 nm @ 530 nm exi.

’ 4 0‘
\580 nm @ 1000 nm exi.
00 1000

Difference (X30)

10 100 7700 7720 7740 7760 7780
Delay Time (ps) E(V)

Figure 2. a) Chemical structure and powder XRD patterns of ZIF-67; b) The
schematic representation of energy diagram of Co?* (T4) and excited state
relaxation processes in ZIF-67; c) UV-Vis-Near IR absorption spectrum of
ZIF-67; d) fs-OTA spectra of ZIF-67 at 1000 nm; e) Kinetics at 608 nm and
580 nm in fs-OTA spectra of ZIF-67 after 1000 nm and 530 nm excitation. f)
XANES spectrum of ZIF-67 at Co K-edge before (laser-off) and 500 ps after
laser excitation (laser on). Reproduced with permission from ref. 39.
Copyright 2016, American Chemical Society.

decays to form a long-lived intermediate state (IMS) which can
be seen by the rise of absorption band centered at 525 nm and
605 nm. The excited-state dynamics were globally analyzed with
the bi-exponential fitting of the fs-OTA (Figure 2e) as well as the
ns-OTA kinetic data, probed at 580 and 608 nm, respectively.
From these fittings, the authors determined a fast 31.7 ps
component attributed to the IMS state formation and two
longer, 0.64 and 9.2 ps, components as the lifetime of IMS
(weighted average lifetime of 2.9 us). The authors probed the
dynamics of the higher 4T,(P) state by selectively exciting the
sample with a 530 nm pump (compared to a 1000 nm light that
preferably excites the 4T1(F) from 4A,(F) ground states). A similar
global analysis of the kinetic data reveals two additional time-
constants: a 0.45 ps lifetime attributed to the 4T1(P) — 4T4(F)
relaxation, and a new 0.95 ps component assigned to the direct
IMS formation (i.e., 4T1(P) — IMS). A similarity between the OTA
spectra of the IMS state and the second derivative of the GSB
led the authors to postulate that the observed IMS state is a
long-lived charge-separated (CS) state. To prove the hypothesis,
the authors recorded XANES spectra (Figure 2f) before (i.e.
under ‘laser-off’ condition) and after 527 nm excitation (i.e. a
‘laser-on’ -excited condition), which exhibited a broad positive
transient absorption between 7714.9-7725.3 eV where 1s-4p

This journal is © The Royal Society of Chemistry 20xx
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shake-down”> and 1s-4p transition’® occur. This characteristic
signature indicates a red-shifted transition, i.e. the edge of
cobalt-center shifts to lower energy, possibly due to the
photoreduction of Co" via LMCT. This long-lived charge-
separated state shows the potential of ZIF-67 in photocatalysis
in energy conversion processes.

In another robust MIL-100(Fe) MOF, Hanna and coworkers
reported a long-lived excited state with an LMCT character
resulting from CT from an excited 1,3,5-benzenetricarboxylate
linker to the Fes-ps-oxo clusters/SBU.77 Their fs-OTA spectra
(Figure 3b) and related dynamical data suggest that such LMCT
state in MIL-100(Fe) persists over hundreds of nanoseconds.
Further characterization of the LMCT process involved X-ray
transient absorption (XTA) spectroscopy. The XTA collected at
multiple delay times (Figure 3c) indicates an increased electron

C) ot Ao b atrAsa] Mo Laser

100 ps

MIL-100
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—— 100fs
— 200fs
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Energy (KeV)

Figure 3. a) Schematic illustration of LMET from the excited linker to Fes-ps-
oxo clusters; b) OTA spectra collected at different time delays (Aex=400 nm);
c) XTA difference spectra obtained at multiple time delays for MIL100(Fe)
Reproduced with permission from ref. 77. Copyright 2017, American
Chemical Society.

density at the iron sites (signal edge at 7.12 KeV) as expected
for an LMCT process, which corroborates well with the finding
from the fs-OTA spectra. The XTA signal observed up to 3.6 ps
delay time confirms the long-lived CT excited state, which could
be stabilized by electron delocalization within the Fes-p3-oxo
clusters, which can be a good strategy to achieve a useful long-
lived PCT state.
Titanium dioxide has been explored as promising
photocatalysts due to the low-lying Ti'V-Ti"' valence exchange
band featuring UV responsive bandgap. This unique electronic
property has made this material a good photoanode layer in
dye-sensitized solar cells. This has triggered an extensive
investigation on the band structure of titanium oxide-based
MOFs for the possible PCT involving organic linkers.”3-80 |n one
such study, Portillo et al. prepared amino-UiO-66 derivatives
denoted as NH,-UiO-66(Zr/Ti). These hybrid porous
compositions were constructed from deprotonated 2-
aminoterephthalic acid (ATA), with exchanged Ti species up to
35% onto the Zr-oxo nodes, and were investigated for the role
of Ti-doped Zr-oxo clusters in PCT.81 The diffuse reflectance TA
spectra (Figure 4b) of NH,-UiO-66(Zr/Ti-35%) displayed two
absorption bands at 450 and 540 nm recorded at 3 and 184 us

This journal is © The Royal Society of Chemistry 20xx
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delay time after the 355 nm laser pulse (samples with lower Ti
doping have similar, analogous spectra). The fitting of kinetic
profiles (Figure 4c) monitored at 450 nm featured two lifetimes
T1 = 8.6 £ 2.3 us (45%) and 12 >200 us (55%); whereas the 540
nm profile has a rising (single) component with Trsing = 8.5 £ 2.5
us. The 450 nm TA band was assigned as the excited-state
transition in the triplet manifold of NH>-UiO-66(Zr/Ti), which
displays a faster decay profile mediated by molecular oxygen.
With the similarity between the time constant for the fast decay
component measured at 450 nm absorption (i.e. 11 = 8.6 £ 2.3
ps) and the rising lifetime of 540 nm band (Trising = 8.5 + 2.5 us),
the authors inferred that the formation of the transient species
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hv o o
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(Ti/20),0,(0H),
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e W e | Q_opens o 5"
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ii. ligand-to-metal photoinduced electron transfer { o He o (i »
iii. metal-to-metal electron exchange (‘: T
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Figure 4. a) Scheme depicting the Ti**-O-Zr* species as mediator for LMET in
NH2-UiO-66(Zr/Ti); b) UV-vis diffuse reflectance TA spectra recorded (i) 3 and
(ii) 184 ps after 355 nm laser pulse under nitrogen atmosphere for NH2-UiO-
66(Zr/Ti-35%). c) Kinetic profile monitored at (/) 450 and (i/) 540 nm after 355
nm laser pulse under nitrogen atmosphere for NH,-UiO-66(Zr/Ti-35%).
Reproduced with permission from ref. 81. Copyright 2017, American Chemical
Society.

associated with the 540 nm absorption commences (~ 40%)
from the decay of the triplet state. The 540 nm absorption is
assigned to the conversion of Ti** to Ti3*, verified by an
analogous homogeneous quenching experiment between ATA
and Ti%*. Based on these TA results, it was proposed that LMCT
can occur from an ATA* to the (Ti/Zr)s04(OH)s node forming
Ti3*—0-Zr** species that can live long enough to possibly drive
chemical transformation. This result can be compared to an
analogous experiment by Gascon and co-workers who reported
that the pristine NH,-UiO-66(Zr) MOF (i.e. without any Ti-
dopant) does not facilitate any LMCT process. This is due to a
larger band gap for the Zr-oxo cluster, which is aligned in a way
that does not facilitate electronic interaction with the organic
linker. Therefore, the photoexcitation leads to a linker-centered,
short-lived excited-state within the pristine NH;-UiO-66(Zr)
MOF.82

J. Name., 2013, 00, 1-3 | 5
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On the other hand, the electronic and redox properties of
the linker can also be a key factor to modulate the LMCT to Ti-
oxo clusters. Padial et al. reported a hydroxamate-based MOF
MUV-11 constructed by reacting benzene-1,4-dihydroxamic
(Hsbdha)  with (IV) isopropoxide in
dimethylformamide (DMF). The chelating moiety in this linker is
different from the typical carboxylates. Computational
modeling revealed that a hydroxamate siderophore binder

acid titanium

results in a drastic change of the frontier orbitals in MOF and
thereby suppress the CT kinetics (i.e. less likely to undergo LMCT
from the hydroxamate linker to Ti clusters).83 In common
titanium-carboxylate based MOFs, such as Ti-terephthalate (i.e.
MIL-125-NH, with a chemical formula TigOg(OH)s(bdc-NH,)s,
where bdcis 1,4-benzenedicarboxylate), it has been established
that photoexcitation will lead to LMCT generating photo-
reduced Ti"" which can be probed by EPR spectra.8 The
electronic density of states (DOS; Figure 5a) display that for the
carboxylate MOFs, HOCO is localized at the organic linker,
whereas the LUCO is titanium-node centered. Such frontier
orbital alignments provide a thermodynamically favorable

MIL-125-NH, MUV-11 b)
il

| il

Y|

a)

1 2
EE, (eV) E-E (V)

Figure 5. Total (black) and projected (Ti in red and ligand in blue) density of
states for a) MIL-125-NHa, b) MUV-11. Reproduced with permission from

ref. 83. Copyright 2019, American Chemical Society.

driving force with a negative LMCT energy. In contrast, the Ti-
hydroxamate MOF -i.e. the MUV-11 exhibits a linker-centered
LUCO (Figure 5b) with a high orbital contribution of ca. 70%. The
electronic structure indicates linker localized excited-state in
MUV-11 with more or less no driving force for LMCT, which is
consistent with the fact that photoexcitation did not produce
any paramagnetic signal from photoreduced Ti'' species (as
opposed to the common Ti-carboxylate systems). As a result,
the MUV-11 did not display any photocatalytic HER activity. This
study demonstrated that the electronic properties of metal
SBUs and organic linkers (as function of the -electronic
properties of their side group functionality and the binding
moiety) can significantly impact the PCT within the frameworks,
which should be planned in the design for MOF-based catalytic
systems.

Fullerenes and their derivatives are widely used as excellent
electron acceptors in PCT processes®®, especially in organic
photovoltaics, where they aggregate and form electron
transport media. Likewise, installing fullerene within the MOF
pores can serve both purposes: as a PCT component and an
electron-transport channel, depending on the loading density.
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Figure 6. a) Structure of porphyrin- fullerene pillar-paddlewheel MOF where
BPCF serving as based both energy and electron-accepting linkers in the
crystalline framework; b) Computationally obtained energy diagram and
molecular orbitals of the Ceo—ZnTCPP molecular dyad. Red arrows show three
types of excitations anticipated in this system; c) Transient fluorescence
decays of Ceo@PMOF (green) and Zn2(ZnTCPP) (red); d) Normalized diffuse
reflectance of BPCF (dashed line) and emission of the two-dimensional
porphyrin-based framework Zn2-(ZnTCPP) (solid line). Reproduced with
permission from ref. 86. Copyright 2016, Wiley-VCH.

In one such assembly, the photophysical behavior of fullerene-
based MOF was investigated. The Shustova group prepared a
multilayered  pillar-paddlewheel  crystalline  framework
containing porphyrin-fullerene dyad as D-A pair.86 The MOF can
be defined as slipped-layers of tetrakis(4-
carboxyphenyl)porphyrinato zinc(ll) (TCPPZn) formed through
zinc-carboxylate based paddle-wheel node, where the fullerene
derivative, bis(pyridin-4-ylmethyl)-3’H-cyclopropa-[1,2](Ceo-
Ih)[5,6]fullerene-3’,3’-dicarboxylate (BPCF), served as the pillar
-binding two Zn centers, one of TCPPZn and the other from the
node at the neighboring layer (Figure 6a). The absorption of
BPCF (A) and emission of ZnTCPP indicate a significant spectral
overlap as the requirement of Forster resonance energy
transfer (FRET) from D to A (Figure 6d). Based on the
fluorescence lifetime quenching (Figure 6c) of ZnTCPP (i.e. from
1.07 to 0.54 ns), the energy-transfer efficiency and rate
constant were estimated to be 49.5% and 9.18x108 s7,
respectively. The Forster critical radius (R,) was estimated as
18.8 A by calculating the spectral overlap function J (= 2.34x10
15 ¢cm3 M), which is longer than D-A distance extracted from
structural data. Besides FRET, the authors noted that PCT can
also be responsible for the lifetime quenching of ZnTCPP.
However, this presumption was only supported by time-
dependent DFT calculations that showed that the charge-
transfer excitation has a similar energy to that of Cge-based
excitations (Figure 6b) and no direct characteristic spectral
evidence was presented. Thus, thermodynamics of FRET and CT
processes are predicted to be comparable.

11.B. PCT between non-framework complementary D-A pair

This journal is © The Royal Society of Chemistry 20xx
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Given that crystalline MOFs can be used as a solid architectural
platform, the available pore can be systematically utilized to
host exogenous species other than the solvent. These
complementary chromophores and/or redox-active species, in
molecular form, can be installed at a precise location by, for
example, postsynthetic modifications of side-chain functionality
of linker or at the node (other postsynthetic methods such as
exchange and ligand incorporation can be also used, vide infra).
Alternatively, a diffusive infiltration can be used to fill (pack) the
pore with the complementary species.

11.B.1. with installed/anchored

component

Systems postsynthetically

Zirconium MOFs have become popular due to their robust
nature and electronic properties that are relevant for
photophysical studies including PCT. Being a group-1V transition
metal, Zrg"V -oxo node can be anticipated similar optoelectronic
behavior like that of a Ti'V-oxo derived node that frequently
features an LMCT from excited organic linkers.3® However,
computational studies suggest that the conduction band of
zirconium-oxo node lies 2 eV wider than that of the
benzenedicarboxylate linker due to high energy zirconium 4d
orbitals.8’” Thus, a photo-induced LMCT from a common -
conjugated linker to Zrg"V -oxo node is unlikely to occur unless
the excited state oxidation potential of the linker is unusually
high in energy. This electronic property of the Zr¢'V-oxo nodes
makes them unique in a way that the linker orbitals do not
electronically interact with. As a result, the Zr¢'V-oxo nodes
become optoelectronically “inert” in the UV-vis region relative
to most n-conjugated organic linkers. Hence, Zrg!V -oxo derived
frameworks provide desired chemically and mechanically
robust platforms where various photophysical studies including
PCT can be examined among different linkers and other
components as a function of their crystallographic position. The
Zr'V-ions may exert a ‘heavy atom’ effect facilitating singlet-to-
triplet intersystem crossing processes, but no study has
established this yet. Nevertheless, the chemical constituents of
such metal-oxo node may play a key role in defining the CT
kinetics.

Most Zrg"V -oxo MOFs can host a wide range of secondary
organic or inorganic species, which further extend the
possibilities of realizing donor-acceptor dyad systems. This is
because, a majority of the Zrg'V -oxo MOFs possess large pore
ranging from 10A to over 50A depending on the topological
net.88-93 These pores are suitable to incorporate complementary
species including small organometallic®-22,
cluster,3? 100-103 or even small enzyme.104-106 Fyrthermore,

organic,34 94

common Zrg"V -oxo SBUs construct 12 or 8—carboxy connected
MOFs: thus, an unsaturated 8-connected Zrg-oxo node can be
exploited to install carboxy-terminated redox species via a well-
established process called solvent assisted linker incorporation
(SALI).34 95 107 Alternatively, a 12 connected MOF (e.g. UiO-66)
with the variable extent of defects (i.e. missing linkers, capped
with a monocarboxylate such as formate) can be defect-
exchanged/engineered.108-110  Both  these postsynthesis
processes are technically the same as they involve the

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. a) Structure of Fc@NU-1000; b) energy diagram depicting the PET
process from Fc to excited NU-1000 in Fc@NU-1000; c) Representative fs-TA
spectra of FC@NU-1000 under the excitation of 400nm. Reproduced with
permission from ref. 95. Copyright 2018, American Chemical Society.
replacement of non-framework ligands (like hydroxy and
carboxy) with an incoming carboxylate or phosphonate.11?

In this context, a well-known Zrg"V -oxo MOF NU-1000 has
been used as a host platform. Here, an assembly of
deprotonated  1,3,6,8-tetrakis(p-benzoicacid)pyrene linker
(TBAPy) acts as an antenna for photon harvest. A study reported
by the Deria group showed that immobilizing carboxy-
ferrocene (Fc) at the Zr-oxo node forming Fc@NU-1000 (Figure
7a) quenches the MOF emission via a CT from the Fc to the
photo-excited TBAPy (Figure 7b).%> It is important to note that
less than one Fc per four TBAPy linkers is enough to reach the
saturation quenching, this observation indicates to another
interesting feature in MOF: an efficient EnT enhances the
quenching perimeter of a redox quencher. The fs-TA
spectroscopic data of Fc@NU-1000 highlights the instant
appearance of an intense singlet (S1 — S,) excited state
absorption (ESA) at 730 nm (Figure 7c; TA spectrum at 0.6 ps);
this signature, is reminiscent to that of excited pristine NU-1000,
was assigned as the [NU-1000]1*/Fc. The singlet excited
population then quickly decays to a new ESA appearing at 600
nm and assigned as [NU-1000]* ~/Fc*. Given a close Fc-pyrene
distance (ca. 10 A), the ker was determined (from the rise time
of 600 nm band) to be very efficient 7.4 x 101951 (tcr =9 ps) with
a relatively slow thermal charge recombination (tczr = 430 ps).
Interestingly, solvent-dependent k¢r data determined from the
emission quenching experiments (using time-resolved
data) revealed that the CT process is
nonresponsive to dielectric modulation. This is because the
node-bound Fc-moieties experience a polar microenvironment
formed by the protruding hydroxyl/aqua ligands at the Zrév—oxo
node. Thus, the CT process in Fc@NU-1000 involves a high
‘solvent’ reorganization energy (Ao) to drive [NU-1000]* ~/Fc*
formation. Partial capping of the hydroxyl/aqua ligands was
seen to slightly increases the rate.38

In an attempt to emulate the functionality of the chlorophyll
based LHCs, Deria and coworkers showed that complementary
pigment-assemblies within MOFs can be a viable way. For that,
they first post-synthetically anchored a

fluorescence
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tetraphenylporphyrinato zinc(ll) (TPPZn) derived
complementary pigment within the 1D pores of NU-1000 MOF
forming a D-A system.197 This design is based on the appropriate
alignment of the ground and excited-state redox potentials of
donor and acceptor in a way that it facilitates an EnT from the
excited MOF (i.e., NU-1000*) to the TPPZn forming TPPZn*.
Here, the excited TBAPy linker assembly in the framework
serves as the antenna to harvest photonic energy and efficiently
deliver it to the adjacent TPPZn anchored on the Zr-oxo node
via FRET (kgnt = 4.7 X101 s°1; 1,1 = 2 ps; Figure 8a).197 Given that
the excited-state oxidation potential of [TPPZn]* lies 0.54 eV
higher than the ground-state reduction potential of NU-1000, a
spontaneous CT was observed from [TPPZn]* to NU-1000. The
process can be considered as the excited TPPZn pigment
forming a special pair like the system with a neighboring TBAPy
linker to drive the CT. The PCT was studied via transient
emission that revealed a solvent polarity dependent rate: a k¢r
= 6.2x108s! and 1.2x10%9s? (i.e. tTcr ~ 1.6 ns and 80 ps) in 2-
methyltetrahydrofuran (MeTHF) and trifluorotoluene (CFsTol)
solvents, respectively. This is an interesting finding for two
reasons. First, the highest rate recorded for the TPPZn@NU-
1000 is about one order magnitude slower than that was
observed for the FC@NU-1000 system (kcr = 1x1011 s1; tcr ~ 10
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Figure 8. a) Scheme of photoinduced electron/energy transfer in a typical
TPPZn@NU-1000 structure, depicting the energy and charge transfer
between TPPZn and Pyrene under the excitation of 403 and 507nm. b)
Transient emission decay profiles of NU-1000, TPPZn, and TPPZn@NU-1000
in two solvents (Aex =403 nm, Aprobe = 660 NM); c) Representative fs-TA spectra
of Fc@NU-1000 under the excitation of 400nm. Reproduced with permission
from ref. 107. Copyright 2019, American Chemical Society.

ps) even though the Zn-pyrene distance (ca. 8.7 A) is slightly
shorter than the Fc-pyrene distance. This is possible due to a
negligible internal reorganization energy for the Fc-centered
redox process in a way that the driving force (AG®) matches with
the total reorganization energy. Second, the TPPZn@NU-1000
composition displayed significant solvent polarity dependent
rate: ca 20-fold difference in kcr going from MeTHF to CFsTol
solvent compared to a negligible solvent response in FC@NU-

8 | J. Name., 2012, 00, 1-3

1000. This is because the TPPZn is fixed far from the polar Zr-
oxo0 SBUs compared to the Fc-moiety: dre.zr = 5.6 A in Fc@NU-
1000), where dznzr = 12.75 A in TPPZn@NU-1000. The fs-TA
spectroscopic data collected for TPPZn@NU-1000 (in CFsTol
solvent) clearly displayed unambiguous signal for GSB (540 nm)
and S; — Sp stimulated emission (660 nm) of TPPZn*; where a
broad NIR transient at 976 nm evinced for TPPZn**, and the
signal for [NU-1000]* " at ~ 600 nm is obscured by the TA signal
of the TPPZn* and its stimulated emission bands. However, the
evolution of red-shifted stimulated emission peak of TPPZn*
(660 nm — 700 nm) attests to the underlying rise of the [NU-
1000]* "~ (at ~600 nm; blue side of the stimulated emission band)
over time. The global fitting of the transient dynamical data
probed at 541, 693, and 976 nm revealed a 283 ps charge
recombination time constant. The design of this system also
highlights an impressive spectral coverage of the system: the
TPPZn moiety absorbs light energy complementary to the
TBAPy assembly and can be excited directly through its low
energy Q band derived transition (at 530 nm) and thus, the
TPPZn@NU-1000 composition covers a large (350-650 nm)
effective window of the solar spectrum and all of it can lead to
the TPPZn**/[NU-1000]* = CT-state formation. Given that the
PCT generated charge-carriers in TPPZn@NU-1000 (with a tcr =
280 ps) can migrate via redox hopping!12-114 through both
TBAPy and the TPPZn units, respectively, they can be harvested
in photoelectrochemical setup (IPCE =~ 0.36% at 532 nm, -0.5V
vs Ag/AgCl).

11.B.2. Systems with postsynthetically infiltrated components

Depending on the size and shape of the pores, a postsynthetic
infiltration process may differ. For example, in cage-like pores,
one would have to introduce the secondary guest component
during synthesis or employ a dynamic window opening
facilitated by a linker exchange process. In this ‘ship-in-a-bottle’
scenario, the incorporated species is larger than the largest pore
window and thus, remains ‘corked’ inside with some limited
conformational and rotational flexibility. For 1D pores, however,
the complementary species can be diffused inside the pores
with varying density. Here, the incorporated species can form a
close-packed column or may establish a non-covalent
interaction with the aromatic linker, albeit depending on the
solvent. While the later system may not provide precise control
of the position of the incorporated species, it is a simple method
for the preparation of the bulk composition.

PCT processes resulting from triplet excited states have also
been studied within host-guest systems in MOFs -the advantage
here is a prolonged sensitizer lifetime enabling energy
migration and/or driving relatively slower CT with a larger
structural reorganization. Larsen and coworkers encapsulated
the [Ru(2,2’-bipyridine)s]?* photosensitizer, commonly known
as Rubpy, into a MOF in a ship-in-a-bottle fashion. Here, the
CoRWLC-2 framework was constructed by a solvothermal
reaction of 1,3,5-tris(4-carboxyphenyl)benzene (H3BTB) and
Co(NOs)z-(Figure 9a).11> The encapsulated Rubpy exhibits a
shorter lifetime of 9.5 ns relative to 600 ns time constant for the
pristine Rubpy and this quenching was attributed to PCT

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. a) Scheme of the formation of CoRWLC-2; b) Temperature
dependent emission of CORWLC-2. Reproduced with permission from ref.
115. Copyright 2018, Royal Society of Chemistry.

between the 3MLCT of Rubpy to the Co ion cluster of the node
with a kcr =108 571 (Figure 9b). This relatively slow rate constant
is due to the high reorganization energy (1.6 eV) and a relatively
small (0.006 eV) electronic coupling factor (Hag) as determined
from a temperature depended lifetime data (Figure 9b)
analyzed in Arrhenius fashion.

This group has extended the ship-in-a-bottle fashion
strategy in another system where they co-encapsulated two
porphyrin derivatives tetrakis-(tetra 4-
sulphonatophenyl)porphyrinato zinc(ll) (Zn4SP) and tetrakis-
(tetra 4-sulphonatophenyl)porphyrinato iron(lll) (Fe4SP) into
the cages of HKUST-1(Zn) MOF, denoted as Zn4SP-
FedSP@HKUST-1 (Figure 10a).1'6 The authors reported PCT
from the triplet excited state, 3Zn4SP to Fe4SP (kcr=1.1x 10%s"
1). This was supported by the 3Zn4SP lifetime quenching by the
co-encapsulated Fe4SP (Figure 10b). However, no direct
spectroscopic evidence was provided to illustrate the
mechanistic evolvement of the triplet states in this complicated
photophysical cascade process. The PCT process was analyzed
with semi-classical Marcus Theory (equation 5) by plotting the
rate constant as a function of different sets of parameters:

ker = ko e~ B(d—Ro) o —(AG°+2)?/4A,RT) (5)

where k, is the rate constant associated with barrierless CT, typically
on the order of molecular vibration (~1013 s-1), will happen if it
occurs at R, (i.e. the van der Waals contact distance between D and

This journal is © The Royal Society of Chemistry 20xx

ARTICLE
a)
b) ZnasP-FedSP HKSUT-1
Zn4SP@USF1
Zn4SPLFe4SP@USF1, 1:1 Loading
o Zn4SPLFed4SP@USF1, 1:4 Loading
€
£
2 o054
2
B
T 0.0
N
g
S
= .05
0.0 8.0x10* 1.6x10°
Time (Seconds)
—p=1
20000 —p=1.25
C) 18000 g
16000 — L
14000
— 12000
'» 10000
& 8000
&
60004
4000
2000
.
[ 1 2 3

Reorganizational Energy (eV)
Figure 10. a) Scheme illustrating the relative alignment of Zn4SP and HKSUT-
1in Zn4SP@HKUST-1; b) triplet—triplet absorption decay of Zn4SP@HKUST-
1 with varying amounts co-encapsulated Fe4SP suspended in ethanol; c)
Plots of calculated ker versus A for differing B values using d =29 A, ko =1 x
10% s, Ro = 9.7 A (for Fe4SP/Zn4SP), AG® = -0.61 eV (-14 kcal mol) and T
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permission from ref. 116. Copyright 2015, Royal Society of Chemistry.
A); here, B is an empirically determined distance-dependent decay
constant for the electronic coupling factor, d is the D-A distance, A; is
the total reorganization energy, and AG° is the driving force.
Graphical analysis of the experimental data (Figure 10c) suggested
that the observed kcr value can be obtained from three sets of
parameters, meaning that equation 5 has three solutions that could
give rise to the observed rate constants (the black dots in Figure 10c):
(@Q)Ar=1.2eV,B=1.25;(b)A+=1.75eV, B =1.5;and (c) A, =2.35 eV,
B = 1.75. The physical interpretation of these parameters suggests
that the A; of 2.35 eV (set c) represents considerable structural
reorganization that is not likely to occur in the confined octahedral
cavities of the MOF, whereas the parameter sets (a) and (b) can be
feasible and precedented in CT process between porphyrins with
fixed intermolecular distance.

Being an excellent electron acceptor, C¢o has been infiltrated
into the pores of MOFs as an approach to induce
photo/electrical conductivity. Goswami et al. have reported
that the conductivity of TBAPy based Zr-MOF NU-901 can be
increased substantially upon Cgp incorporation due to a strong
electronic interaction at the ground-state leading to an ET from
the pyrene-based linker to Cg.8> The Cramer group
computationally studied PCT between Cgo and two porphyrin-
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1.75. Reproduced with permission from ref. 117. Copyright 2020, American
Chemical Society.

based pillar-paddlewheel MOFs:117 Zn,(TCPB)(DA-ZnP) denoted
as DA-MOF (TCPB = 1,2,4,5-tetrakis(4-carboxyphenyl)benzene,
DA-ZnP = [5,15-bis[(4-pyridyl)ethynyl]-10,20-
diphenylporphinato]zinc(ll); Figure 11a) and Zn,(TCPB)(F-ZnP)
(i.,e. denoted as F-MOF; F-ZnP = [5,15-di(4-pyridyl)-10,20-
bis(pentafluorophenyl)porphinato]-zinc(ll); Figure 11b).
Calculated optical band gaps for DA-MOF and F-MOF are 1.66
and 2.04 eV, respectively. After Ceo infiltration, the Ceo@DA-
MOF (Figure 11c, lower panels) and Ceo@F-MOF (Figure 11d,
lower panels) show band gaps that are 0.16 and 0.36 eV lower
than their respective pristine DA-MOF and F-MOF. Partial
density of states (PDOS) of Cg infiltrated MOFs reveals that the
HOCO mainly comprises p-orbitals of the porphyrin linkers and
the LUCO predominantly comprises p-orbitals of Cgo. The
significant orbital overlap between orbital of Cgo and MOF
linkers indicates that photoelectrons or holes can be generated
on the linker should readily transfer to Cgo at the interfacial
region. This study theoretically demonstrated the strategy that
the incorporation of electronic complementary moieties into
MOF channels, even without covalent bonding to the
framework, can alter the electronic properties of MOF
composition that may be used for PCT.

Ill. Applications of PCT in MOF
1ll. A. MOFs-based Photocatalysis

The key point that we take note from the above discussion is
that the compositional versatility possible from the wide choice
of photoactive struts, metal nodes, and various post-synthetic
strategies may allow the development of functional frameworks
that are decorated with a plethora of optical or redox
components as well as catalytic species. These inherent design
flexibility and molecular scale porosity make MOF as promising

10 | J. Name., 2012, 00, 1-3

candidates as photocatalysts. Nevertheless, the intrinsic
advantages of MOF-based design lie on its ability to achieve high
substrate and catalysts concentration within the MOF pores,
where PCT between the sensitizer and the catalyst can occur
efficiently due to their proximity. Thus, unlike the
homogeneous systems, photocatalysis in MOF is not limited by
the diffusion of the catalyst species to the sensitizer, rather the
diffusion of the substrate and product. As such, light-driven
reactions can be divided mainly into two categories: first, where
a sensitizer drives chemical reactions only by EnT process, like
the triplet EnT to drive a C-C bond formation (e.g. cycloaddition
reaction) as well as reactive oxygen generation that carries out
oxidation reaction of, for example, mustard gas simulant. The
other photocatalysis involves PCT, where one of the photo-
generated charge is used to drive single or multi-electron redox
reactions. Here, we focus on the second category, i.e. MOF-
based photocatalysis that involves PCT. In such reactions,
sacrificial reagents are involved to irreversibly regenerate the
photosensitizers after every turnover. Sensitized chemical
reactions,'8 and those driven via generation of singlet oxygen
by MOFs119-122 do not involve PCT and are excluded from the
following discussion.
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Figure 12. a) Synthesis of Tis-BPDC-Ir and Tis-BPDC-Ru; b) schematic showing
electron injection from photoreduced ligands in [Ir'"(ppy)2(dcbpy=*)]° into
Tiz(OH)2 SBUs to conduct HER (Ti, Ir, O, and N atoms are shown in blue, gold,
red, and mazarine, respectively). c) Proposed Tis-BPDC-Ir catalytic cycle for
the light-driven HER, depicting the valence exchange Ti"/Ti" formed through
PCT; d) Stern Volmer plots of lo/l for RuBP and IrBP as a function of the
concentration of BIH (mM) regenerator. The EPR spectra of (e) Tis-BPDC-Ir
and (f) Tis-BPDC-Ru are shown in the dark or under light irradiation.
Reproduced with permission from ref. 125. Copyright 2019, American
Chemical Society.
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Transition metals can activate small molecules (e.g. H,0 and
COz) by selective binding and therefore can be used as catalytic
sites for energy conversion reactions like hydrogen evolution
reaction (HER) or CO; reduction reaction (CRR). The study of
HER process catalytically driven by TiO; and titanium-oxo
clusters have revealed that a photosensitized CT plays a critical
role in high turnover despite its inherent semiconducting nature
because TiO; is a large-bandgap material corresponding to UV-
light (< 400 nm) and less effective to the solar spectrum. The
photosensitizer absorbs photons at the visible region of the
solar spectrum to drive PCT to the TiO, composition if their
excited-state oxidation potential lies higher in energy than the
TiO, conduction band. Following the PCT, the reduced Ti-
centers can catalyze HER.123.124 The Lin group synthesized two
new MOFs, Ti3-BPDC-Ir and Ti3-BPDC-Ru (BPDC = biphenyl-4,4'-
dicarboxylate) using a mixed linker strategy (Figure 12a), where
they doped [Ir(ppy)2(dcbpy)]* (hereon IrBP) or [Ru-
(bpy)2(dcbpy)]?* (hereon RuBP) (ppy = 2-phenylpyridine, bpy =
2,2'-bipyridine, and dcbpy = 4,4’-dicarboxy-2,2’-bipyridine)
photosensitizers into the Tis-BPDC framework which also serves
as catalysts for HER (Figure 12b).12> In these studies, 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH)
was employed as sacrificial regenerator (electrons supplier). To
investigate whether the excited photosensitizer was reductively
quenched by BIH or oxidatively quenched by Ti3(OH), SBUs, a
luminescent quenching experiment for IrBP and RuBP was
conducted separately in a homogeneous solution in presence of
BIH or the SBU-equivalent model TigOg(OiPr)s(abz)s. The
spectroscopic data (Figure 12d) show that the luminescence of
IrBP and RuBP was efficiently quenched by BIH but not by the
titanium cluster. This quenching experiment suggests that, in
MOF, the CT proceeds from BIH to the excited IrBP or RuBP
forming the reduced IrBP or RuBP species that finally transfer
the charge to the Ti-center; the final reduced Ti'"' is evinced by
EPR signal (Figure 12e, f). The reduced titanium SBU, Ti'V/Ti", is
responsible for HER activity. As demonstrated by DFT
calculation, this multi-electron LMCT process involves the
formation of Ti'V-H intermediate, the rate-determining step

with an energy barrier of 0.76 eV in a proton-coupled ET process.

The protonation of Ti'V hydride produces H, and regenerates the
TiV3(OH); cluster (Figure 12c).

In a similar photosensitizer-based design, Yan et al. studied
MOF-based PCT involving Ru(phen)s-derived strut (hereon
RuPhen) and Eu'"" based SBU. The reduced binuclear Eu',
clusters, generated by excited RuPhen via PCT, serve as catalytic
centers for the selective reduction of CO; into formate in a two-
electron process (Figure 13a).126 The PCT process in Eu-
Ru(phen)s;-MOF was probed via fs-TA spectroscopy (Figure 13c).
In contrast to free RuPhen, the ultrafast pump-probe data of the
MOF reflects a significant reduction of the ESA amplitude.
Excited-state dynamical data (Figure 13d) suggested a faster
ESA decay kinetics of the MOF probed at 604 nm compared to
the free RuPhen. This faster decay was postulated to the PCT
from the T; state of RuPhen species to the Eu clusters. For the
catalytic pathway, the authors investigated if the quenching of
RuPhen* proceeds by TEOA reductively or an oxidative
quenching by Eu; clusters occurs first. For that, luminescence
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Figure 13. a) Schematic showing PET of Eu-Ru(phen)s;-MOF based on the initial
excitation of the Ru photocenter and the pathways of ET from Ru to catalytic
Euz oxo-cluster center. b) In situ EPR spectra of Eu-Ru(phen)s-MOF under
different conditions; c) fs-TA spectra of Eu-Ru(phen)s-MOF and HsL at various
time delays at 604 nm; d) Kinetic profile of species traced at 604 nm in free
RuPhen and Eu-Ru(phen)3-MOF. Reproduced with permission from ref. 126.
Copyright 2018, Nature Publish Group.

quenching experiments of free RuPhen were carried out in a
DMF-solvated form with the addition of TEOA or Eu; clusters,
separately. A significant quenching by Eu, clusters was observed
rather than the TEOA; this finding reflects an oxidative CT from
RuPhen* to the low-lying orbitals of the Eu'"'; clusters as a viable
route. This oxidative PCT involving the metal SBU is different
from the reductive PCT with the sacrificial reagent observed in
Lin’s work. The two EPR signals (Figure 13b) of the Eu-
Ru(phen)s-MOF with g=2.23 and 4.16 revealed the existence of
paramagnetic Eu?* species derived from the one-electron
reduction of Eu3* that has no EPR response. While the authors
did not present any further spectral evidence, their DFT
computations suggest that the photocatalytic process involves
an exposed Eu'"' site that adsorbs one CO; via Eu-0 binding. The
reduction of CO,-Eu intermediate can be efficiently driven by
the PCT with an impressive rate of 321.9 umol h- mmol MOF-1,

Both Lin and Yan’s works employed noble-metal (i.e. Ir or Ru)
-based complexes as photosensitizer with different metal SBUs
serving as the catalytic center — their choices depend on the
targeted reactions (i.e. HER or CO; reduction as the driving
potentials for these transformations are different). It is
interesting to note that the PCT sequence in two different MOFs
occurred through different pathways, from the excited
sensitizer, one involved ET to the node, and the other involved
a hole transfer to the redox regenerator. Such a mechanistic
difference often stems from the difference in the rate. The
factors that play a critical role in determining the rate include
the thermodynamic driving force, reorganization energy, and
electronic coupling. The underlying reason may arise from the
difference in the electronic properties of metal nodes and
sacrificial reagent including their redox potential. Considering
the charge carrier states are mere localized, redox potential
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measured for the MOFs often represents the frontier orbitals of
the monomeric species. For example, the electrochemical data
presented in Lin’s work suggest that the HOCO (the IrBP
centered oxidation) is at 1.49 V, which lies 1.16 V more positive
than the BIH*/BIH potential (0.33 V). In contrast, the Ti'V-
OH/Ti"-OH (ca -0.63V) lies only ~0.1V positive than the LUCO of
this photosensitizer MOF (-0.72 V).125 This can also be visualized
from the excited-state redox potentials of a related IrBP
compound, where the E7* =-0.61 V (vs NHE; reported value of
-0.85 V vs SCE)!?7 and that should not provide much driving
force for PCT to the Ti'V-OH/Ti"-OH (ca -0.63 V). Alternatively,
EI* = +0.92 V, which is significantly positive than the BIH*/BIH
potential (0.33 V). It is interesting to note that excited IrBP*
sensitizers are well known to get reductively quenched (by a
sacrificial reagent) to generate a strong IrBP™ reductant.128-130
For Yan’s Eu-Ru(phen)s-MOF, the potential energy difference
between ERY* (= — 0.72 V vs NHE; determined by subtracting
the emission energy of 2.07 eV (i.e. Egp at 598 nm maxima) from
the oxidation potential of 1.35 V )126. 127 and the conduction
band of Eu,0s3 (-0.68 V) is sufficient enough to drive the PCT
from RuPhen* to Eu-SBU. In contrast, Ef,}f{ =+0.78 V (vs NHE;
determined by adding 2.07 eV of Ego to the reduction potential
of -1.29 V) renders not much potential energy difference with
TEOA*/TEOA (ca 0.81-1.07 V)131-133 tg drive a spontaneous PCT.
While these energetics measured for their corresponding
models in homogeneous solution explains the trend, one should
recognize that the adopted regional geometry, close spatial
separation between the exact complementary pairs might be
different in MOF to facilitate PCT more efficiently (or less) than
predicted in homogeneous solution (or solvent-dispersed)
systems.

Using Ru(bpy)s2* derivative as the photosensitizer, Lin and
coworkers assembled a related longer analog, bis(2,2'-
bipyridine)[5,5'-di(4-carboxyl-phenyl)-2,2'-
bipyridine]ruthenium(ll) dichloride (hereon RuBPP) together
with Hf1; SBUs to form a 3D framework denoted as Hf1,-Ru.134

Re(CO),Cl
or
Mn(CO);Br
s
b

- = Hf ,-Ru-R

@ Re or Mn co, co § Hipiae
4 or

O ClorBr | Hf ,-Ru-Mn
®Ru
@ Hf C
QF Sunlight
QcC
@0
ON

Figure 14. Schematic illustration of the synthesis of Hf12-Ru-M (M = Re or Mn)
via monocarboxylic acid exchange of Hfi-Ru and sunlight-driven CO»
reduction through a mechanism of PET from RuBPP* to M'(bpy)(CO)sX (M =
Re, Mn) that serves as catalytic sites binding with CO.. Reproduced with
permission from ref. 134. Copyright 2018, American Chemical Society.
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Postsynthesis method was employed to install a secondary
carboxy-appended bipyridine complex, M'(MeMBA)(CO)3X (M =
Re, Mn; MeMBA = methyl 2-(5-methyl-[2,2'-bipyridin]-5-
yl)acetate), onto the Hf;; SBUs. This SALI-like functionalization
fixes the key components in the proximity (distance between
the RuBPP photosensitizer strut and the adjacent M'(bpy)(CO)sX
catalysts is ca 13 A) to efficiently drive PCT. Note that this class
of  organometallic compounds are  well-established
homogeneous catalysts that bind CO, and drive photocatalytic
production of CO (98% selectivity) by accepting an electron
from the RuBPP* photosensitizers (Figure 14).135-137 While no
direct spectroscopic evidence was provided, the authors, in a
separate homogeneous quenching test with the model
components of Hf;,-Ru MOF, found that the phosphorescence
of the RuBPP strut got more efficiently quenched by the
sacrificial BIH regenerator than the electron acceptor
M'(bpy)(CO)sX. It is therefore presumed that the reduced [Hf1,-
Rul-species, produced from a reductive PCT by BIH, is
responsible to prepare the active form of M'(bpy)(CO)sX for CO,
reduction. The authors further reasoned that the first reduction
potential of the RuBPP component (-0.65 V vs NHE) is
sufficiently reductive than the LUMO of the Re(MeMBA)(CO)sClI
(0.10 V) to convert its active form. However, the PCT here
involved *RuBPP and the BIH; the ERUBPP* ~ 1092 V127 s

r

significantly positive than the BIH*/BIH potential (0.33 V)25, 138

to drive the PCT.

Coupling

5TTe~f--Enaminyl radical

Figure 15. a) Chemical structures of the interpenetrated InP-1 MOF and its
components; b) Coordination environments of the Zn(ll) ions and NTB3-
linker; c) The net B-arylation reaction of saturated aldehydes; d) Proposed
mechanisms for interpenetrated MOFs in photocatalytic B-carbonyl
activation, showing the PCT pathway and the formation of radical
intermediates. Reproduced with permission from ref. 139. Copyright 2017,
Nature Publish Group.
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An interesting concept of organic transformation involving
C-C bond formation was reported by the Duan group using a
hybrid crystalline framework (named InP-1). The InP-1 MOF was
constructed from L-pyrrolidin-2-ylimidazole (L-PYl, a chiral
organocatalyst) and 4,4’,4”-nitrilotrisbenzoicacid (HsNTB,
photosensitizer)13® with a twofold interpenetrated framework
structure (Figure 15a), where the L-PYI and H3NTB components
are proximally arranged in space (Figure 15b). Within each of
the identically isolated chiral framework, the Zn(ll) ions at the
node were coordinated in a chiral tetrahedral geometry with
three carboxylate oxygen atoms from three different NTB3-
linkers and one nitrogen atom from the L-PYI co-ligand. The
photocatalyst exhibits excellent activity for the B-arylation of
aldehyde derivatives (Figure 15c). The photocatalytic process
starts with the H3NTB* photosensitizer that reduces one of the
reactant 1,4-dicyanobenzene (DCB) into a radical form DCB*~ via
PCT (Figure 15d (i)). The resulting NTB** is then quickly
regenerated/reduced by the enamine intermediate that is
bound to L-PYI forming an enaminyl radical cation (Figure 15d
(ii)), which then reacts with the DCB*~. Here, the electron
acceptor in the PCT and the regenerator both are reactants of
the catalytic conversion, where a cascade consists of PCT
followed by CT events is facilitated by the proximity of the key
components L-PYl and H3;NTB (Figure 15b). The PCT from
H3sNTB* to DCB is probed by the luminescent quenching
experiment showing a lifetime drop of HsNTB from 4.62 to 3.25
ns.

111.B. Photoelectrochemical processes in MOFs

MOFs can be an ideal platform for facile PCT and related
processes; recalling that the chromophore assemblies in MOFs
exert antenna behavior, the D/A ratio as well as the
concentration of the catalyst moieties also can be widely varied.
However, a photocatalytic activity would require an equivalent
amount of redox quencher to regenerate the sensitizer. Instead,
the excitons can be delivered to a catalytic center or external
electrical contacts, where the charge-carrier generation can be
spontaneously driven by the local potential difference. The
short-lived excited states and the rapid recombination of the
charge carriers seem to be major challenging factors for utilizing
the photo-generated redox equivalents (i.e. charge with
appropriate potential) and hence a limited catalytic efficiency is
achieved. In a photoelectrochemical process, the opposite
(residual) charges also need to be transported either for
catalytic utilization or to be collected at the external electrical
contact. Because common metal-carboxylate (or metal/N-base)
connectivity manifest charge carriers that are localized either at
the linkers or at the metal node, the charge transport in MOF
involves a hopping. Literature reporting on charge hopping
indicates that the process is diffusion limited by the counter
ion.>3.140-143 However, when multiple redox steps are necessary
to obtain the active form of the catalysts MOF-incorporated
sensitizer (light-harvester) and catalyst assembly guarantees to
circumvent major mass-transport related problems. Within
MOF based sensitizer-catalysts assemblies, each of the
intermediates formed during the progressive transformation of

This journal is © The Royal Society of Chemistry 20xx
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Figure 16. Scheme of a) n-Type and b) p-Type semiconductor cell,
depicting the formation of space chare region, locally bending of bands
under irradiation and the direction of electron flow. The interfacial
electron transfer between the photoelectrode and D/D* or A/A species
in solution are illustrated too.

Electrolyte solution

the
susceptible to (a) unwanted diffusion away from a photo-
electrode and back into bulk solution, (b) deactivation due to
chemically irreversible encounter, and (c) physical loss of
inadequate solubility and therefore precipitation of the
intermediate species. Within a solid assembly, the separation of
electron-hole pair can be promoted by the electrical field that is
either spontaneously formed at the interface of the
photoelectrode or by an external electrical field to direct
electrons and holes to participate in reduction and oxidation
reactions before they recombine (Figure 16).144147 |n classic
semiconducting band picture, when the n-type semiconductor
is employed as the photoelectrode, electrons and holes are
formed at the surface by splitting the photo-generated excitons
at the surface; the electrons are locally driven to the interior
bulk whereas holes to the surface, which spontaneously forms
a local electrical field —a phenomenon represented by the band
bending (Figure 16a).148 Likewise, the p-type semiconductor
(Figure 16b) forms a regional electrical field pointing toward the
opposite direction as the n-semiconductor case. The picture in
MOF, however, is not this simple and universal. Even for a
sluggish hopping-mediated charge transport process, charge
that is hopping within MOF crystals deposited on a
semiconducting electrode surface (e.g. a MOF modified TiO,-
layered-FTO electrode) would feel a similar force field
(stemming from the potential energy difference between the
semiconductor band edge and the concerned MOF redox
potentials) driving a directional transport. Alternatively, exciton
splitting can be achieved under an applied bias voltage over the
circuit to steer the photogenerated electrons or holes —in such

resting assembly into an active one would not be
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cases, no semiconducting layer is used (e.g. MOF modified FTO
electrode).3”

Garcia-Sanchez et. al. synthesized a new MOF, IEF-5, with
bismuth and dithieno[3,2-b:2’,3'-d]thiophene-2,6-dicarboxylic
acid (DTTDC). They constructed their photoanode by depositing
the IEF-5 on ITO; the photoelectrons collected were used to
drive HER at the Pt counter electrode (Figure 17a).14°
Computational work on PDOS revealed that the IEF-5 has 2.1 eV
bandgap (Figure 17b). The positive response of the
photocurrent (Figure 17c) indicates an n-type semiconductor.
Prior to charge separation, photoexcitation leads to an ultrafast
charge redistribution defined by an electron delocalization
around sulfur atoms. This process was probed via synchrotron
Core Hole Clock (CHC) experiments (Figure 17d), which involves
recording the S KLL Auger spectra at different excitation
energies around the sulfur K-edge with attosecond time
resolution. The charge delocalization time was calculated as
1.27 fs. The optical TA spectra collected for IEF-5 with a 355 nm
pump/white-probe setup exhibit a band at 440 nm with a first-
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Figure 17. a) Scheme of MOF-based photoelectrochemistry cell for HER,
highlighting the ET through singlet and triplet states; b) Atom-projected
partial density of states (PDOS) for Bi 2s (magenta), Bi 2p (blue), C 2p (gray),
sulfur (yellow), oxygen (red); c) LSV under chopped illumination showing the
photocurrent density at different bias potentials; d) 2D core hole clock
measurements of IEF-5; e) TA spectra acquired at different delay time under
the excitation of 355 nm for IEF-5 in presence of Na,SOs as electron donor. f)
Evolving of the triplet lifetime (Aex = 355 nm) as the function of concentrations
of NazS0s. The inset is Stern-Volmer plot for singlet (blue) and triplet (red).
Reproduced with permission from ref. 149. Copyright 2020, American
Chemical Society.
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order decay (t =25 ps; Figure 17e) and was attributed to a
possible transient absorption in the triplet manifold.

In the presence of a redox quencher such as an electron
donor NazSO03 (Egyz-/502- = 0.93 V vs NHE) in the solution,
pump-probe experiment displayed TA spectra that highlight
quenching of the 440nm band and evolution of new 515 nm
transition due to the formation of radical anion IEF-5°~ upon PCT.
The PCT can be described as a reductive quenching of the MOF
excited state by the SO32 ™. Interestingly, the IEF-5°-thesignal was
no longer detected in an oxygen-saturated solution. The oxygen
qguenching experiment suggests the PCT involves 3IEF-5*. The
relative contribution of EF-5* and 3IEF-5* species in the PCT
process was determined by a Stern-Volmer analysis. With the
Ksv(s) of 1.85 and 5.35 M~ for singlet and triplet excited-states,
respectively, the authors suggested that the 3IEF-5* is the key
driver of the PCT. The photogenerated electrons are
transported to the counter electrode performing HER; a
constant H, evolution was observed with a 2.35 umol cm™2 gas
accumulated within 60 minutes of irradiation.

Morris and coworkers incorporated mixed-linkers including
a RuBP photosensitizer and catalytic site [Ru(tpy)(dcbpy)CI]*
(hereon RuTB; tpy = 2,2":6',2"-terpyridine) into UiO-67 MOF as
a photoelectrode material (Figure 18a).150 A thin MOF film was
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Figure 18. a) Schematic representation of MOF/TiO2/FTO assembly via a
direct solvothermal synthesis of the mixed-linker MOF film; b) Energy diagram
illustrating the photophysical process at the photoelectrode, including (i)
photoexcitation of Ru"BP to Ru"BP*; (ii) electron injection from Ru"BP* into
the conduction band of TiO; (iii) oxidation of Ru"TB by Ru"BP to form Ru"'TB;
and (iv) oxidation of benzyl alcohol (BnOH) by Ru"'TB to benzaldehyde (BZH);
c) ns-TA spectra of RuBP-RuTB-UiO-67-TiO/FTO. Reproduced with permission
from ref. 150. Copyright 2020, Royal Society of Chemistry
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grown on an n-type semiconducting (TiO,-coated FTO)
electrode serving as a photoanode for the oxidation of alcohol.
The proposed mechanism in Figure 18b shows that electrons
are injected to TiO; layer from the Ru'"BP*, thereby generating
a hole that forms Ru''BP. The Ru'"TB is subsequently oxidized by
Ru"BP forming Ru"TB that finally oxidizes alcohol. This
photophysical pathway is demonstrated by the ns-TA spectra,
which highlight that the excited state absorption band of RuBP-
RUuTB-UiO-67-TiO,/FTO near 420 nm diminishes significantly
(Figure 18c); this was attributed to the charge injection from
Ru'"BP* to the conduction band of TiO,. The authors observed
that the isosbestic point (at AO.D. = 0) exhibits a bathochromic
shift from 555 to 620 nm over time (Figure 18c, d) due to a
delayed formation of Ru'"TB* or Ru''"TB, which could happen in
one of the two ways: either the formation of Ru'"TB* is occurring
via EnT from RuBP* to Ru'TB; alternatively, Ru""TB could be
formed via oxidation by Ru''BP that was formed upon PCT (to
TiO,, Figure 18b, step 3). The time-constant (21.0 + 0.3 ns) for
the shift of the isosbestic point was determined from the
delayed growth at 550 nm. Based on these experimental data,
it seems neither pathway could be ruled out -although the
authors preferentially proposed the second process as a
dominating route. For such a system, varying the ratio of the
primary photosensitizer and the catalysts and/or a solvent-
dependent transient spectroscopic measurement may provide
further information regarding the preferentially adopted
photophysical pathway.

As discussed above, MOFs can be used as dye assembly and
can be deposited on a transparent conducting electrode (TCO)
such as FTO or ITO. To make the MOF-modified electrode (i.e.
MOF film deposited/grown on TCO) serving as photocathode or
photoanode, commonly p-type (e.g., NiO) or n-type (e.g. TiO3)
large bandgap semiconducting layers are deposited as a barrier
(i.e. in between the MOF layer and TCO). These semiconducting
layers not only facilitate exciton splitting at their interfaces with
the dye (here MOF) but also provide an augmented connection
that provides charge-carrier doping based on their potential
and therefore collects the electron or hole. In contrast, by
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Figure 19. a) The components for MOF-525 assembly and the fabrication of
photoelectrode; b) scheme illustration of the PET in photoanode and
photocathode fabricated by MOF-525, in the presence of TEOA as D or H20 as
A respectively; LSV curves for MOF-525 c) photoanode (i.e. TEOA in solution
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dark (black) and under light (red). Reproduced with permission from ref. 37.
Copyright 2019, Royal Society of Chemistry.
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switching the redox mediator (D or A species) in the electrolyte,
the MOF-based photoelectrode can be made to serve as a
photoanode or photocathode accordingly. Such fabrication is
different from a standard semiconducting layered electrode
because, for the MOF-only system, the kinetic of PCT at the
MOF-electrolyte interface dictates the polarity of the MOF-
modified electrode. Hod and coworkers demonstrated that the
interfacial CT kinetics at the surface of porphyrin-based MOF-
525/FTO photoelectrode could be tuned by introducing
electron or hole-accepting species, such as water and
triethanolamine (TEOA) into the electrolyte solution (Figure 19a,
b).37 The introduction of a hole-acceptor TEOA displayed a
photo-anodic response: i.e. under light illumination, a positive
increment of current density was observed with a shift of the
onset oxidation potential from 0.85V to O V (vs NHE; Figure 19c).
In the case of water as the electron acceptor, photo-cathodic
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Figure 20. The proposed photogenerated charges generation, transport, and
water splitting reaction on the BiVO4@Co-MIm anode; b) LSV curves of BiVO4
and BiVO4@Co-MIm electrodes under illumination, the dotted line is LSV
curve of BiVO4@Co-MIm without illumination for comparison; c) Charge
separation efficiency of BiVO4 and BiVO4@Co-MIm electrodes at different
potentials. Reproduced with permission from ref. 151. Copyright 2019,
Elsevier.

0.4

behavior was observed upon light illumination, where electrons
from the excited MOFs are transferred to protons generating H.
In the latter case, dark and light LSV measurements exhibit an
increasing current density in a negative direction (Figure 19d),
attributed to the PCT from MOF-525* to water. Photo induced
oxidation of TEOA to TEOA*®* is a fast one-electron process,
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whereas photo induced reduction of water to H; at
photocathode is relatively and kinetically sluggish 2-electron
process. Hence, the photo generated charges spend a longer
time in photocathode, simply increasing its probability to
recombine via for example, solution charge accepting species.
Zhou et al. fabricated a bismuth vanadate electrode covered
with porous cobalt and ‘Co-Mim’” (Mim = 2-
methylimidazole, this Co-Mim is structurally different from ZIF-
67) and used this photoanode for water oxidation.?>1 At 1.23 V
(vs RHE) BiVOs@Co-MIm electrode shows 2.4 times more
photocurrent compared to the bare BiVO, electrode (Figure
20b). The plot of the photogenerated charge separation
efficiency (Dsep) as a function of applied potential suggests that
BiVO,@Co-MIm exhibits higher ®se, compared to the pristine
BiVO, in the entire range (Figure 20c). Here, Msep = Jsep / Jabs;
where Jsep is the current density measured in the electrolyte
containing hole trapping agent (NaSOs) and J.s is the
maximum theoretical current density. The author suggests that
the cobalt ion suppresses the recombination of the holes
reaching the surface; thus, promoting hole injection to the
electrolyte by creating an energy barrier for the hole to
recombine. Figure 20a shows the proposed mechanism of
water oxidation. Under light illumination, BiVOs would be
excited to produce the photogenerated electron-hole pairs,
where the hole transfer to the Co-Mim layers to generate Co3*
and then Co** -the active form of the catalysts driving the water
oxidation. The OER reaction converts the Co** back to Co?*. The
electrons collected at the photoanode from the reduced BiVO,
are transported to the Pt counter electrode to drive HER. It is
intriguing to note that the aligned BiVO4 nanostructures have a
large surface area with micrometer-scale pores; the Co-MIm is
the surface of the BiVOs
nanostructure; thus, the separated charges may not necessarily
need to travel significant distances. Furthermore, the deposited
Co-MIm component does not seem to contribute to the visible
light absorption possibly due to its thin layer morphology. Even
though this study specifically did
spectroscopic evidence, the improvement in the photocurrent
indicates the involvement of the porous Co-MIM as the hole
transport layer through PCT. This design may inspire further
development of the MOF based OER system in conjunction with
molecular (RuBP, RuPhen, IrBP, etc.) or desired metal-oxide

imidazole

solvothermally grown at

not provide much

sensitizers.

111.C. MOFs-based Luminescent Sensing

MOFs have been explored as working compositions for sensing
applications due to the tunable luminescent properties
originating from the linkers and their interaction with secondary
species including metallic nodes and guest species.2’-152-158 The
attractive feature in these frameworks is the arrays of binding
sites available for the analytes. These binding sites can be
installed post-synthetically if not present in the pristine form.
The fluorophore/luminophore in MOFs undergoes radiative
recombination decay from the excited state (i.e. L*), which gets
quenched when the L* gets involved in a PCT reaction. Thus, the
extent of the emission quenching in MOFs can be a function of
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analyte concentration.?’-15% These turn-off sensors are common
and maybe less selective since it can be susceptible to the
introduction of various nonradiative decay pathway, which
consequently leads to false reporting.®® In contrast, turn-on
sensors requires selective binding with analytes and therefore,
we only focus on the MOF-based systems in which the analytes
turn the sensor from non-emissive to emissive form via a PCT;
note that an EnT based turn-on system is also possible, where
the analytes switch off a pre-existing internal D-A based EnT to
recover the emission of the D —but we are not discussing those.
The Qian group reported ZJU-109 -a cobalt-based mix linker
MOF prepared from 2-(4-pyridyl)-terephthalic acid (H,PTA) and
4,4’-bis(imidazolyl)biphenyl (4,4’-bimbp) -which is employed as
turn-on sensor for Fe3* ion.161 Without Fe3*, the PCT proceeds
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Figure 21. a) Schematic illustration of the PET process and the turn-on
sensing of Fe*; b) Calculated HOMO and LUMO energy levels of 4,40-bimbp
and H2PTA pta® and the PET pathway between the two species. The binding
of Fe® to pta? energetically hindered PET. Reproduced with permission
from ref. 161. Copyright 2019, Royal Society of Chemistry.

from the 4,4’-bimbp* (acting fluorophore) to the PTA acceptor.
This efficient PCT precludes the fluorescence of the linker 4,4’-
bimbp (Figure 21a). With the help of DFT calculation, the
authors predicted that that Fe3* binding to PTAZ forms Fe-PTA
species with an iron-centered highly stabilized
unoccupied orbital (-5.5 eV), which is close in energy to its
modified and destabilized valence orbitals (ca. -5.8 eV). Thus,
the high energy gap from the Eg;mbp*and lowest unoccupied
orbital of Fe-PTA attenuates the PCT efficiency (Figure 21b).
Increase in driving force can effectively reduce the CT-rate if the
process is in Markus inverted region (i.e. |AG°| > A:). The
authors attributed the recovery of 4,4’-bimbp emission to the
blocked ET from 4,4’-bimbp* to Fe-PTA.

Using the mixed-ligand strategy, Gui and coworkers
reported the Zr-based UiO-68-An/Ma MOFs with anthracene
and maleimide -based mixed linkers as the sensor of biothiols

lowest

(Figure 22a).162 The low photoluminescence quantum yield (QY

This journal is © The Royal Society of Chemistry 20xx
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= 1.1%) of UiO-68-An/Ma indicates the fluorescence quenching
of anthracene by maleimide through PCT. As shown in the
bright-field luminescent images (Figure 22b), the QY of UiO-68-
An/Ma is recovered to 28.1% when it was exposed to 2-
mercaptoethanol that is chemisorbed/trapped with the Ma-
component forming UiO-68-An/TE (TE = thiol-ene adduct of the
Ma); likewise, a 22.0% QY was observed when exposed to 3-
furanmethanol forming UiO-68-An/DA (DA = Diels-Alder
product). The binding of 2-mercaptoethanol or 3-
furanmethanol onto Ma switched off the PCT from An* to Ma,
thus An* could return to the ground state through a radiative
process. This special combination of the two chromophores
within a framework realizes a tunable PCT by selective binding
with the analytes, which enables UiO-68-An/Ma to serve as the
sensor for biothiols.

2¢C1,JOMF

Acetic acid
90 °C

Uio-68-An/Ma
OH
3
22.0
» ="} "
A
UiO-68-An/DA UiO-68-An/Ma(R)

Figure 22. a) Synthesis of UiO-68-An/Ma and tuning the fluorescent PET in the
MOF through reversible D—A reaction or thiol-ene reaction; b) Bright-field and
photoluminescence images of fresh UiO-68-An/Ma, UiO-68-An/DA, UiO-68-
An/Ma(R) excited by mercury lamp, and UiO-68-An/TE. Reproduced with
permission from ref. 162. Copyright 2018, Wiley-VCH.

An alternative approach to tune the efficiency of PCT
between the chromophores and the neighboring (MOF
bound/assembled) quencher can be achieved by knocking out
the quenchers via a competitive coordination with the analyte.
Li et al. synthesized a coordination network that features
aggregation-induced emission (AIE) displayed by the assembled
hydroxyl-functionalized ligand 4,4’-((Z,Z)-1,4-diphenylbuta-1,3-
diene-1,4-diyl)bis(2-hydroxybenzoic acid) (HTABDC) and
Zn(11)183 (Framework 1 = F1). When this zigzag coordination
network was combined with 4,4’-bipyridine (Bpy) pillar, it
formed a porous 3D network (Framework 2 =F2). However, the
AIE of the HTABDC linker, observed in F1, was quenched in F2

This journal is © The Royal Society of Chemistry 20xx
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by the auxiliary Bpy linker. This quenching was attributed to a
facile PCT between HTABDC* and Bpy as the later component
has LUMO that lies 1.4 eV lower than that of HTABDC (Figure
23a). When this F2 assembly was exposed to Al3* (a specific
analyte), the ion gets preferentially chelated by the 2-
hydroxycarboxylate moiety of the HTABDC; as a result, the F2
MOF get dissociated (Figure 23b). The author claims that F2
dissociation leads to the removal of the Bpy, which, in turn,
shuts down the PCT between two types of likers. Thus, the new
aggregation of AI-HTABDC recovers of AIE (i.e. the fluorescence
is switched on). Interestingly, ~3 ppb (less than the 200-ppb
limit set by US-EPA) of AI3* was found sufficient to release
enough bpy that AIE recovery was optically (visually) detectable.
With these few examples presented above, we can clearly say a
superior turn-on sensor can be developed with MOF by
suppressing the PCT between internal components as the
‘switching off’ mechanism upon a selective analyte binding.

Figure 23. a) Diagram of photoinduced electron transfer from ligands HTABDC
to Bpy in Framework 2, indicating a lower LUMO orbital of Bpy than Si of
HTABDC. b) Schematic representation of the competitive coordination
between Al** and Zn?** with HTABDC. Reproduced with permission from ref.
163. Copyright 2018, American Chemical Society.

Conclusion and future perspective

organization of
render a solid

The inherently modular yet precise
optoelectronically active species

compositional platform where PCT can be tuned by virtue of

can

their ground and excited-state potential and distance fixed
within the frameworks. Such an organization also offers unique
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opportunities to vary the ratio of sensitizer to acceptor or
sensitizer to the catalyst, with or without the energy transport
bridge. The basic function of MOFs can be versatile, such as
sensitizer and light-harvester that can host or incorporate
organized molecular interface for charge transfer and
subsequent transport for their utilization at a catalytic center or
recovery at the external electrical contacts. The precise
organization of the desired photoactive species around well-
defined pores not only defines the controlled evolution of the
photophysical properties but also in a more efficient way,
different than what we see in typical molecular aggregates. All
these features are key requirements for photocatalysis and
photoelectrocatalysis, where understanding the key steps and
devising ways to control them can lead to the development of
high performing working compositions. Photoinduced charge
(both electrons and holes) transfer is only a key middle step
here, which requires excitation energy to be efficiently
delivered to the exciton splitting interface and the ability after
carrying the generated redox equivalents (charge with the
appropriate potentials) to the desired place.

Both theoretical and experimental works were presented
here to systematically demonstrate the strategy adopted for
probing the PCT and its efficient applications. Thus, the
appropriate choice of the complementary units and their
assembly will define key tools to prolong the exciton lifetime,
slow the electron-hole recombination possibly by carrying them
far should be part of the future development to improve the
photo- and photoelectrocatalytic reactions. For these, one key
step is platform for
directional energy and charge transport processes. Once such
strategies are adopted in robust MOFs, the system can be
diversified with the tailored components for the desired usage.
For this, post-synthesis approaches simply widen the horizon of
possibilities.

laying the fundamental long-range
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