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Photocatalytic metal-organic frameworks for
organic transformations

Xiao Yu,? Le WangP and Seth M. Cohen @ *°

Metal-organic frameworks (MOFs) have attracted increasing attention for applications in heterogeneous

photocatalysis. Modifications of metal nodes and organic linkers, as well as encapsulation of active species
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in the pores of MOFs enable the generation of photoactive materials for catalyzing organic transformations.
MOF composites integrating noble metal nanoparticles or traditional photoactive semiconductors can
combine the advantages of both materials, and also improve the photocatalytic performance via synergistic

effects. In this Highlight, we discuss recent examples of photoactive MOFs and their use as photocatalysts

rsc.li/crystengcomm for organic reactions.

1. Introduction

Interest in photocatalysis for organic transformations has
been motivated by: 1) the ability of excited-state chemistry to
greatly change the reactivity of molecules, when compared
with the ground-state; 2) the mild reaction conditions under
which many photochemical reactions occur without the use
of additional, exogenous reagents that might be toxic; 3) the
high yields and selectivity that can be achieved by avoiding
thermally induced side reactions thereby diminishing the for-
mation of byproducts.”* To realize the ‘green’ potential of
photochemical reactions, chemists have devoted tremendous
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efforts to the field since the 1960s. Photochemical organic
transformations have generally required the use of UV light
sources because most organic molecules only absorb UV
light. The use of only UV light can be limiting, because the
high energy of UV photons can lead to undesired substrate
decomposition or side reactions. Fortunately, due to the de-
velopment of efficient visible-light activated
photoorganocatalysts®>  and  transition-metal  photo-
catalysts,>” there has been a resurgence of interest in organic
photochemistry in the last several years. Many of the most
commonly employed visible light photocatalysts are poly-
pyridyl ruthenium(u) and iridium(m) complexes (Fig. 1), be-
cause of their ability to absorb visible light producing long-
lived, stable excited states.” These complexes can be used as
single electron transfer catalysts, serving as either an oxidant
or reductant during the catalytic cycle. Leading work from
several groups, including Macmillan,®**° Yoon,"*™ and
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Ir(ppy); Ir(ppy),(dtbbpy)*

Ir[dF(CF;)ppyl(dtbbpy)*

Fig. 1 Ruthenium and iridium polypyridyl complexes that have been
used as visible light photocatalysts.”

Stephenson,'*'® have expanded the variety of reactions that
utilize polypyridyl Ru/Ir complexes as photoredox catalysts.
The reader is referred to recent reviews for more in-depth dis-
cussions of visible-light photoreactions and
photocatalysts.'®*

Despite these advancements, these improved homoge-
neous photocatalysts cannot be easily separated from the re-
action mixture and recovered for further use. Therefore, to fa-
cilitate recovery/reuse of these precious metal -catalysts,
heterogeneous systems have been developed by immobilizing
known homogeneous photocatalysts into solid-state materials
including porous silica, zeolites, and polymers.'® In addition
to achieving the desired heterogeneity for facile separation
and recovery, it has also been found that photochemical reac-
tions occurring inside the confined space of these materials
can undergo distinct reaction pathways, leading to unprece-
dented reactivity and alternative reaction outcomes that are
not accessible in homogeneous systems.>>" Other attractive
features of heterogeneous photocatalytic systems include im-
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proved photostability, charge separation, and enhanced
photocatalytic efficiency."

Metal-organic frameworks (MOFs), a class of porous crys-
talline materials constructed by inorganic metal nodes (re-
ferred to as secondary building units, SBUs) and organic
linkers, hold great promises in heterogeneous photocatalysis.
These materials generally possess permanent porosity that
can facilitate mass transportation. In addition, the SBUs and
ligands can serve as isolated catalytic centers, enhancing ac-
tivity and stability.”>>* Moreover, the tunable nature and po-
rous structure of MOF materials offer a versatile and pro-
grammable environment around the catalytic site.>> Both pre-
and post-synthetic methods have been developed to modify
MOFs and enhance their physical and chemical properties.®

In this Highlight, recent developments in photocatalytic
MOFs for organic transformations will be discussed. Several
reviews have been published on artificial photosynthesis cata-
lyzed by MOFs, but far fewer focus on organic
transformations.?”2° The modification of SBUs, incorpora-
tion of dye molecules or photoresponsive groups on the li-
gands, and encapsulation of photoactive species into pores
will be discussed in the sections below. Photocatalytic MOF
composites, including metal nanoparticles in MOFs and
MOFs decorated with semiconductors are also described.

2. Photocatalysis using catalytic SBUs

The structural similarity between the SBUs in MOFs and bulk
metal oxide semiconductors, which possess photocatalytic
ability, has been recognized by inorganic chemists and mate-
rial scientists. Therefore, efforts have been made to exploit
the existing SBUs in MOFs as catalytic sites. The catalytic ac-
tivity of MOF SBUs has been investigated for applications in-
cluding H, evolution, CO, reduction, and organic pollutants
degradation. Even though these applications are not the topic
of this review, these studies are relevant to other efforts that
utilize photocatalytic MOFs for organic transformations. Early
examples of photocatalytic reactions utilizing MOF SBUs were
achieved by UV light excitation. Ui0-66 ([ZrsO4(OH),(bdc);5],
bdc®>” = 1,4-benzenedicarboxylate) (UiO = University of Oslo),
first developed by Cavka et al. in 2008,*° showed high chemi-
cal stability for the photocatalytic evolution of H, upon UV ir-
radiation.*® The Zr-MOF undergoes a long-lived charge sepa-
ration after light excitation with electrons populating the Zr-
oxo SBUs (empty metal orbitals) and holes populating the
bdc®” linkers (O, C, N 2p orbitals), confirmed by spectro-
scopic experiments and theoretical calculations. The photo-
catalytic activity of stable Ti(iv)-based SBU MOFs have also
been described as the corner sharing Ti-oxo octahedral of the
SBUs resembles the connectivity in brookite and rutile TiO,,
which is one of the most well established photocatalysts.** In
these systems, photogenerated Ti(m) could reduce molecular
oxygen to form superoxide radical, which oxidizes organic
molecules/pollutants.

In order to employ sunlight as a sustainable light source,
photocatalysis using visible light irradiation is of increasing
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importance. In a rare example of visible light activation of an
SBU, Roeffaers and coworkers reported visible light activation
of Fe-based MOFs with Fe;-p13-oxo clusters acting as both light
absorber and catalytic sites for degradation of Rhodamine
6G.>* Owing to the small size of the Fe;-u;-oxo cluster, limited
charge recombination and thus high photocatalytic activity
was expected when charge carriers were enabled to effectively
reach reactants on the surface. Li and coworkers employed
two Fe-based MOFs, MIL-100(Fe) and MIL-68(Fe), to catalyze
benzene hydroxylation to phenol with H,0, as an oxidant
using visible light.** A conversion of ~31% was achieved with
a H,0, : benzene ratio of 3:4 with MIL-100(Fe) as catalyst for
a 24 h reaction time. High selectivity (98%) was observed
with no overoxidation products, such as diphenol or quinone.
KIE (KIE = kinetic isotope effect) experiments, as well as EPR
(EPR = electron paramagnetic resonance) spectroscopy, re-
vealed that benzene hydroxylation to phenol proceeds via an
in situ formed 'OH radical.*® Lower conversions (14%) and se-
lectivity (90%) were obtained for phenol with MIL-68(Fe) as
the photocatalyst, showing that the structure of the MOF sig-
nificantly influences the photocatalytic ability. Few other re-
ports are available that utilize the SBUs of MOFs for visible
light photocatalysis due, in part, to the poor visible light ab-
sorption for many SBUs. The poor visible light absorption of
many SBUs necessitates additional modifications, such as li-
gand functionalization, to enhance light absorption and
thereby photoactivity.

Amine-functionalized aromatic ligands are widely used to
enable visible light absorption for photoactive MOFs. In these
MOFs, SBUs still act as catalytic sites with electrons transfer-
ring from the organic ligands to the metal clusters upon visi-
ble light excitation.*® UiO-66-NH, has been reported as an ef-
ficient visible light photocatalyst for aerobic oxidation of
compounds including alcohols, olefins, and cycloalkanes.®”
For example, several alcohols could be quantitatively oxidized
by UiO-66-NH, with 100% selectivity for aldehyde/ketone
products. Cyclohexane was completely converted to cyclohex-
anone by this photocatalyst. Conversion rates decreased in
the order of benzyl alcohol > cyclohexanol > hexyl alcohol >
cyclohexane, depending primarily on the activation energy of
a-C-H bonds. 'O isotope labelling experiment confirmed
that molecular oxygen was the oxygen source in these reac-
tions. To get insight into the mechanism of the photocata-
lytic process, EPR spectroscopy was carried out to monitor
the intermediates formed during light irradiation. EPR indi-
cated the formation of superoxide radical anion (O, ). The
radical can be stabilized by interacting with the amine
groups of UiO-66-NH, and/or organic solvents, which bene-
fits the photocatalytic oxygenations of C-H and C=—C
bonds. Amine functionalization of the bdc®>” ligand (e.g.
NH,-bdc®") in UiO-66-NH, moves the absorption band edge
to 450 nm, unlike the unfunctionalized bdc*~ analog (UiO-
66), which is transparent between 350-800 nm. Indeed,
UiO-66-NH, was active for oxygenation reactions described
above, while ZrO, and UiO-66 were catalytically inactive for
the same reactions.
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3. Photocatalysis using catalytic
ligands

More than any other subtopic in photocatalytic MOFs, photo-
catalysis using functionalized ligands has garnered the
greatest attention. Organic ligands in photoactive MOFs can
work as both light antennae and catalytic sites. Benefiting
from well understood molecular photochemistry, various
photocatalytic ligands can be easily modified for incorpora-
tion into MOFs. Among functionalized ligands, polypyridyl
Ru(n) and Ir(m) ‘metalloligand’ complexes have attracted in-
creasing attention.”'”*® Considering the high cost of these
transition metal complexes, it is of great value to develop
heterogeneous and reusable analogs of these catalytic
systems.

In 2011, Lin and coworkers first incorporated polypyridyl
Ru(u) and Ir(m) complexes into the UiO-67 (ZrgO4(OH),-
(bpdc)s, bpde®™ = 4,4 -biphenyldicarboxylate) framework via a
direct (mixed ligand) synthesis method.*® The resulting UiO-
67 derivatives exhibited high surface areas, with ~2-3% load-
ing of the polypyridyl photoactive catalytic sites. Aza-Henry
reactions, oxidative coupling of amines, and oxidation of sul-
fides were reported from these photocatalytic MOFs (Fig. 2).
The MOFs showed slightly lower activity compared to homo-
geneous catalysts, but exhibited good yields and reusability
after three catalytic runs.

Inspired by this seminal report, the Cohen laboratory
incorporated  [Ru"(bpy),(dcbpy)”*  ([Ru"(bpy),(dcbpy)] =
bis(2,2"-bipyridine)(5,5"-dicarboxy-2,2’ bipyridine)ruthenium(u))

I
Ui0-67-Ru(bpy);
UiO-67-Ru(bpy),

o 0
a @ CH,NO,

b) @ NH,
1
S\ S\
o 9

Fig. 2 Top: Doping UiO-67 with Ru(i) polypyridyl complexes for
achieving photocatalysis. Bottom: Photocatalytic reactions catalyzed
by doped UiO-67 with Ru(i) polypyridyl complexes: a) Aza-Henry reac-
tions, b) oxidative coupling of amines, and c) oxidation of sulfides.
Adapted from ref. 39.
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(Fig. 2) into UiO-67 MOFs via postsynthetic modification
(PSM), which yielded superior loading and crystallinity com-
pared to the direct synthesis approach by Lin and co-
workers.>>*° The degree of Ru incorporation could be con-
trolled from 2% to 15% by modulating the PSM reaction
time. The resulting MOFs showed stable, reusable catalytic
activity for the aerobic oxidation of arylboronic acids to phe-
nols. Similarly, [Ir'"™(ppy).(debpy)lCl ([I'*™(ppy)s(decbpy)]Cl =
bis(4-phenyl-2-pyridine)(5,5"-dicarboxyl-2,2'-bipyridine)iridium-
(m) chloride) and [ (ppy");(debpy)lcl (1™ (ppy").(debpy)]C]
= bis(2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine)(5,5'-
dicarboxyl-2,2"-bipyridine)iridium(m) chloride) were success-
fully incorporated into a UiO-67 framework via PSM (Fig. 3).*!
To investigate the photocatalytic activity of the UiO-67-Ir
MOFs, 2,2,2-trifluoroethylation of styrenes was explored,
which is of importance because of the wide use of CF;-
containing compounds in the pharmaceutical and agro-
chemical industries.**™** Surprisingly, the MOF catalysts fa-
vored the formation of the desired hydroxytrifluoroethyl
products, while suppressing dimerization of benzyl radicals
that form undesirable byproducts (Fig. 3). The selectivity for
the desired product was better than the related homogeneous
catalyst and is likely due to confinement effects within the
pores of MOF structure.

In addition to Ru and Ir polypyridyl complexes, porphyrins
are another important ligand used to build photocatalytic
MOFs, acting as both light harvesters and photoredox cen-
ters.*>*® Porphyrin molecules typically have intense absorp-
tion bands in the visible region because of their large conju-
gated chromophores, and these molecules can engage in
energy and/or electron transfer processes.”” Metalation of
porphyrin macrocycles provides an unique handle to control
optical and catalytic properties of porphyrinic MOFs.
Premetalation, in situ metalation, and postsynthetic meta-
lation are commonly-used strategies to tune the metal com-

a) Synthesis of UiO-67-Ir:

O OH O _OH

H,bpdc H,dcbpy UiO-67-bpy 25

C
Uio-67-Ir(ppy), | =
N
: o C N N=
WIO-STRER ) | = B Y )
)
z HO CF3 el
b Ui0-67-Ir(L)2 . CF3
) + CFyCHyl —— > ~ &
o5 o. o~

Fig. 3 a) Synthesis of UiO-67-Ir by postsynthetic modification (PSM).
b) Photocatalytic UiO-67-Ir MOFs for selective trifluoroethylation of
p-methoxystyrene.
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position of porphyrin macrocycles in MOFs.***° For example,
Wu and coworkers reported the synthesis of Zn-Sn-TPyP
MOF (Zn-Sn-TPyP = a Sn(w)-porphyrin-based MOF, TPyP =
5,10,15,20-tetra(4-pyridyl)-porphyrin) by using premetalated
Sn-porphyrin as connecting ligand.>" The Zn-Sn-TPyP MOF
worked as an efficient photocatalyst to activate molecular oxy-
gen for the oxygenation of phenols and sulfides, showing
quantitative yields for both reactions after four catalytic runs
(Fig. 4). The homogeneous Sn(iv)-porphyrin analogue was
largely deactivated after three catalytic runs demonstrating
the importance of the MOF structure.

In another report, the Zhang laboratory developed a con-
trollable synthesis of an anionic indium porphyrinic-MOF,
UNLPF-10 (UNLPF = University of Nebraska-Lincoln porous
framework) metalated via in situ metalation.”® The extent of
metalation was tuned by varying the indium/ligand ratio in
the starting solution, with H;otbeppp (Hyotbeppp = tetrakis
3,5-bis[(4-carboxy)-phenyl|phenylporphyrin) as the connecting
ligand. Notably, UNLPF-10 exhibited channel-like pores along
all three crystal axes, which is appealing for catalysis because
such pores likely provide better mass diffusion. Oxygenation
of sulfide was explored as model reaction to investigate the
photocatalytic ability of UNLPF-10. The rate of photo-
oxygenation of thioanisole with this MOF increased as the ra-
tio of metalation increased. In a follow-up study, four iso-
structural porphyrinic MOFs (namely, UNLPF-10a, -10b, -11,
and -12, composed of free base, In**~, Sn**Cl,~, and Sn**~por-
phyrin building blocks, respectively) were synthesized via
postsynthetic metalation and their photocatalytic ability was
investigated for three organic reactions, including the aerobic
hydroxylation of arylboronic acids, oxidative primary amine

OH OH O
Zn- Sn'VTPyP
v OO —— oo
OH
s Zn-Sn'V-TPyP
. O 2 oh
y ©/ “oH UNLPF12 OH
DIPEA Air
UNLPF 12
d)
e) o) UNLPF-12
N . N
\© L-proline, Air o \©

Fig. 4 Representative reactions catalyzed by porphyrin-based MOFs:
a) oxygenation of phenols catalyzed by Zn-Sn-TPyP MOF; b) oxygena-
tion of sulphides catalyzed by Zn-Sn-TPyP MOF; c) aerobic hydroxyl-
ation of aryl boronic acids catalyzed by UNLPF-12 MOF; d) oxidative
coupling of amines catalyzed by UNLPF-12 MOF; and e) Mannich reac-
tion catalyzed by UNLPF-12.
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coupling, and the Mannich reaction (Fig. 4).>® Compared to
homogeneous catalysts, porphyrinic MOFs showed higher ef-
ficiency because of a more positive E;,(*M/M") (describing
the half reaction *M + e~ — M, “*” denotes the excited state),
which was confirmed by cyclic voltammetry. Accordingly, The
Ei;» (*M/M7) of four porphyrinic MOFs were calculated to be
+0.79 V, +1.25 V, +1.33 V, and +1.42 V for UNLPF-10a, -10b, -
11, and -12, respectively. For the hydroxylation of
4-formylbenzeneboronic acid, UNLPF-10a gave an 87% con-
version after 24 h. UNLPF-10b and -11 exhibited faster reac-
tion rates, finishing the hydroxylation within 4 and 3.5 h. Re-
markably, UNLPF-12 reached full conversion within only 2.5
h. The porphyrinic MOFs also exhibited greater photo-
stability, resisting decomposition during photocatalytic reac-
tions. All these studies illustrate the excellent light harvesting
capability and catalytic activity of porphyrinic-MOFs showing
that the nature of the central metal ion in the porphyrin
plays an important role in tuning the photocatalytic behavior
of porphyrinic-MOFs.

In addition to transition metal complexes and metalated
porphyrins, organic chromophores (i.e. photoorganocatalysts)
play an important role in photocatalysis.>** Recent studies
on photoorganocatalysis show that most organic photo-
catalysts can strongly absorb visible light.>>™” Various reac-
tions have been investigated in homogeneous photo-
organocatalysis, including oxidations, reductions, alkylations
and other C-C bond forming reactions, and arylations. An
impressive example of photoorganocatalysis using a MOF
was recently reported by Wang and coworkers,”® where a
TPE-conjugated (TPE = tetraphenylethene) terphenyldi-
carboxylate strut was successfully incorporated into a robust
UiO-68-based framework via a direct synthesis, using a mixed
ligand method. The TPE-based MOF exhibited efficient
photocatalytic activity for aerobic cross-dehydrogenative
coupling (CDC) reactions between tertiary amines and dif-
ferent carbon nucleophiles mediated by visible light. No
product was detected when the reaction was conducted
under N, atmosphere, indicating the importance of oxygen
in the aerobic CDC reaction. EPR spectroscopy showed
that O, was the active oxygen species in the photocata-
lytic process.

Combination of photoorganocatalysts with other catalysts
in MOFs, such as enantioselective catalysts, can enrich MOF
photocatalysis for more sophisticated reactions. In 2012,
Duan and coworkers incorporated an organic photosensitizer
and an asymmetric catalyst into the same MOF, leading to
stereoselective photocatalysis.”® Two new chiral MOFs, Zn-
PYI1 and Zn-PYI2, were constructed from r- or p-PYI (PYI =
pyrrolidine-2-ylimidazole), and photoactive Hjtca (Hstca =
4,4’ A"-tricarboxyltriphenylamine) as connecting ligands, with
Zn(n) SBUs (Fig. 5). A protected chiral ligand (.-BCIP = 1-N-
tertbutoxycarbonyl-2-(imidazole)-1-pyrrolidine) was used in the
MOF synthesis to give Zn-PYI1 after postsynthetic
deprotection (PSD). Retention of chirality was confirmed by
SXRD (SXRD = single crystal X-ray crystallography) and CD
spectroscopy (CD = circular dichroism). Upon visible light ex-
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Zn-PYI1

O  COOEt
H COOEt 2l H COOEt
Br~ “COOEt

Fig. 5 Top: Structure of chiral photoactive Zn-PYI1. The grey, red, and
purple balls represent C, O, N atoms, blue polyhedra represent Zn
SBUs. Bottom: Photocatalytic a-alkylation of aldehydes catalyzed by
Zn-PYl MOF.*°

citation, the strong reductive excited state of tca’” ligand in-
duced electron transfer and provided active intermediate for
o-alkylation of aldehydes, while the chiral PYI moiety acted
as asymmetric catalyst to drive reactions to occur with excel-
lent enatioselectivities. Control experiments were conducted
to investigate the catalytic activity of Zn-PYI1 and Zn-PYI2,
using achiral MOFs Ho-tca and MOF-150, both of which con-
tain the same photoactive tca®™ moiety. In the absence of chi-
ral PYI, negligible alkylation product was observed for Ho-tca
and MOF-150, proving that the PYI is an active component
for a-alkylation of aldehydes. With additional chiral PYI mol-
ecules adsorbed into the achiral MOFs, Ho-tca catalyzed the
alkylation reaction to produce the desired products in similar
yields to Zn-PYI, while MOF-150 gave better yields than Zn-
PYIL. However, much lower enatioselectivies were observed for
both Ho-tca and MOF-150 catalytic systems. The results show
that the combination of both photoactive and chiral groups
in a single structure worked together to achieve high activity
and enantioselectivity.

The aforementioned photocatalysts are limited to single
photon excitation and charge transfer processes. The energy
of blue photons (440 nm, 2.8 eV) defines the maximum theo-
retical energy threshold that common visible light photo-
catalysts can utilize. In any system, part of the energy will be
lost due to inevitable intersystem crossing and reorganization
of photocatalyst excited state. The available energy of visible
light photocatalysts is sufficient to reach the reduction poten-
tial of aryl iodides, but not other substrates that are more dif-
ficult to reduce such as aryl chlorides. Visible light photo-
catalysis employing the energies of multiple photons in one
catalytic cycle are highly desirable for achieving more diffi-
cult transformations like activation of aryl chloride. The con-
secutive photoinduced electron transfer (conPET) process
was first reported by Konig in 2014, opening a new door for
photocatalytic conversion of less reactive chemical bonds by
overcoming the energetic limitation of visible light photo-
redox catalysis.®® Along these lines, Duan and coworkers

This journal is © The Royal Society of Chemistry 2017
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integrated a PDI motif (PDI = perylene diimide) into a Zn-
MOF (termed Zn-PDI) achieving conPET for the visible-light-
driven reduction of aryl halides (Fig. 6).°® Each PDI ligand
bridged between two Zn>" ions to form a 2D network. Strong
n---7 interaction between PDI ligands was found to group tri-
ads of PDI ligands to form J-aggregates. J-aggregates, named
after Jelley who first observed the phenomenon, describe dye
aggregates with a narrow absorption band that is shifted to a
longer wavelength with respect to the monomer absorption
band and a nearly resonant, narrow band fluorescence (very
small Stokes shift).®” In this case, the formation of
J-aggregates by PDI triads in Zn-PDI aids the photoactivity be-
cause of an enhanced ability to delocalize and migrate exci-
tons. Zn-PDI reduced 4'-bromoacetophenone to acetophen-
one in 87% yield after only 1 h, which is superior to its
homogeneous analogue (Fig. 6). Applying Zn-PDI for C-C
bond formation using N-methyl pyrrole as trapping agent,
exhibiting good to excellent yields for various substrates
(Fig. 6). Zn-PDI also showed photoactivity for the efficient oxi-
dation of benzylalcohols and benzylamines under mild reac-
tion conditions using dioxygen as the oxidizing agent (Fig. 6).
The photooxidation reactions were optimized to perform in
acetonitrile (MeCN) with 0.1 mol% dry Zn-PDI to give good
yields (76% for benzyl alcohol and 74% for
phenylmethanamin). Oxidation reactions with simple Zn
salts and H,PDI or a simple mixture of the two produced neg-
ligible products, which demonstrates the importance of the
MOF structure. Specifically, it was noted that strong n---7 in-

I
a) H
T ENOME ) < >
\
Zn-PDI o \
Et,N, DMF > < > I

Zn-PDI
— 5 H
CH4CN, O,
Zn-PDI <
o0

Fig. 6 Top: Structure of the Zn-PDI photocatalytic MOF. The grey,
red, purple balls represent C, O, N atoms. Blue polyhedra represent Zn
SBUs. Bottom: Photocatalytic reactions catalyzed by Zn-PDI: a) reduc-
tion of aryl halides via the conPET process; b) C-C formation by cou-
pling reaction between aryl halides and N-methyl pyrrole via conPET
process; c) photooxidation of benzyl alcohol; and d) oxidative coupling
of amines.®*

d)

5
0 O
o
S

CH,CN, Air
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teractions between PDIs in Zn-PDI distort the tetrahedral ge-
ometry of Zn(u) in the MOF resulting in a labile coordinated
water molecule at each Zn(u) center. This suggested that the
Zn(n) ions have an accessible coordination site for binding to
and activating substrate molecules.

4. Photocatalysis using encapsulated
catalysts

Rather than exploiting SBUs or ligand sites, the porous struc-
ture of MOFs can also allow for photoredox species to be en-
capsulated within the pores of MOFs. Isolation of these active
species within the pores can serve to prevent deactivation via
catalyst aggregation. In addition to being included as part of
a linker, the molecular photocatalyst Ru(bpy);>* has been
immobilized in MOFs via entrapment.®*** Zhou and co-
workers reported the encapsulation of Ru(bpy);>* into an an-
ionic MOF via postsynthetic ion exchange.®® The anionic
MOF, PCN-99, was synthesized by solvothermal reaction of
In(NO;),.xH,0 with Hzdcta (Hzdcta 10,15-dihydro-5H-
diindolo-[3,2-a:3',2'-c]carbazole-3,8,13-tricarboxylate acid)
followed by immersion of the MOF in a solution of
Ru(bpy);>" to produce the desired photocatalytic MOF,
Ru(bpy);@PCN-99. The photocatalytic ability of Ru-
(bpy);@PCN-99 was examined for oxidative hydroxylation of
arylboronic acids, showing relatively high efficiency.

Other fascinating studies using encapsulated photo-
catalysis were reported using polyoxometalates (POMs)
trapped in the pores of a MOF. POMs are a class of anionic
metal oxide clusters with unique redox catalytic proper-
ties.**®” Encapsulation of POMs into the pores of MOFs has
been reported for multielectron processes or thermal reac-
tions,*®®® but the photocatalytic application of these mate-
rials has remained largely unexplored.”””> In 2014, Duan
and coworkers synthesized a POM-encapsulating MOF, CR-
BPY1 (CR-BPY1 = copper/ruthenium bipyridine MOF), by in-
corporating the POM-based photoredox catalyst [SiW;;039Ru-
(H,0)]> into the copper-based MOF pores. CR-BPY1 was ac-
tive for the photocatalytic oxidative coupling of sp® C-H
bonds with oxygen as the oxidant, employing N-phenyl-
tetrahydroisoquinoline and nitromethane as coupling part-
ners under visible light irradiation (Fig. 7). The same group
also reported a photosensitizing decatungstate-based MOF
with 1D channels as an efficient heterogeneous catalyst for
the selective C-H alkylation of aliphatic nitriles.”* The novel
MOF, DT-BPY ([Cuy(BPY)sCly(W10;,)]-3H,0, BPY = 4,4'-
bipyridine), was embedded with free [W,,05,]*" in the pores,
exhibiting absorption <400 nm from oxygen-to-tungsten
charge transfer transitions of the POMs and absorption at
626 nm corresponding to nitrogen-to-copper charge transfer
transitions of the Cu-BPY MOF. The MOF exhibits remark-
able photocatalytic activity for B- or y-site C-H alkylation of
aliphatic nitriles under mild conditions, with good size-
selectivity and recyclability (Fig. 7). Interestingly, the presence
of a reaction occuring in these systems is visibly detectable
by the color change from green to blue, which is
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Fig. 7 Top: Structures of POMs encapsulated MOFs CR-BPY1 and DT-
BPY. The grey, red, purple, yellow balls represent C, O, N, Cl atoms.
Blue and green polyhedra represent Cu SBUs and POMs, respectively.
Bottom: Photocatalytic reactions catalyzed by POMs encapsulated in
MOFs: a) Aza-Henry reaction induced by [SiW;;035RU(H>0)1°” encapsu-
lated MOF CR-BPY1 and b) selective C-H alkylation of aliphatic nitriles
catalyzed by [W1003,]* encapsulated MOF DT-BPY.”®

characteristic of the H'[DT-BPY]  produced during catalysis
process when the reactive excited state [DT-BPY]* abstracts a
hydrogen from the B- or y-C-H bond of aliphatic nitriles to
form alkyl radicals.

5. Photocatalysis using MOF
composites

Integration of MOFs and functional materials to form
new multifunctional composites has become a rapidly

Table1 MOF composite photocatalysts for oxidation of benzyl alcohol

View Article Online
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developing research area. This strategy provides new op-
portunities to fabricate high-performance materials that
can combine the merits of both components. Oxidation
of benzyl alcohol is commonly exploited as model
reaction to investigate the photocatalytic ability of
these composites. Table 1 summarizes the various
multifunctional catalytic systems described throughout this
section.

Noble metal nanoparticles (NPs) can absorb visible light
due to their localized surface plasmon resonance (LSPR),
which is tunable by varying the NP size, shape, and sur-
rounding environment.”*’®> In addition, NPs can also serve
as electron traps and active reaction sites. These factors
make noble metal NPs candidates as photocatalysts.”® Load-
ing metal NPs into MOFs can enhance charge separation
by driving photoexcited electrons from the MOF to the NPs,
thus improving photocatalytic efficiency.””
ple of such a hybrid system, Duan and coworkers synthe-
sized Au@ZIF-8 core-shell structures for photocatalysis.®*
Controlled synthesis of Au@ZIF-8 nanostructures was
achieved by epitaxial growth or coalescence of nuclei with
PVP-Au (PVP = polyvinylpyrrolidone) nanoparticles as the
nucleation seeds, producing 48% single-core and 45%
double- and triple-core structures (Fig. 8). The LSPR-
induced light absorption of single-core Au@ZIF-8 is ~530
nm, while multi-core particles are shifted to ~540 nm.
Photocatalytic oxidation of 1-phenylethanol was performed
using resulting MOF composite under a Xe lamp with a
cutoff filter (1 > 400 nm) (Fig. 8). Single-core and multi-
core Au@ZIF-8 catalyzed the oxidation reaction with ~26%
and ~52% conversion, respectively. The conversion differ-
ence between the single- and multi-core particles may be
due to plasmonic coupling between Au NPs in multi-core
structures. With respect to reaction selectivity, >99% selec-
tivity was achieved for the ketone product in both cases.
When compared to Au-SiO, hybrids (~57% yield with 99%
selectivity), the lower conversion of Au@ZIF-8 could be

In one exam-

Entry Composite Reaction conditions” Conv/sel (%) Ref.
1 Au/SiO, 12 h, 1 > 400° nm 57/99 82
2 Au@ZIF-8 multi-core 24 h, . > 400° nm 52/99 82
3 MIL-125(Ti) 4 h, 2 =320-780 nm 19/99 85
4 Au/MIL-125(Ti) 4 h, A =320-780 nm 36/99 85
5 Pd/MIL-125(Ti) 4 h, ) =320-780 nm 33/99 85
6 Pt/MIL-125(Ti) 4 h, 2 =320-780 nm 26/99 85
7 UiO-66-NH, 4 h, A > 420 nm 20/99 89
8 Ccds¢ 4h,. > 420 nm 8/99 89
9 UiO-66-NH, + CdS 4 h, A > 420 nm 18/95 89
10 CdS-UiO-66-NH, 4 h, 1> 420 nm 30/99 89
11 cds? 5 h, . > 420 nm 40/95 90
12 MIL-100(Fe) 5h, 2> 420 nm 3/100 90
13 CdS-MIL-100(Fe) 5h, 1> 420 nm 54/99 90
14 Amorphous TiO, 7 h, sunlight® 6/— 91
15 TiO,/HKUST-1 7 h, sunlight® 89/95 91

“ 0, was used for all the reactions, benzyl alcohol was the substrate, except where noted. ? 1-Benzylethanol as substrate. ¢ Commercial Cds.

4 Synthesized CdS nanoparticle. © 4-Methylbenzyl alcohol as substrate.
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Fig. 8 a) Schematic illustrating encapsulation process of Au NPs with
ZIF-8 to form single- or multi-core-shell structures. b) Photocatalytic
oxidation reaction of aryl alcohol using Au@ZIF-8 multifunctional com-
posites. Adapted from ref. 82.

attributed to the small pore size of ZIF-8, which limited the
diffusion of the benzyl alcohol substrate.

In another example, Jiang and coworkers reported the
encapsulation of Pd nanocubes (NCs) in ZIF-8 to obtain a
composite material that was used for the efficient and selec-
tive catalytic hydrogenation of olefins at room temperature
under visible light irradiation.** The core-shell Pd-
NCs@ZIF-8 composite was synthesized by introducing
already-prepared Pd-NCs into a solution containing ZIF-8 pre-
cursors at 4 °C. After an hour incubation time, the Pd-
NCs@ZIF-8 hybrids were 250-300 nm in size with ~17 nm Pd-
NCs inside. The Pd-NCs@ZIF-8 hybrids display a plasmonic
band covering a broad UV-to-visible spectral range. Full-
spectrum light irradiation was employed to promote surface-
plasmon-driven photothermal hydrogenation of olefins at
room temperature, which displayed greater efficiency than
thermally driven catalytic hydrogenation at 50 °C. During the
catalysis, the Pd-NCs@ZIF-8 composite prevented aggregation
of the Pd-NCs, thereby stabilizing the Pd-NC catalyst and
allowing for excellent recyclability for three successive runs
with near quantitative yields, whereas with the Pd NCs alone,
the yield gradually decreased to 21% by the third run. In addi-
tion, the well-defined pore structure of ZIF-8 also elicited the
expected size-selective catalysis.

In addition to photocatalytically inactive MOFs like ZIF-8,
the combination of noble metal NPs with photoactive MOFs
can dramatically enhance the activity. For example, Matsuoka
and coworkers®® deposited Pt, as confirmed by PXRD and N,
adsorption, onto a Ti-MOF-NH,. Ti-MOF-NH, is a derivative

This journal is © The Royal Society of Chemistry 2017
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of MIL-125(Ti), which was synthesized from TPOT (TPOT =
tetrapropyl orthotitanate) and H,BDC-NH, (H,BDC-NH, =
2-amino-benzenedicarboxylic acid) under solvothermal condi-
tions. Photodeposition methods were employed to prepare
Pt/Ti-MOF-NH,, using H,PtCls as precursor. The resulting Pt/
Ti-MOF-NH, hybrid was found to photocatalytically reduce ni-
trobenzene under visible light irradiation, with TEOA as sac-
rificial agent. Nitrosobenzene was observed as an intermedi-
ate in the reaction. Control experiments showed that each
feature of the hybrid was essential. That is, a coordination
network of Ti-oxo clusters linked by NH,-bdc>™ linkers were
key factors for catalytic activity, while the Pt deposition
played an important role in improving the photocatalytic per-
formance as a cocatalyst. The wavelength dependence of the
quantum efficiency for Pt/Ti-MOF-NH, was investigated, re-
vealing that light absorption occurs at the NH,-bdc®” linkers,
followed by electron transfer to the catalytically active Ti-oxo
clusters with deposited Pt. In a related study, a general ap-
proach to synthesize M/MIL-125(Ti) (M = Au, Pd and Pt NPs)
composites® resulted in noble metal NP formation directed
by an in situ redox reaction. The photocatalytic activity of M/
MIL-125(Ti) composites was examined for the oxidation of
benzyl alcohol to benzaldehyde, displaying improved conver-
sion and high selectivity compared to pristine MIL-125(Ti).

In addition to noble metal NPs, semiconductors have been
studied for decades for photocatalytic applications.**™*® In
one example of combining semiconductor NPs with MOFs,
CdS nanorods were deposited on the surface of UiO-66-NH,
via a room-temperature photodeposition technique.®* The
CdS-UiO-66-NH, nanocomposites display good conversion
and high selectivity for photocatalytic oxidation of alcohols to
the corresponding aldehydes under mild conditions. Simi-
larly, CdS-MIL-100(Fe) nanocomposites were also reported to
be an efficient photocatalyst for selective oxidation of benzyl
alcohol to benzaldehyde.”

Other photocatalytic reactions have been demonstrated by
decorating mesoporous HKUST-1 with amorphous TiO,
layers.”’ A structure-directing agent (poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) triblock copolymer
template, Pluronic P123) was used for the synthesis of
HKUST-1 to produce this MOF with ordered mesoporous do-
mains (confirmed by TEM analysis). The surface of this
mesoporous HKUST-1, was decorated with amorphous TiO,
through a layer-by-layer coating. To investigate the photocata-
Iytic performance of the TiO,-MOF composite, the aerobic ox-
idation of 4-methylbenzyl alcohol was tested with solar irradi-
ation, giving 89% conversion and 95% selectivity for the
partial oxidation product, i.e. 4-methylbenzylaldehyde. A vari-
ety of primary and secondary benzylic alcohols were exam-
ined, showing a reasonable substrate scope with low to high
photocatalytic yields (32-100%).

6. Conclusions

Significant progress has been made in producing visible light
activated photocatalytic MOFs. In this Highlight, several
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approaches to functionalize MOFs for photoactivity via the
SBUs, organic linkers, and guest encapsulation within the
MOF pores has been discussed. Among these approaches,
modification of the ligand component, to extend the absorp-
tion band, is a very effective strategy due, to the variety of
functional groups and dyes that can be incorporated as part
of the ligand. Furthermore, combining modification
methods can be used to introduce more than one functional
group into the MOF for cooperative and synergistic cataly-
sis. Many MOF photocatalysts display substrate size selectiv-
ity, due to the restricted pore aperture of the MOF, which
suggests that catalysis primarily occurs within the pores of
the MOF. Isolation of the photoactive components within
the MOF can also result in better charge separation, re-
duced charge recombination, ultimately leading to improved
photocatalytic efficiency when compared to homogeneous
analogues.

Further advancements in photocatalytic MOFs will require
improvements in several aspects of these systems. First, few
mechanistic studies on these photocatalytic processes have
been reported, which are essential to understanding charge
separation and the temporal evolution of these processes dur-
ing photocatalysis. Second, MOFs with high stability under a
variety of reaction conditions are needed to exploit a wider
scope of organic transformations. Recent examples of stable
photocatalytic MOFs rely on Zr(iv)-, Al(m)-, and Ti(wv)-based
MOFs.*"*99%93 pevelopment of photocatalytic MOFs with dif-
ferent SBUs for improved redox and photoactivity will provide
more opportunities for catalysis. Third, compared to the wide
variety of organic reactions catalyzed by homogeneous photo-
redox catalysts, the scope of organic transformations
performed with photocatalytic MOFs has been surprisingly
limited. More high value reactions must be investigated by
taking full advantage of the exciting advancements in mod-
ern photoredox chemistry. We believe that the field of photo-
catalytic MOFs will continue to attract attention from or-
ganic, inorganic, and physical chemists, as new
advancements are made in the years to come.
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