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The aim of the present feature article is to present the current evidence in support of considering some
MOFs as semiconductors. While MOFs and zeolites share common structural properties derived from
the microporous crystal structure, zeolites are insulating materials and most of the attempts to exploit
them in optoelectronics have met with failure. In contrast, some MOFs may have interesting
photochemical properties that derive from the fundamental event of charge separation in electrons and
holes upon light absorption. Photoinduced charge separation is the hallmark of a semiconductor that
can behave simultaneously as an oxidizing or reducing agent. Considering the novelty of this field, most
of the available data about MOFSs as semiconductor have been obtained from MOF-5, a case that is
complicated due to its low structural stability. Therefore, we point out that further studies showing the
semiconducting properties of other MOFs are still welcome. The purpose of this feature article is to
trigger intense research in this area including the synthesis of semiconducting MOFs by design and

development of applications.

1. Properties of metal-organic frameworks
compared to zeolites

Zeolites are microporous crystalline aluminosilicates whose
structure is formed by SiO4*~ and AlO,’~ tetrahedra sharing the
edges. These tetrahedra define channels and cavities perfectly
regular of molecular dimensions termed micropores.'” This
intracrystalline empty space can be accessible from the exterior
of the particle allowing mass transfer to the interior of the crystal.
Depending on the dimensions of the pores, zeolites can be
denoted as small, medium, large and extra-large pore sized when
the channels are constituted by rings of 8, 10, 12 or more

Instituto de Tecnologia Quimica, UPV-CSIC, Universidad Politécnica de
Valencia, Avda. de los Naranjos sin, 46022 Valencia, Spain

oxygens.** While small pore size can only adsorb molecules with
diameters below 0.45 nm, the number of molecules that can
access the interior of the particles in large pore zeolites is
significantly larger.® In the case of medium pore size zeolites, the
dimensions of the channels are similar to that of a benzene ring
(around 0.54 nm). Typical pore diameter for large pore zeolites is
about 0.74 nm though they can enclose cavities close to 1.5 nm.”
Very recently new zeolites with pore diameters of 1.2 and 2.0 nm
have been synthesized.®® Fig. 1 shows the micropore geometries
of zeolites ITQ-33 and ITQ-37.%1°

The importance of zeolites derives to a large extent from their
use as adsorbents and solid acids particularly in large scale
petrochemical processes.®!' Fig. 2 shows some of the catalytic
industrial processes that are currently based on zeolites.?
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Fig. 1 Structures of zeolites ITQ-33 (a) and ITQ-37 (b).
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Fig. 2 Catalytic applications of zeolites in chemical industry.

With the advent of nanotechnology and nanoscience there was
another line of research besides catalysis aimed at using zeolites
as hosts to develop advanced materials where the presence of
guests inside the zeolite micropores introduces a desired func-
tionality or response in the solid. There are numerous reviews
summarizing the use of zeolites as hosts for the preparation of
novel materials with new properties as photocatalysts, electrodes,
pigments, sensors and thermochromic materials, among other
smart materials."**® However, many applications of zeolites in
the field of nanotechnology are hampered by the fact that
aluminosilicates are wide bandgap insulators. For the occurrence
of many interesting effects in the field of nanoscience it would be
desirable that the host framework behaves as either a semi-
conducting or a conducting material. Typical applications of
semiconductors include its use in solar cells and as photo-
catalysts. Moreover, the conducting properties of the host could
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Scheme 1 Advantages and disadvantages of zeolites in nanotechnology.

eventually be useful to establish electronic contact between the
external macroscopic electrodes and the occluded incorporated
guest.

However in the case of the zeolites their framework acts as an
electrical insulator, impeding or making difficult the charge
transport from or to the embedded guest and the working elec-
trode. From the above considerations, it can be summarized that
while zeolites are successful materials in heterogeneous catalysis
and adsorption-separation they may be limited host materials for
applications in those devices that require electronic response or
charge transport through the zeolite. Scheme 1 summarizes the
pros and cons of zeolites for developing nanoscience and nano-
technology.

In this context metal-organic frameworks (MOFs) may offer
certain advantages for applications that need semiconducting
properties. In this feature article we will describe that there is
strong evidence showing that MOFs can be semiconductors and
this property opens a new arena in nanoscience. A comprehen-
sive review on all the literature in this field is out of the scope of
the present work and we will concentrate mostly in our contri-
bution to the development of this new area.

After a brief description of the most important structural
properties of MOFs relevant to their semiconductor properties
we will summarize those reports in which MOFs have been found
to exhibit properties that can serve to develop devices and
systems of nanometric dimensions. The reader should refer to
recent reviews for a more detailed and comprehensive description
of the synthesis,?*?? structure**2* and general characteristics of
MOFs.232 For the sake of brevity and in order to avoid
redundancy, we will limit ourselves to exemplify those properties
of MOFs that derive from their use as semiconductors. Our goal
is to stimulate future research in this area that can eventually lead
to commercial applications of MOFs as semiconductors.

2. Structure of metal-organic frameworks

Metal-organic frameworks are a class of crystalline hybrid
inorganic—-organic materials whose crystal structure is made up
of extended 3D networks of metal ions or small discrete metal
clusters connected through multidentate organic spacers.>**¢ To
be considered as a MOF, these building units should organize
spatially in such a way that crystalline porous structures defining
channels and cavities of regular size and shape on the nanometre
scale are formed. The crystal framework of MOFs is analogous
to that of zeolites and other related purely inorganic porous
materials, but there are clear differences between them
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concerning porosity, range of thermal and chemical stability, and
feasibility of building a crystal structure by design. In particular,
MOFs exhibit values of specific surface areas even above
3000 m? g~! and specific pore volumes as large as 1 cm® g~!, which
are among the highest values ever reported for any porous
material. MOFs have an extremely wide-open structure in which
the free space available for host molecules can reach even 90% of
the crystal volume.’” This results in the lowest framework
densities attained so far for any crystalline material (a value as
small as 0.21 g cm~ has been reported for IRMOF-16).3” Also in
the case of MOFs it is possible to achieve fine control over the
chemical environment and the topology of the internal voids by
selecting appropriate building blocks (dimensions and func-
tionalities of the organic linkers and size of the metal clusters)
and the way in which they are connected. However, due to the
presence of organic building blocks, MOFs are obviously much
less stable than zeolites to thermal treatment, to the presence of
chemical agents and even to moisture. One of the most common
materials, denoted as MOF-5,% contains clusters of Zn,O
forming interconnecting structural nodes that are linked
orthogonally to six units of terephthalate. Fig. 3 shows an
illustration of the MOF-5 structure.

Since MOFs can be synthesized by design it would be of great
interest to define which are the general structural requirements
for having MOFs suitable for acting as semiconductors. Upon
irradiation with photons of energy larger than their bandgap,
a semiconductor must lead to a state of charge separation in
which either the electron or the hole can easily migrate through
the whole particle. Typical semiconductors such as TiO, have
electrons in a conduction band constituted mainly by empty Ti
d orbitals that expands throughout the particle. Considering that
many MOFs have transition metals as structural nodes and that
they are separated by the organic linkers, analogous conduction

Fig.3 The MOF-5 structure shown as ZnO, tetrahedra (blue polyhedra)
joined by benzene dicarboxylate linkers (O, red and C, black) to give an
extended 3D cubic framework with interconnected pores of 8 A aperture
width and 12 A pore (yellow sphere) diameter. Yellow sphere represents
the largest sphere that can occupy the pores without coming within the
van der Waals size of the framework. (Figure taken from ref. 39 with
permission.)

bands would require the effective mixing of empty d metal
orbitals with the LUMOs of the organic linkers. Clearly
computational calculations determining the density of states of
the solids are necessary to delineate the requirements of metals
and linkers for having this type of electronic conduction. These
calculations will be of much help in understanding semi-
conduction in MOFs and to assist in the design of MOFs
purposely synthesized as semiconductors.

Photoinduced charge separation with the generation of elec-
trons and holes is a transient state that decays typically in the
submillisecond time scale returning to the neutral ground state
through charge recombination. Charge annihilation can lead to
an emissive state that can be detected and studied by monitoring
the photoluminescence in addition to other photophysical tech-
niques. For this reason photoluminescence can be a simple tool
to determine the rate constant of charge recombination in those
cases in which photon absorption produces charge separation
that decays with emission. Photoluminescence of MOFs can also
have applications in other fields such as sensors or emitting
diodes.* In the following sections we will comment on how the
observation of photoluminescence led initially to the proposal
that MOFs can be semiconductors.

3. Photoluminescence of MOF-5

MOF-5 is the most-studied MOF with respect to its activity as
a semiconductor. Absorption and emission spectroscopies are
general and simple techniques to determine the relative energies
of electronic excited states that are fundamental data related to
the semiconducting properties.

There are conflicting reports in the literature about the origin
of photoluminescence in MOFs. In some cases it has been
proposed that the emission observed in MOFs is exclusively
originated from the ligand rather than from the metal-ligand
unit.**? This proposal has been based on the lack of influence of
the nature of metal ion (Zn, Be, Mg, Ca or Cd) on the emission
from IRMOF-1.#* Likewise, a 2D MOF Zn norfloxacine and
another Cd MOF containing 5-sulfosalicylic acid (see structures
in Scheme 2) were found to display an intense emission that is
almost coincident with the emission of the free ligands and its
metal complexes in solution.*?

In contrast to these reports and particularly in the most widely
studied case of MOF-5 it has been observed that the photo-
luminescence of the solid is different from that of the ligand or its
carboxylated salts. As will be mentioned below, photo-
luminescence in MOF-5 and its hydrated derived phase is inter-
preted as arising from the unique interaction between the nodal
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Scheme 2 Structures of norfloxacine and 5-sulfosalicylic acid.
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metal clusters and the organic linker occurring exclusively in the
“rigid” crystal structure of MOF.

Therefore, from the available data it can be concluded that
there are two types of MOFs with respect to their photophysical
properties depending on whether or not the metal-linker inter-
action and spatial structure of MOF results in specific electronic
transitions. Considering the large number of possible MOFs in
terms of the nature of metals and organic linkers the existence of
these two extreme types of MOFs with respect to the photo-
luminescence properties (and possibly all the intermediate situ-
ations) is not surprising and simply reflects the existence of cases
in which orbital overlap takes place leading to new electronic
states. Obviously for observing semiconducting properties the
occurrence of favorable orbital overlap is necessary. Therefore,
we will concentrate here on those types of MOFs where the
photochemical properties of the ligand are altered by interaction
with the constitutional metal ions or clusters.

In a pioneering work, Bordiga, Zecchina and co-workers
reported for the first time the photoluminescence of MOF-5.4* As
mentioned earlier when describing the structure of MOFs, MOF-
5 is constituted by a cluster of Zn,O in which there is a central
oxygen atom connected to 4 Zn atoms (see Fig. 3). The subse-
quent coordination sphere of the cluster is defined by 12 oxygens
from the organic linker. In this way, it can be considered that
MOF-5 is constituted by Zn,O;; clusters that can behave as
quantum dots surrounded by 6 terephthalate ligands. These
terephthalate ligands can act as antennae absorbing light from
wavelengths longer than 220 nm. Analysis of the optical spec-
trum of MOF-5 shows contributions from both the organic
linker and the Zn4O,; centre. In this way, the authors suggested
that MOF-5 can be considered as a zinc oxide-like quantum dot
being sensitized by the aromatic ligand. Scheme 3 presents the
idea of considering the constituents of MOF-5 behaving as
independent quantum dots connected to an aromatic antenna.*?
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Scheme 3 Zn,O;; group of MOF-5 Zn (light grey sticks) and O (dark
grey sticks); benzene units acting as photon absorbers (/v) are able to
efficiently transfer energy to the inorganic part where the photon emis-
sion occurs ().

Consistent with the previous rationalization that MOF-5 is
constituted by ZnsO;3 quantum dots, relatively strong photo-
luminescence was observed upon excitation of the MOF. Bulk
ZnO exhibits very low photoluminescence emission characterized
by a broad band centered at 560 nm (Fig. 4). The maximum
intensity of ZnO emission occurs upon excitation at 380 nm.
Actually ZnO follows a general behavior common for semi-
conducting metal oxides and particularly TiO,.***5 Indeed, TiO,
does not emit photoluminescence except for very small nano-
particles of size smaller than a few nanometres.

In contrast to the weak photoluminescence observed for ZnO,
MOF-5 material emits from 450 to 650 nm, this emission being
estimated as 16 times more intense than that of ZnO under the
same conditions.** In addition, the emission of MOF-5 is
significantly blue shifted with respect to that observed for ZnO.
Interestingly, in MOF-5 the emission arising from the tere-
phthalate units is not observed, this phenomenon being consis-
tent with the operation in MOF-5 of an efficient energy transfer
mechanism from the terephthalate singlet excited state to Zn O3
clusters.

The lifetime of photoluminescence obtained from the best
fitting of the emission temporal profile in MOF-5 to a single
exponential kinetics was estimated as 600 ns.*® This emission
lifetime is remarkably long and certainly unusual for fluorescence
from organic compounds that typically is at most a few nano-
seconds.*” Previous studies on the decay kinetics of TiO, clusters
inside zeolites have shown complex decays but reaching similar
values to those observed for the emission in MOF-5. Probably,
the single exponential kinetics is a manifestation of the crystal
structure and identical environments for Zn4O;3 in MOF-5
(single site).*® In contrast, the multi-exponential decay observed
for nanoclusters of TiO, in zeolites indicates a distribution of
lumophores among different populations, probably related to
the lack of uniformity in the composition and size of the TiO,
clusters.*®

The influence of the temperature on the photoluminescence
intensity and its comparison with the behavior of ZnO nano-
particles provides some insight into the barrier energy of trapped
electrons in both semiconductors.* It was estimated that in ZnO
some electrons are trapped from 50 to 190 meV below the
conduction band edge probably in structural defects consisting

310° 4

Emitted photons (counts/s)

300 400 500 600
Mnm
Fig. 4 Photoluminescence spectra of MOF-5 and ZnO nanoparticles.
Grey curves (excitation scans), black curves (emission scans). MOF-5
(solid, Aey ~ 518 nm and A.x ~ 350 nm); terephthalic acid disodium salt
(dotted, Aemy ~ 418 nm and A ~ 335 nm); ZnO (dashed, Aem ~ 560 nm
and A. ~380 nm). (Figure taken from ref. 43 with permission.)
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of oxygen vacancies.® To observe photoluminescence arising
from these trapped electrons the activation energy is 80 meV.
Similar studies with MOF-5 show that the intensity of the pho-
toluminescence spectrum first decreases up to 170 K and then
increases in the 170-110 K range. To interpret this abnormal
behavior it is necessary to assume the presence of an activation
energy for the thermal non-radiative decay of 120 meV as well as
a second characteristic energy (E.) of 5 meV. The higher acti-
vation energy of the non-radiative decay indicates that electrons
in MOF-5 are more strongly trapped than in ZnO. However, the
origin of the E. of MOF-5 is unclear and requires further studies
to be interpreted. From the dependence of maximum emission
wavelength shift and emission band width on temperature it can
be concluded that the photoluminescence observed for MOF-5
nanoparticles arises from charge recombination occurring
between deeply trapped charges, ie., localized electrons and
holes.** Fig. 5 shows the influence of temperature on the
photoluminescence of ZnO and MOF-5.

The temperature at which the photoluminescence is measured
also determines the width of the emission band. By measuring the
bandwidth at different temperatures for MOF-5 and ZnO, it was
quantitatively established that the reorganization energy of the
charge separated state in MOF-5 is about 1.6 times larger than
for ZnO. This could be a reflection of the crystal structure of
MOF-5 and of the nature of the electron donor and acceptor
moieties involved in the process of charge separation. As
conclusion, it appears that comparison of the photoluminescence
activation energy and reorganization energy indicates that in the
case of MOF-5 the charge separation state is more deeply trap-
ped and produces larger structural changes than in ZnO, the
closest related semiconductor with which to compare the
behavior of MOF.

The previous observation of MOF-5 photoluminescence and
its interpretation constitutes a seminal contribution triggering
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Fig. 5 Photoluminescence (PL) spectra of nanoparticulate MOF-5
(MOF-5_n) (A) and ZnO (B) powders under N, atmosphere at different
temperatures. Temperature dependences of the relative photo-
luminescence intensity (C) and FWMH (D) observed for MOF-5_n
(black squares) and ZnO (red triangles) powders. (Figure taken from ref.
49 with permission.)

the quest for electroptical applications in MOFs and particularly
those that are characteristic of semiconductors and quantum
dots. As mentioned earlier in the introductory section, zeolites
that in many fields have superior properties and performances
than MOFs can never be considered as semiconductors and at
most they can be inert solid hosts to incorporate photoactive
guests. For instance, while pure zeolites and related aluminosil-
icates do not absorb UV radiation of wavelengths longer than
220 nm, the onset of the MOF-5 absorption band appears at
450 nm and, obviously, absorption of light in the visible region of
the electromagnetic spectrum can be tuned in MOFs by the
choice of appropriate metal clusters and/or organic linkers.

4. Flectron transfer photoluminescence quenching

Systematic quenching studies of the photoluminescence of MOF-
5 particles in the presence of a series of electron donors have been
carried out with the aim of comparing the quenching behavior
with that observed for nanoparticulate ZnO as a related mate-
rial.* This comparison should provide information about the
similarity/dissimilarity between MOF-5 and ZnO.

It was observed that in general there is a relationship between
the oxidation potential of the quencher and the quenching rate
constant of MOF-5 photoluminescence. As can be seen in Fig. 6
the quantitative behavior of photoluminescence quenching for
MOF-5 nanoparticles and ZnO follows a similar trend for most
quenchers. However, there are some clear differences for those
quenchers that are strongly adsorbed in MOF-5, such as
4-(methylthio)phenylacetic acid and 4-(methylthio)phenyl-
methanol. Even more remarkable is the case of 4-phenylbenzoic
acid for which a high value of quenching rate constant was
measured for MOF-5 even though the oxidation potential is as
high as +2.3 V versus NHE. It could be that in those cases where

TA-AcOH
9+ F'E)A & i

0.5 1.0 15 2.0 25
E,. (Vvs NHE)

Fig. 6 Relationship between the oxidation potential (E,x) of the
quencher and log kq* (kg™ is the average quenching constant) obtained
for MOF-5 nanoparticles (black squares) and ZnO (red triangles). The
open squares, which are obtained for MOF-5 particles, significantly
deviate from the tendency obtained for other quenchers due to surface
adsorption. Codes: Thioanisole, TA; p-methylthioanisole, TA-Me;
p-chlorothioanisole, TA-Cl; p-methoxythioanisole, TA-OMe; 4-(meth-
ylthio)phenylmethanol, TA-CH,OH; 1,4-phenylenediamine, PDA;
N,N,N',N"'-tetramethyl-p-phenylenediamine, TMPD; 4-(methylthio)-
phenylacetic acid, TA-AcOH; 4-phenylbenzoic acid, PBA; triethylamine,
TEA; triethanolamine, TEOA; 1,4-diazabicyclo[2.2.2]octane, DABCO;
phenothiazine, Ptz. (Figure taken from ref. 49 with permission.)
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adsorption inside MOF-5 is very strong, a pre-concentration of
the quencher inside MOF-5 micropores enhances remarkably the
quenching efficiency. Therefore, in those cases, the large porosity
and adsorption capacity characteristic of MOF materials will
play a role in the photochemical process.

5. Photoluminescence of other MOFs

Besides Zn terephthalate, the photoluminescence of other Zn
MOFs, namely zinc trans-4,4'-stilbene dicarboxylate MOF, has
been studied by Allendorf and co-workers.> It was found that
the solvothermal reaction of Zn nitrate and trans-4,4'-stilbene
dicarboxylic acid can render two different materials depending
on the solvent and the conditions used for the material prepa-
ration. Working in N,N-dimethylformamide at temperatures
between 70 and 85 °C a layered MOF is obtained. In contrast,
similar reaction using N, N-dimethylformamide at 105 °C affords
a different crystal structure constituted by two interpenetrating
cubic lattices also featuring Zn carboxylate linkages. This 3D
structure is analogous to isoreticular MOF. Fig. 7 illustrates the
crystal structures of the two materials containing Zn stilbene
carboxylate bonds and differing in the dimensionality and
geometry of the framework. Interestingly, both solids contain the
Zn40 nodes that are also present in MOF-5 and that are believed
to be responsible for the solid photoluminescence.

Fig. 7 A. Space-filling model showing the 2D network formed from
Zn(NO3), and trans-4,4'-stilbene dicarboxylate at 70-85 °C in DMF; B.
[011] projection showing the pores extended through the 3D crystal
obtained with the same precursor at 105 °C. (Figure taken from ref. 51
with permission.)

Both solids exhibit an intense structured fluorescence with
vibronic features upon UV illumination, but differ in the spectra.
The emission spectrum of an individual crystal of the 3D material
is coincident in the band position with that recorded for diluted
solutions of trans-stilbenecarboxylate in DMSO/water (100 : 1)
suggesting no influence of the Zn,O clusters on the emission. In
contrast, the emission spectrum of the layered Zn stilbene
carboxylate material is much broader and significantly red shif-
ted. Also the two solids differ in the peak position and bandwidth
of the excitation spectra. Fig. 8 shows normalized excitation and
emission spectra of the two Zn stilbene solids.

The differences in the photoluminescence spectra of these two
Zn stilbene MOFs have been attributed to the differences in the
ligand-ligand interaction rather than to differences arising from
the interaction of the ligands with the Zn4O clusters common for
the two solids as well as for MOF-5. This interpretation of the
different photoluminescence spectra was based on precedents in
which the emission of MOFs was found to be very similar to
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Fig. 8 Normalized excitation (red circles) and emission (blue squares)
spectra for: a) trans-4,4’-stilbene dicarboxylic acid; b) 2D network; ¢) 3D
framework structure. Spectra b) and c) were obtained for individual
crystals soaked in CHCl;. A.x = 350 nm for spectra a) and b), 325 nm for
spectrum c). Emission maxima for the first three vibronic bands are
indicated. Excitation spectra were recorded monitoring at 450 nm.
(Figure taken from ref. 51 with permission.)
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those of the ligand and independent from the nature of the
metal.**=*3-2 Also some theoretical calculations by DFT indicate
that the highest occupied valence levels are dominated by the p
orbitals of the aromatic carbon atoms with negligible contribu-
tion from the carboxylate substituent that is interacting with the
Zn,O clusters.®® In a simplistic interpretation, the theoretical
model indicates that in these stilbene MOFs, the photo-
luminescence is localized on the stilbene chromophore without
interaction with the metal clusters.

Thus, the interchromophore interaction due to interligand m—
T complexation occurring in the 2D layered MOF but not in the
3D MOF will be the main cause of the remarkable differences of
the photoluminescence of the two materials based on Zn trans-
stilbene dicarboxylic acid. This proposal is in agreement with the
observation in the emission spectrum of several vibronic bands in
the photoluminescence of the 2D and 3D zinc stilbene MOFs.
Observation of structured emission is a typical feature of
aromatic organic compounds. Also, this fine structure of the
emission rules out the contribution of excimer emission to the
spectra, as could have been predicted based on the chromophore
distances in the crystal structures of the two Zn trans-stilbene
carboxylate. It is well known that excimer emission is charac-
terized by a featureless broad band.*

One interesting point that deserves some comment is the fact
that the difference in the wavelength maximum between the
excitation and emission peaks in the Zn stilbene dicarboxylate
MOFs (1215 cm™! for the 2D and 815 cm ™' for the 3D MOFs) is
significantly smaller than for the same ligand in diluted dioxane
solution (3400 cm™). This indicates that the degree of reorga-
nization between the ground and first singlet excited states of the
trans-stilbene chromophore in the Zn MOFs has been signifi-
cantly reduced as compared to solution. This has been inter-
preted as a reflection of the increased rigidity of the stilbenoid
unit when incorporated in the MOF framework as compared to
the solution. As indicated in Scheme 4, after light absorption and
generation of the singlet excited state, the geometry of this
electronically excited state may differ from that of the ground

geometrical
relaxation

Scheme 4 Energy diagram showing the origin of the Stokes shift
between the emission and excitation wavelengths as a consequence of the
conformational relaxation in the excited state. Light absorption and
emission correspond to the vertical transition between potential energy
surfaces. Note the difference in energy and wavelength between excitation
and emission.

state. Therefore, when the stilbene chromophore is in a flexible
environment like in solution, it undergoes geometrical relaxation
in the electronic excited state potential energy surface to a more
stable conformation and this relaxation energy loss is reflected
later in a lower energy of the emitted fluorescence. Apparently
when coordinated to the Zn?" ions in MOF, the coordinative
interaction with these metal ions impedes the geometrical relax-
ation occurring in solution.

Time resolved emission measurements were also used to gain
insight into the local environment and rigidity of the stilbenoid
units in MOF crystals. The emission lifetime of trans-stilbene in
solution is very short (<100 ps) due to the ease of trans—cis iso-
merisation arising from the barrierless rotation around the
central double bond in the first excited state. Also the fluores-
cence quantum yield of zrans-stilbene in solution is very low (¢q
~ 0.02 in acetonitrile). In contrast, when forming part of the
MOF structure the lifetime of the emission increases, probably
also as a consequence of the increased rigidity of the coordinated
stilbenoid chromophore. These variations in the emission life-
time and quantum yield are a direct consequence of the immo-
bilization of the photolumophore in a rigid crystal framework.

Another interesting observation that could be the basis for
sensor development is that the emission of crystals of 3D Zn
stilbene MOF is sensitive to the nature of the guest solvent
molecules, A, increasing in the order hexane, chloroform,
toluene. These changes were found to be fully reversible through
multiple cycles of solvent exchange, which is a pre-requisite for
a suitable sensing material. In contrast, the Zn stilbene dicar-
boxylate lacking three-dimensional structure is insensitive to the
interaction with guest molecules, probably because the -stack-
ing of the stilbene linkers impedes interaction and solvation by
the organic liquids.

The above example serves to illustrate those cases in which the
photoluminescence of MOFs arises from excitons localized
exclusively on the organic linker without interaction with the
metal ions or clusters. Most likely these types of MOFs in which
no semiconducting behavior (photoinduced electron transfer
between the linker and the metal ion or cluster) is observed are
those in which the organic linker has a low lying electronic
excited state.

6. Use of photoluminescent MOFs as sensors

An intermediate situation between the type of MOFs with pho-
toluminescence localized on the organic linker and those
behaving as semiconductors are lanthanide MOFs. Lanthanides
(Lns) are well known for their unique photoluminescence emis-
sion in the visible arising from relaxation of atomic electronic
excited states.>® This photoluminescence from lanthanides has
been used in many applications including lasing, telecommuni-
cations, sensing and others.3>%-%° The main problem of lantha-
nide photoluminescence is the small cross-section of lanthanide
atoms for visible light absorption. This limitation has been
frequently circumvented by the so-called antenna effect in which
an organic chromophore absorbs initially the UV or visible light
and subsequently transfers the energy to the atomic electronic
states of the lanthanide atoms and ions.®* This energy transfer
from the antenna to the lanthanide is frequently much more
efficient than the direct excitation of lanthanide atoms and ions.

This journal is © The Royal Society of Chemistry 2010

J. Mater. Chem., 2010, 20, 3141-3156 | 3147


http://dx.doi.org/10.1039/b924937k

Published on 22 January 2010. Downloaded by Pennsylvania State University on 16/09/2016 12:37:11.

View Article Online

In this context, MOFs containing lanthanides are very prom-
ising materials because the organic linker can act as an antenna
producing the efficient photosensitization of the lanthanide
acting as constitutional nodes of the metal framework. For this
reason the synthesis of Ln MOFs has attracted considerable
attention since the initial work in this area.6*¢

One example of rare-earth MOFs are those containing 1,5- or
2,6-naphthalenesulfonates as linkers and La, Nd, Pr, Sm and Eu
as lanthanides.®” The paradigmatic case that has been studied in
most detail is the Nd**-containing naphthalenesulfonate MOF.
In this case it has been found that the optical absorption spec-
trum contains the characteristic narrow absorption peaks cor-
responding to the atomic transitions together with a broad,
considerably more intense absorption band spanning into the
UV region due to the organic linker (Fig. 9). As expected these
materials exhibit the characteristic photoluminescence spectrum
of Nd** upon exciting on the atomic absorption of Nd**.

In a more detailed study of the properties and potential
applications of Ln MOF emission, a series of 3D MOFs using
4,4 -(hexafluoroisopropylidene)-bis(benzoic acid) as ligand was
used (see structure in Scheme 5).%® This ligand was selected on
purpose because its high fluorine content should render the
internal pores remarkably hydrophobic and insensitive to mois-
ture and water.

The crystal structure of these fluorinated MOFs consists of
a series of parallel nona- and octa-coordinated Ln chains held in
place by the carboxy groups of the ligands (Fig. 10). The
resulting material, when outgassed to remove solvent molecules,
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Fig. 9 Room-temperature optical absorption spectra (left column) and
emission spectra (central and right columns) for Nd** MOFs: 3D struc-
tured MOF containing 1,5-naphthalenedisulfonic acid as linker (top); 2D
structured MOF containing 2,6-naphthalenedisulfonic acid as linker
(middle); 3D structured MOF containing 2,6-naphthalenedisulfonic acid
as linker (bottom). (Figure taken from ref. 67 with permission.)
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Scheme 5 Structure of 4,4-(hexafluoroisopropylidene)-bis(benzoic
acid).

gives a surface area of 207 m? g~! which is the top of the range for
Ln materials. For this family of Ln MOFs, materials with
isomorphic substitution in various proportions of different Ln
can be prepared. Thus, for example, a series of Ln MOFs con-
taining simultaneously Eu and Gd in a range of atomic ratios
from 5/95 to 66/34 have been described.*®

Ln MOFs with 4,4'-(hexafluoroisopropylidene)-bis(benzoic
acid) as ligand crystallize in long needles that can be handled
individually. By placing one of these Ln MOF crystals parallel or
perpendicular to the detector it has been determined that these
MOFs exhibit a strong anisotropic photoluminescence. Thus, it
was observed that the intensity of the emission bands upon
excitation of the linker at 290 nm varies strongly depending on
the orientation of the crystal (Fig. 11). This fluorescence
anisotropy is a consequence of the alignment of all the chro-
mophores in a preferred direction and proves that the crystalli-
zation as long needles is a manifestation of the ordering at the
molecular level.

Concerning the antenna effect it has been determined that the
quantum yield of photoluminescence upon excitation of the
ligand is 0.48 that indicates a very efficient ligand-to-metal
energy transfer as well as high emission yield. This quantum yield
value for the antenna effect is a remarkably high number indi-
cating that the energy transfer is very efficient.

Fig. 10 Structure of ITQMOF-2 that contains lanthanide ions con-
nected by 4,4’-(hexafluoroisopropylidene)-bis(benzoic acid) units (Eu
blue, O red, C gray, F green, H yellow). (Figure taken from ref. 58 with
permission.)
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Fig. 11 a) Experimental setup and single-crystal orientations versus the
detector. Note that the main difference between the “vertical” and
“horizontal” positions is that in the former the plane of the detector and
Xe light source are parallel to the crystal support, while in the latter
position the plane of the detector and the Xe lamp are perpendicular to
the support. b) Room-temperature emission spectra of a lanthanide
(5Eu-95Gd) MOF single crystal, recorded using a polarizer just before
the detector, for the three different crystal orientations (black line: top,
red line: vertical, blue line: horizontal). The excitation was performed at
290 nm. (Figure taken from ref. 58 with permission.)

In the context of the present review, Ln MOFs represent an
intermediate case between MOFs behaving as semiconductors
and those in which the emission derives from the organic linker.
In the case of Ln MOFs the interaction between the linker and
the rare earth ion is well evidenced and firmly supported.
Quantification of this interaction indicates that it is very efficient
compared to other systems. However, while the mechanism of
linker-metal interaction in semiconductors should be electron
transfer, in the case of Ln MOFs the interaction is energy transfer
and does not lead to charge separation.

7. Spectroscopic evidence of charge separation in
MOFs by transient absorption spectroscopy

Laser flash photolysis is a powerful photochemical technique to
record time-resolved absorption spectra of electronic excited
states, states of charge separation and transient species generated
after a laser beam pulse considered instantaneous on the time
scale being monitored.

In the case of TiO,, laser flash photolysis has allowed the
detection of the photogeneration of electron and holes at pico-
second time scale.®® In the case of small TiO, clusters encapsu-
lated inside zeolites there is a population of species derived from
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Fig. 12 Time-resolved diffuse reflectance UV/Vis spectrum of a N»-
purged sample of MOF-5 recorded 3 ps after 355 nm laser excitation. The
inset shows the temporal profiles of the transient spectrum monitored at
a) 370 nm and b) 780 nm. (Figure taken from ref. 46 with permission.)

charge separation that live longer than microseconds after the
laser pulse.*®

Laser flash photolysis of MOF-5 upon 355 nm laser excitation
has allowed the detection of transient absorptions decaying in
a few microseconds. Fig. 12 shows the transient spectrum
recorded for MOF-35, 3 us after the 355 nm laser pulse.*® As can
be seen, the spectrum is dominated by a continuous absorption
peaking at the far red of the available wavelength region. An
additional sharp negative signal at 370 nm attributable to the
instantaneous bleaching of the MOF-5 ground absorption is also
observed. The temporal profiles of the signal monitored at 370
and 780 nm show identical rate constants and inverse symmetric
traces indicating that the species responsible for absorption at
780 nm decays to the ground state regenerating the depleted
ground state. In addition, the temporal profiles of the signal
monitored from 500 to 840 nm are identical which has been
interpreted as an indication that the absorption band from 500—
840 nm corresponds to a single transient species. A detailed
kinetic analysis of the temporal profile at 780 nm shows that the
signal fits a two first-order kinetics with lifetimes of 5 and 30 ps,
respectively.

The assignment of the transient to electrons was based on
quenching studies. This kinetic feature of the transient decay has
been rationalized assuming that the band has contributions of
two families of electrons in two different environments. The
shortest lived electrons were attributed to the electrons localized
on the Zn4O;; cluster neighboring the ligand from where the
electron has migrated. The longest lived electrons would corre-
spond to the population of electrons that have migrated further
away from the terephthalate ligand that has originated the
photoinduced electron ejection. This interpretation parallels the
classical studies in geminate and free radicals and radical cations
that have shown that lifetimes are extremely dependent on the
distance at which the two reacting transients (electrons and holes
in our case) are separated.*’” Scheme 6 summarizes the proposal
to rationalize the transient spectra and the signal kinetics
detected by laser flash photolysis on MOF-5.

To better understand the photochemical process occurring in
MOF-5 and determine its specificity with respect to their
components, a study of the photochemistry of terephthalate
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Scheme 6 Photophysical processes that occur after the irradiation of the
MOF-5 solid material and an aqueous solution containing the tere-
phthalate unit and Zn?*.The differences between these two systems will be
mainly in the kinetics and lifetimes of charge separation, arising from the
rigidity of the crystal structure on MOF-5 as opposed to freely-diffusing
species in solution.*

aqueous solutions in the absence and in the presence of Zn** was
carried out.** Although MOFs are solid crystalline materials,
insight into their properties can be obtained by studying the
intrinsic properties of the ligands in the presence of the metal
ions. With respect to this situation in homogeneous phase, the
spatial structuring, ordering and rigidity occurring in the solid
crystal can alter the photochemical behavior of MOFs. Thus,
when terephthalate is photolysed in water, laser flash photolysis
allows detection of the corresponding triplet at 300 and 400 nm
of the aromatic dicarboxylate together with the solvated elec-
trons that appear as an absorption starting at 750 nm and
extending to the near infrared region. Fig. 13 shows the transient
spectrum recorded for terephthalate in water.

Upon addition of Zn?* ions, both signals corresponding to the
triplet excited state of terephthalate and solvated electrons
decrease in the initial intensity value at zero time and the residual
signal decays faster. These two features (lower intensity and
faster decay) are indicative of the simultaneous influence of static
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Fig. 13 UV/Vis transient absorption spectra of a Ny-purged aqueous
solution of sodium terephthalate (1.1 x 10~* M) recorded 4 us after
266 nm laser excitation before (@) and after (A) the addition of an
aqueous solution of Zn** (2.6 x 10~ M). The inset shows the temporal
profiles of the signal monitored at 400 nm recorded for a N,-purged
aqueous solution of sodium terephthalate upon addition of increasing
amounts of Zn** from 0 to 2.6 x 107 M.

and dynamic quenching of photoexcited terephthalate by Zn**.
The static quenching indicates that there is a pre-association of
terephthalate and Zn>" in the ground state and upon photoex-
citation of these aggregates instantaneous quenching occurs
leading to a decrease in the signal intensity recorded immediately
after the laser pulse. On the other hand the fact that the signal
decay becomes faster with the concentration of Zn?* indicates
that those photoexcited terephthalates that during their lifetime
encounter Zn** ions would undergo deactivation. The last
process requiring diffusion is denoted as dynamic quenching.
Overall the results of the laser flash photolysis in aqueous solu-
tion indicate that the presence of Zn>* strongly influences the
behavior of photoexcited terephthalate and that solvated elec-
trons are trapped by Zn** acting as electron traps. Considering
that MOF-5 has the same building blocks but in a rigid position,
it is not unreasonable to assume that similar types of interactions
but with increasing prevalence of static quenching will occur in
MOF-5 compared to the experiment in aqueous solution.

Actually, the MOF-5 crystal structure can be considered as
a periodic fixed repetition of Zn** cations interacting with tere-
phthalate ligands. According to this observation of electron
transfer quenching of terephthalate excited states by Zn>* ions,
the photoluminescence reported by Zecchina and co-workers
could arise from the collapse of the singlet charge separation
state.*® Alternatively, long distance charge separation will
produce longer-lived non-geminated transients that will be the
species detected by transient spectroscopy. What is important for
our purpose here is that the occurrence of long-lived charge
separation would indicate that the MOF-5 structure acts as
semiconductor allowing delocalization of some of the electrons/
holes generated in the photoinduced electron transfer.

As mentioned earlier when commenting on photoluminescence
quenching, the mechanism of photoluminescence deactivation by
quenchers differing in the oxidation potential was proposed to be
electron transfer.* To confirm that photoluminescence quench-
ing occurs indeed through electron transfer from the quencher to
the electron hole in MOF-5, laser flash photolysis studies of
MOF-5 in the presence of thioanisole acetic acid were carried
out, whereby the characteristic band at 450-660 nm corre-
sponding to the thioanisole acetate radical cation was recorded
immediately after the laser pulse. Moreover, the intensity of this
peak increases as the MOF-5 suspension in acetonitrile contains
larger amounts of thioanisole acetate.*

One remarkable detail that can be used to assess the activity of
MOF-5 as semiconductor was obtained by laser flash photolysis
monitoring the intensity of the transient signal at zero time
corresponding to the wavelength of the maximum intensity of
thioanisole acetate radical cation. In these experiments a 355 nm
excitation wavelength was used and a comparison between the
concentration of thioanisole acetate radical cation generated
photochemically by exciting MOF-5 or P25 TiO, was obtained.*®
It has to be noted that at this laser wavelength the absorbance of
P25 TiO, powder in acetonitrile is about 5 times higher than the
absorbance of MOF-5 and therefore these conditions are unfa-
vorable for MOF-5 with respect to excitation of P25 TiO,.
Nevertheless, it was observed that MOF-5 generates a larger
initial concentration of thioanisole acetate radical cation (about
1.3 times higher than P25 titania). Moreover, in addition to the
higher relative efficiency it is also remarkable that the lifetime of
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Fig. 14 Relationship between the initial transient signal intensity
(A%Abs~") obtained at 550 nm and the concentration of 4-(methyl-
thio)phenylacetic acid (n,4) detected upon 355 nm laser flash of suspen-
sions of MOF-5 nanoparticles and P25 TiO,. (Figure taken from ref. 49
with permission.)

the charge separated state is considerably longer for MOF-5
(over 15 ps) compared to that of P25 TiO, (about 5 ps). Fig. 14
illustrates the differences in the transient signal characteristic of
4-(methylthio)phenylacetic acid when photolysed in the presence
of MOF-5 or P25. It is proposed that the observed long lifetime
for MOF-5 nanoparticles arises from the slow motion of elec-
trons in the particles due to their deep trap. It was also worth
noting that long charge separation lifetimes are also beneficial in
photocatalysis to effect degradation of organic pollutants.
Overall, the quantitative determination of the concentration of
thioanisole radical cation when photolysing MOF-5 and P25
TiO; under the same conditions constitutes strong evidence that
the efficiency of MOF-5 acting as a semiconductor can be higher
than that of the most widely used titania semiconductor.

The above photophysical data demonstrate that upon light
absorption, MOF-5 undergoes charge separation. Calculations
based on Marcus formalism have revealed that the reorganiza-
tion energy for the hole transfer from the MOF-5 charge sepa-
rated state to one electron donor is 1.2 times higher than the same
parameter for Zn0.*%° This high reorganization energy indicates
a significant structural change in the metal-ligand distance,
binding strength and bond angles in the process.”® This is not
totally unexpected considering that the framework of MOFs is
known to exhibit a high flexibility to accommodate the frame-
work to the conditions and circumstances experienced by the
material. Depending on the conditions as well as the presence of
solvent molecules or guests significant structural changes have
been observed. What are new are the data about the energetic
cost of the reorganization of each site.

8. Laser flash photolysis of hydrated MOF-5

As mentioned in Section 2 when presenting the structure of
MOFs, one of the most important drawbacks of MOFs is their
relatively low structural stability. This poor crystal stability is
particularly problematic in the case of MOF-5. It has been
reported that the crystal structure of MOF-5 changes sponta-
neously to a different one termed as MOF-5" upon mere exposure
to moisture or storage in the open atmosphere.”

In this context, an interesting observation is that the pho-
toluminescence of MOF-5 suspended in water undergoes
a remarkable blue-shift (A, from 535 to 440 nm), accompanied
by a change in the corresponding excitation spectrum and
a shortening of the lifetime to 5 ns.** These changes in the
photoluminescence spectrum have been proposed to originate
from the structural transformation produced by water that
converts MOF-5 to MOF-5 material.*>"> This is clearly
demonstrated by the observation of a change in the XRD
pattern of the solid as reported in the literature.”” In this
context we have also commented that not surprisingly emission
and excitation spectra of MOF-5 undergo remarkable varia-
tions upon the phase change from MOF-5 to the resulting
hydrated MOF-5'. This phase transformation has been attrib-
uted to the partial hydrolysis of the Zn carboxylate bond as
indicated in Scheme 7 and is also reflected by variations in

71
Aem.

As mentioned earlier, MOF-5 is unstable when stored under
moist air or upon stirring in aqueous suspension. The above
change in the MOF-5 structure in the presence of humidity
makes some data in the literature uncertain as to whether they
correspond to MOF-5 or to the resulting material after trans-
formation. In this sense Majima and co-workers have estab-
lished the transient diffuse reflectance spectra of hydrated
MOF-5.# This optical spectrum exhibits two maxima around
480 and 740 nm decaying with the same temporal profile
(Fig. 15).

No assignment of these peaks has been yet proposed. However
these authors clearly established that upon photoexcitation of
hydrated MOF-5 the material can participate also in photoin-
duced electron transfer processes in the presence of electron
donor or electron acceptor quenchers. Thus, if hydrated MOF-5
is photolysed in the presence of triethylamine a peak at 550 nm
attributable to terephthalic acid radical cation is recorded while
if hydrated MOF-5 is irradiated in the presence of methyl viol-
ogen (MV?*) the corresponding MV radical cation is detected
(Fig. 16).
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Scheme 7 Photoinduced one-electron oxidation of S on unhydrated (A)
and hydrated (B) MOF-5 nanoparticles. (Taken from ref. 49 with
permission.)
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Fig. 15 Time-resolved diffuse-reflectance spectra observed at 5, 20 and
50 ps after the laser flash during 355 nm laser photolysis of the MOF-5

hydrated powder slurried in acetonitrile. (Figure taken from ref. 49 with
permission.)
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Fig. 16 Time-resolved diffuse-reflectance spectra observed at 0.5, 5 and
30 us after the laser flash during the 355 nm laser photolysis of the MOF
powder slurries in water (pH 7) in the presence of methyl viologen (MV*")
(10 mM). The blue solid line indicates the absorption spectrum of MV
in water.*””® (Figure taken from ref. 49 with permission.)

Overall these observations indicate that even after phase
transformation the resulting hydrated MOF-5 exhibits the
typical behavior of a semiconductor being able to give and accept
electrons depending on the nature of the quencher.

9. Trapping of photogenerated electrons and holes in
MOF-5

When an aqueous suspension of MOF-5 containing MVCl, is
illuminated with a solar simulator, generation of MV’ is
observed.* MV?* and viologens in general have been widely used
in photochemistry to trap electrons mainly because their corre-
sponding radical cation can be easily detected and characterized
by its typical optical spectrum.” In addition, in the absence of
oxygen, viologen radical cations are long-lived intermediates that
under certain circumstances can be even detected visually by
their deep blue color. Considering the microporosity of MOF-5,
it was assumed that viologens can diffuse from the solution to the
internal voids of MOF where they can meet electrons being
generated in the photoinduced charge separation process char-
acteristic of semiconductors. Thus, when this aqueous suspen-
sion containing MV?" and MOF-5 was irradiated, the blue color
characteristic of MV'* was observed.*® Moreover, while the
solution is colorless the blue color is observed in the solid

Fig. 17 Photographs showing a) P25 TiO, and b) MOF-5 solid samples
in contact with aqueous solutions of methyl viologen dichloride, before
(top) and after (bottom) irradiating with a solar simulator (525 W)
through an AM1.5 filter for 10 min. (Figure taken from ref. 46.)

materials. Controls performing similar experiments with silica
failed to generate MV'*. In contrast, when analogous experi-
ments were performed using TiO,, similar behaviour to that
occurring in MOF was observed. Fig. 17 shows some photo-
graphs in which the blue color of MV'* can be seen.

Generation of MV'* by irradiation of aqueous suspensions of
MOF-5 was interpreted as indicative of the quenching of elec-
trons generated in MOF by viologen. Scheme 8 summarizes the
proposed mechanism.*®

Similarly, photoinduced holes generated in MOF-5 could
be quenched by N,N,N', N'-tetramethyl-p-phenylenediamine
(PDA). This aromatic diamine is a good electron donor for
positive holes and upon electron transfer generates the corre-
sponding radical cation that similarly to viologen radical cation
also exhibits an intense blue color. Again, amorphous silica, an
insulator material, does not form phenylenediamine radical
cation that is however observed when TiO,, instead of MOF-5, is
present in the suspension. Fig. 18 shows a photograph in which
the characteristic blue color of phenylenediamine radical cation
can be visually observed under certain conditions.

Scheme 9 shows the most likely mechanism to rationalize the
observed formation of phenylenediamine radical cation from
hole trap.

These simple electron and hole trapping experiments using
well-known electron acceptor (viologen) or electron donor
(phenylenediamine) compounds and visual observation of the
corresponding radical cations unambiguously prove the behavior

VR
*MOF-5]* + MVZ*T MOF-5 ** + MV **

MOF-5 + Mv2* "I)V

Scheme 8 Photochemical process leading to the generation of MV™: 1)
photoinduced charge separation; ii) electron transfer.*
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Fig. 18 Photograph showing a deaerated solution of N,N,N',N'-tetra-
methyl-p-phenylenediamine in a) the absence and b) the presence of
MOF-5 upon 355 nm laser irradiation. (Figure taken from ref. 46.)

. N
MOF-5 + PDA —— *[MOF-5[" + PDA

W MOF-5- + PDA **
Scheme 9 Photochemical process leading to the generation of phenyl-
enediamine radical cation (PDA"*): i) photoinduced charge separation; ii)
electron transfer.

of MOF-5 as a semiconductor because they show that the same
material upon photoirradiation is able to produce oxidation
(phenylenediamine) and reduction (methyl viologen), dual
behavior that arises from photoinduced charge separation with
simultaneous formation of electron and holes and that is char-
acteristic of semiconductors.

10. Energy levels in MOF-5

The bandgap of MOF-5 estimated from the diffuse reflectance
optical spectrum was 3.4 eV. This value of bandgap energy is
somewhat higher than, but similar to, that of TiO, anatase and
shows that MOF-5 is a wide bandgap semiconductor (Scheme
10). The energy of the conduction band edge has been indirectly
estimated by comparing the open-circuit voltages of a photovol-
taic cell using MOF-5 as semiconductor and I,/I™ as electrolyte
with a second one prepared analogously with TiO,. Since the
electrolyte and its concentration were the same in both cells and
the open-circuit voltage reflects the difference in energy between
the electrolyte and the edge of the semiconductor conduction

TiO, MOF—5
E e V]
A
B — cB
—A 02
32eV
34eV
3.1 — VB
- 36

Scheme 10 Calculated values of the band gap and position of the
conduction and valence band for MOF-5 in comparison with those of
TiO,. (Figure taken from ref. 46.)

band, it should be possible to estimate the position of the
conduction band with respect to that of TiO,.

The data presented in Scheme 10 show that electrons in the
MOF-5 conduction band are 0.3 eV less reductants than in the
conduction band of TiO,. However, the above estimation is
based on the assumption that the internal resistance of the two
photovoltaic cells made of TiO, or MOF-5 is identical, an
assumption that should be checked. Thus, it appears convenient
to confirm the flat band potentials of MOF-5 by alternative
techniques.

According to these energy values, MOF-5 should be a strongly
oxidizing semiconductor. However, the reduction potential of
the electrons in the conduction band of MOF-5 should be very
low. Thus, MOF-5 as a semiconductor should not be able to
generate H, from H,O upon photoirradiation since this process,
corresponding to a semireaction in the overall water splitting,
would require an E..q value of 0 V plus an overpotential. In this
context water splitting is an emerging field of application for
semiconductors and these data apparently rule out the use of
MOF-5 for this purpose.

11. Photocatalytic activity of MOFs

One of the most common applications of semiconductors is in
photocatalysis where a solid converts light into chemical energy.
The most common application of photocatalysis is the oxidative
degradation of organic compounds in the gas or aqueous
phase.”> 78 It has been proposed that the photocatalytic activities
for the degradation of organic compounds by different materials
should be compared using the degradation of phenol as a model
for aromatic compounds.”®*® By irradiating through pyrex an
aerated suspension of phenol in the presence of a solid photo-
catalyst phenol becomes converted to hydroquinone and cate-
chol and eventually the transformation progresses to, at least
partial, oxidative degradation to CO, and H,O.

Having established the behavior of MOF-5 as a semi-
conductor, a logic step forward has been to test its photoactivity
towards the degradation of phenol. Fig. 19 shows the temporal
evolution of the phenol degradation when this pollutant is
submitted to irradiation through pyrex in aerated suspensions
containing MOF-5, P25 TiO, or ZnO.*

The reason to compare these three materials is that zinc oxide
should be the closest semiconductor in the case that the structure
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Fig. 19 Time conversion plots of phenol disappearance per metal atom
in the presence of MOF-5 (- A-),P25 TiO, (-l -) and ZnO (- @-) upon Hg
lamp irradiation through pyrex. (Figure taken from ref. 46.)
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of MOF-5 collapses during the experiment in aqueous medium,
while P25 TiO, is the benchmark photocatalyst to which the other
photocatalysts should be compared. Blank controls under the
same conditions in the absence of any photocatalyst showed no
degradation of phenol. As can be seen in Fig. 19, MOF-5 shows
a significant photocatalytic activity that when plotted per metal
atom is even higher than that exhibited by P25 or ZnO. However,
this type of comparison is misleading since the structures and
compositions of the materials are very different and it can be
cumbersome to agree on a single parameter (weight, surface are,
metal content) for the comparison. In any case the phenol
degradation plot shown in Fig. 19 indicates a remarkable photo-
catalytic activity of MOF-5 that, depending on the figure of merit
used in the comparison, can be even higher than that of P25 TiO,.

Besides degradation of organic pollutants (negative photo-
catalysis) another aspect would be to develop photocatalysts for
the light-assisted synthesis of valuable organic compounds
(positive photocatalysis). In this field, the groups of Kapteijn and
Mul have reported recently an in operando FTIR study of the use
of isoreticular MOFs as tunable bandgap photocatalysts for the
efficient oxidation of propylene to acetone and propionic acid
(Scheme 11).2! In this regard, photocatalysis, as an efficient way
to activate molecular oxygen, could be and alternative tech-
nology for catalytic aerobic oxidations.

One pre-requisite for the use of a solid in photochemical
applications is its photostability upon prolonged exposures to
light. Light stability is certainly an important issue that has been
mostly ignored when pursuing the use of MOFs as semi-
conductors. Taking into account that one of the major applica-
tions of ZnO, TiO, and other semiconductors is the
photocatalytic degradation of organic compounds and that
MOFs contain an organic linker, the photostability of MOFs
should be submitted to a survey. Also, as we have mentioned,
MOFs are in general not very stable upon thermal or chemical
treatment as well as upon exposure to moisture or other solvents.
In the case of MOF-5 irradiation of powdered samples with the
pyrex filtered output of a 1 kW mercury lamp for 5 h did not lead
to any observable change in the X-ray diffractogram before and
after irradiation. This fact rules out the occurrence of photo-
chemically promoted structure collapse as it should occur if
photodecarboxylation or any other photochemical damage of
the terephthalate ligand would take place massively.

However, considering that XRD is biased towards crystalline
materials and that the sensitivity of quantitative XRD is not very
high, it could have been that photodegradation has occurred to
a minor extent, the consequences of this damage being only
apparent for very long irradiation times. Certainly a deeper study
on the photochemical stability for a series of MOFs will be highly
valuable to ensure the long-term applicability of MOFs in
optoelectronic systems.

(o]
/\+ 02 '\:—;F> )J\+ A(OH
o

Scheme 11 Photo-oxidation of propylene to acetone and propionic acid
using a MOF as photocatalyst.

12. Application of MOF-5 in photovoltaic and
electroluminescence cells

The previous sections have presented the current evidence sup-
porting that MOFs exhibits the characteristic behavior of semi-
conductors, i.e., generation of electrons and holes upon
photoexcitation with light of energy larger than their bandgap.
Direct detection of electrons and holes or their trapping consti-
tute firm proof of MOF’s semiconductor nature. In view of these
data, it can be presumed that MOFs could be useful for those
applications based on the use of semiconductors. Photocatalysis
directed to the degradation of undesirable organic pollutants is
one of these general applications of semiconductors. We have
already commented on the photocatalytic activity of MOF-5 for
phenol degradation. Other typical and technologically important
applications will be the use of MOFs in photovoltaic cells and
electroluminescence diodes.

As we have mentioned earlier, the energy values of the
conduction and valence bands of MOF-5 have been indirectly
estimated from the open-circuit potential of a photovoltaic cell.
Actually, to prove the concept of the use of MOF-5 as an active
semiconductor layer, an unoptimized photovoltaic cell based on
a thin film of MOF-5 without a light harvester dye has been
tested.®” Upon illumination with a solar simulator, photocurrent
from a cell based on MOF-5 has been observed. The I~V curve
obtained for the MOF-5 solar cell under irradiation with an
AM1.5-filtered solar light simulator is shown in Fig. 20. Effi-
ciency data obtained from this response of the photovoltaic cell
were Voc 0.33V, Isc 0.7 pA, and FF 44%. Although these values
are much lower than those obtained using conventional P-25
titania under exactly the same conditions (Voc 0.52 V, Isc
209 pA, and FF 58%), they should be considered promising due
to the large flexibility in the choice of possible MOFs and the
possibility to introduce light harvesting dyes. The large surface
area and pore volume of MOFs make these materials especially
suitable to incorporate a large quantity of light-harvesting dye
that would have a large interfacial area to interact with semi-
conductor and electrolyte. In any case, the intrinsic photovoltaic
response observed for MOF-5 also proves indirectly its
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Fig. 20 [-V curve obtained for the photovoltaic solar cell prepared with
MOF-5 upon irradiation with an AM1.5-filtered lamp (525 W) using an
ITO-glass electrode. (Figure taken from ref. 82.)
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semiconductor properties. This behavior of MOF-5 contrasts
with zeolites that do not show any photovoltaic activity upon
illumination.

Thin films of MOF-5 also behave as phosphors. The basic
structure of an inorganic electroluminescent device is similar to
that of the photovoltaic cell described above, since the funda-
mental phenomena occurring in both types of cells are the reverse
of each other. In a photovoltaic cell illumination of the semi-
conductor films originates the build up of a current, while
phosphors emit light when they are submitted to an electrical
current.

As expected in view of the mentioned behavior of MOF-5
as a semiconductor, MOF-5 submitted to an alternating
current (180 Hz) of 60 V emits light. The emission spectrum
of MOF-5 is shown in Fig. 21 and consists of a broad (fwhm
135 nm) and quasi-symmetric band, with a small shoulder on
the high-energy side. From this spectrum, a value of about
565 nm was derived for Agr(max), Which is very close to the
value of 540 nm obtained for the corresponding photo-
luminescence emission maximum. Ideally, photoluminescence
and phosphor emission spectra should coincide when they
involve the same transient species. The difference between
these two techniques is in the generation of the electronically
excited state that occurs through electron/hole recombination
in the case of electroluminescence or by light excitation for
photoluminescence. Other analogous non-crystalline metal
organic materials constituted by tin-terephthalate also behave
similarly to MOF-5 and emit light under similar conditions as
those used for MOF-5. This observation suggests that crystal
structure and microporosity is not a prerequisite for the
observation of electroluminescence.

Although the efficiency of MOF-5 as a phosphor was also low,
observation of this phenomenon on MOFs can serve again to
trigger further research in this field trying to improve the
performance of this family of materials for this application. In

35
378

F(R}

30

N

251

204 o

300 400 700

Light intensity, a.u.

400 500 600 700 800
wavelength, nm

Fig. 21 Electroluminescence emission spectrum of MOF-5, obtained
with a square ac voltage of 60 V and a frequency of 180 Hz. Left inset:
Diffuse reflectance UV/Vis spectrum of MOF-5. The arrow marks the
position of the inflection point of the absorption band (optical band gap).
Right inset: Photoluminescence excitation (dashed line, monitored at
540 nm) and emission (full line, exciting at 350 nm) spectra of MOF-5.
(Figure taken from ref. 82.)

this context, rare earth metals have been widely used as structural
metals in the synthesis of MOFs and considering their strong
phosphorescence they are obvious candidates to be tested for this
type of optoelectronic properties.

13. Conclusions

The main purpose of this account has been to present evidence in
support of the consideration of some MOFs as semiconductors.
Currently the synthesis and characterization of MOFs is
a research front in chemistry and materials science. The infor-
mation gained on the synthesis indicates that there are a consid-
erable number of predictive tools to prepare new MOFs. Some of
the MOFs have been prepared by design to obtain materials with
certain desirable properties. However the main application of
MOFs is still as gas adsorbers, a field where the added value of
the material is low compared to optoelectronics. Considering the
versatility, ease of MOF preparation, availability and the
important properties of semiconductors, our aim is to trigger
specific research focused on the synthesis of task-specific MOFs
specially conceived to enhance and improve their performance as
semiconductors. In this area and in contrast to their use as
heterogeneous catalysts, MOFs have already surpassed the
performance of zeolites. Among the potential applications that
MOFs as semiconductors would offer the most useful ones could
be as shape selective photocatalysts for the selective degradation
of organic compounds or for the synthesis of industrial
compounds, for their use in photovoltaic devices tuned for solar
cells, electroluminescent devices, field electron transistors and
sensors. It is very likely that these fields will develop in the near
future.
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