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Pd@MIL-101 (Pd ACHTUNGTRENNUNG(NO3)2 in DMF), and Pd@MOF-5 ([Pd-ACHTUNGTRENNUNG(acac)2] in DEF).[58]

Solid-phase infiltration : This method involves grinding the
MOF with the desired infiltrate and was used to prepare
various Au@MOF composites. [Me2AuACHTUNGTRENNUNG(acac)] proved to be
a versatile precursor for solid impregnation and Au@MOF-
5, Au@CPL-1, Au@CPL-2, and Au@MIL-53(Al) were iso-
lated using this relatively simple process; however, the utili-
ty of this approach to synthesize other NP@MOF compo-
sites remains to be demonstrated. In addition to the existing
methods for precursor decomposition, which include ther-
molysis, hydrogenation, photolysis,[59] in the case of water-
stable MOFs, hydrolysis represents a suitable technique for
metal oxide formation; however, to date this approach re-
mains unexplored. In addition to potential applications in
heterogeneous catalysis, NP@MOF composites are interest-
ing for gas storage and chemical sensing applications.

MOFs as templates for nanocarbons : High Brunauer–
Emmett–Teller surface area (up to 3040 m2g!1) carbon mate-
rials were obtained by thermal decomposition of MOF-5/fur-
furyl alcohol (2-furylmethanol) composites, prepared by
vapor phase[66] or incipient wetness techniques.[67] The
carbon materials resulting after polymerization and subse-
quent carbonization display high specific capacitance values
and show promise as electrode materials for supercapacitors.
Recently Hu et al. showed that porous carbons can be pre-
pared directly from MOF-5 upon thermal decomposition at
a tube furnace at 600 8C under N2 flow, followed by a
second heating step at 900 8C to evaporate the Zn metal.[68]

In contrast, direct thermolysis of Ni3 ACHTUNGTRENNUNG(btc)2 at 500 8C was
shown to result in multiwall carbon nanotubes.[69] In this
case, the Ni-MOF has a dual purpose: it serves as a carbon
source, but also provides the catalyst (Ni) required for the
nanotube growth.

Polymers@MOF : One of the most intriguing developments
in the field of MOF composite structures is the in-situ for-
mation of polymer strands within MOF pores reported by
Kitagawa and co-workers.[70] In this work, the monomer pre-
cursor is infiltrated into the nanopores by immersing MOF
crystals in the liquid monomer and if needed, a radical ini-
tiator. Polymerization is then accomplished by heating the
composite material. MOF composites containing vinyl-based
polymers, such as styrene, methyl methacrylate, and vinyl
acetate, can be created.[71] Because MOF pores constrain
polymerization, control of molecular weight and stereo-
chemistry are feasible. In addition, formation of single poly-
mer strands is possible. Not only does this provide a new
platform for probing the dynamics of polymer chains, it
could be valuable for device applications. Conceivably, elec-
trically conducting polymers within individual MOF chan-
nels could enable addressability at the single-nanopore
level. Polyacetylene formation was demonstrated by
Uemura et al.,[72] accomplishing the initial step toward real-
izing this concept.

A MOF-Device Roadmap

The development of the International Technology Roadmap
for Semiconductors (ITRS) in the 1980s lead to much col-
laborative and highly focused work with the objective of
solving critical problems inhibiting the advance of micro-
electronics manufacturing. Although MOFs and related ma-
terials are evidently much less advanced than the materials
used in semiconductors, the success of the semiconductor
suggests that a roadmap for development of MOF-based de-
vices could serve a similar purpose. This is particularly true,
we believe, because the field must move beyond the synthet-
ic and structural aspects to engage experts in other fields,
such as materials science, physics, and electrical engineering
to realize the use of MOFs in electronic devices. The discus-
sion above provides much of the information needed to de-
termine the development status of key elements required in
molecular and nanoscale electronics. Based on this informa-
tion, we here propose a roadmap that can serve as a starting
point for addressing the complex problems that must be
solved. This proposal is in no way intended to be definitive.
Its purpose, as remarked in the introduction, is to stimulate
thinking in this area and raise awareness within other fields.

We identified five broad areas pertinent to device fabrica-
tion into which we subdivide the roadmap. These are:

1) Fundamental properties
2) Thin-film growth and processing
3) MOF hybrids and multilevel structures
4) Device integration
5) Manufacturing issues

The key problems within each area are summarized in the
discussion below. Because MOFs are so new, many of these
problems fall within the category of basic research. Conse-
quently, it is not possible to assign target dates for their so-
lution, as is the case in the ITRS. Therefore, our proposed
roadmap, shown schematically in Figure 4, begins with the

Figure 4. Progress in technical areas relevant to MOF-based devices. Plot
shows number of journal articles in each area, normalized to the number
of articles for gas sorption, a relatively mature area. Numbers on the
right are total number of articles found.
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First	“roadmap”	for	MOFs	as	electronic	materials	in	2011	
•  MOF	research	dominated	by	gas	storage	
and	separaCons	

•  Focus	was	on	synthesizing	new	MOFs	and	
determining	their	properCes:	

•  MagneCc	
•  Luminescence	

•  Processing	techniques	very	limited:	
•  Thin	films	(31	papers)	
•  PaLerning	(2	papers)	
•  IntegraCon	(8	papers)		

	
2011	Roadmap	topics:	
•  Fundamental	properCes	
•  Thin-film	growth	and	processing	
•  MOF	hybrids	and	mulClevel	structures	
•  Device	integraCon	
•  Manufacturing	issues		
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MOFs	offer	excep0onal	synthe0c	versa0lity	for	tuning	not	only	
pore	size	and	chemistry,	but	also	electronic	structure	
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inorganic and organic materials, offer a new window for fine-
tuning various structure–property relationships.

MOFs are typically obtained as microcrystalline powders
through solvothermal synthesis. Therefore, MOF research initially
focused on evaluating and optimizing the physical and chemical
properties in the context of bulk applications: gas storage and
chemical engineering operations (catalysis, separation).2,3 These
fields build on the prior research and industrial implementation
of related materials, e.g. nanoporous silicates such as zeolites.
More recently, the unique properties of MOFs encouraged
research lines atypical for porous materials, often in areas
where the introduction of ordered porosity promises new
concepts entirely. In contrast to the proposed bulk applications
of MOFs, these more recent directions frequently target high-
value technological areas requiring very little material in
comparison. Examples include MOFs as functional materials
in chemical analytics, biomedical technology, solid-state
material physics and various other branches of nanoscience
and technology.4

This review highlights the research aimed at the implemen-
tation of MOFs as an integral part of solid-state devices. In this
context, ‘‘integration’’ denotes that the MOF is an integral
component of the actual device structure and that the

fundamental aspects of device or circuit design are being taken
into account at least rudimentarily. We focus in particular on
electronic devices, which broadly defined are physical entities
that influence electrons when connected to an electrical circuit.
Examples of electronic devices include individual components
such as resistors, transistors and diodes, as well as assemblies
of such components such as amplifiers, sensors and micro-
controllers. Our everyday life increasingly relies on ever more
capable electronic devices including smartphones and computer
processors based on millions of miniaturized logic units, mem-
ory arrays and input/output interfaces such as physical sensors,
actuators and displays. The enormous success of electronic
devices has mainly been enabled by low-cost production through
scalable ‘‘CMOS’’ microfabrication (CMOS = complementary
metal-oxide–semiconductor). The renowned ‘‘Moore’s law’’ stat-
ing that the number of transistors in integrated circuits doubles
every two years, has been a self-imposed driving force for CMOS
research and downsizing in academia and industry since the
1970s. Importantly, this downsizing course has not only been
enabled by improved fabrication tools, but to an equal extent by
advances in materials science that ensure reliable performance
of ever tinier circuit elements. Industrial and academic research
efforts in this context have for long been harmonized by the

Fig. 1 Graphical representation of MOF, their structural and chemical versatility and some representative concepts related to device applications.
(a) MOFs are ordered frameworks built from interconnected organic ligands and metal-based nodes. The broad-scope recommended definition of a
MOF: ‘‘Coordination network with organic ligands containing potential voids; coordination network being a coordination compounds extending in at
least one dimension through repeating coordination entities’’.6 (b) Some key properties of MOFs that may lead to applications in electronic devices.
(c) The burgeoning field of MOF devices visualized through the seminal example of chemical sensors. Shown is the evolution of the yearly publications
that combine the concepts ‘‘metal–organic framework’’ and ‘‘sensor’’ (source: SciFinders). The earliest demonstrations of some general concepts, as
well as the 2011 roadmap article (no. 1), are positioned on the same timeline.
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An updated roadmap for the integration of
metal–organic frameworks with electronic
devices and chemical sensors

Ivo Stassen, ab Nicholas Burtch, c Alec Talin,c Paolo Falcaro, de

Mark Allendorfc and Rob Ameloot *a

Metal–organic frameworks (MOFs) are typically highlighted for their potential application in gas storage,

separations and catalysis. In contrast, the unique prospects these porous and crystalline materials offer

for application in electronic devices, although actively developed, are often underexposed. This review

highlights the research aimed at the implementation of MOFs as an integral part of solid-state

microelectronics. Manufacturing these devices will critically depend on the compatibility of MOFs with

existing fabrication protocols and predominant standards. Therefore, it is important to focus in parallel

on a fundamental understanding of the distinguishing properties of MOFs and eliminating fabrication-

related obstacles for integration. The latter implies a shift from the microcrystalline powder synthesis in

chemistry labs, towards film deposition and processing in a cleanroom environment. Both the

fundamental and applied aspects of this two-pronged approach are discussed. Critical directions for

future research are proposed in an updated high-level roadmap to stimulate the next steps towards

MOF-based microelectronics within the community.

1. Introduction
The structure and dynamics of matter at the nanometer scale
form the basis for both natural processes and technological
applications. For instance, ions moving across a lipid membrane
and in between electrodes are essential to living cells and
batteries, respectively. Similarly, our sense of smell and detectors
for hazardous substances are both based on the recognition of
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An updated roadmap for the integration of metal–organic 
frameworks with electronic devices and chemical sensors

This review highlights the research aimed at the implementation 
of MOFs as an integral part of solid-state electronic devices. 
Critical directions for future research are proposed in an updated 
high-level roadmap.

As featured in:

See Rob Ameloot et al.,
Chem. Soc. Rev., 2017, 46, 3185.

Chem.Soc.Rev., 2017, 46, 3185 

•  Highlights research aimed at implementing MOFs as an integral part of solid-state 
microelectronics and sensors 

•  Manufacturing these devices will critically depend on the compatibility of MOFs 
with existing fabrication protocols and predominant standards 

•  This implies a shift from the microcrystalline powder synthesis in chemistry labs, 
towards film deposition and processing in a cleanroom environment 

•  Critical directions for future research are proposed to stimulate the next steps 
towards MOF-based microelectronics within the community 

We	updated	the	MOF	Electronic	Roadmap	in	2017	



Dielectrics:	low-k	and	high-k	

κ:	the	resistance	of	a	material	to	forma0on	of	an	internal	electric	field	

•  Density,	porosity,	and	less-polarizable	atoms	decrease	κ	
•  Low-κ	dielectrics:	κ	<	4	(SiO2)	

•  Electrical	insullator	microelectronics	
•  κ	=	2.3	(0.1	MHz)	ZIF-8		

•  S.	Eslava	et	al.	Chem.	Mater.,	2013,	25,	27		
•  κ	=	2.4	(0.1	MHz),	2D	Sr(1,3-BDC)	(pressed	powder	pellets)	

• M.	Usman	et	al.	Mater.	Chem.	C,	2014,	2,	3762		

•  High-κ	dielectrics:	κ	<	4	(SiO2)	
•  Combined	high-k,	low	electrical	leakage	and	high	breakdown	

voltage	are	needed	in	microelectronics	to	enable	capaciCve	
coupling		

•  κ	=	19.5	(106	Hz)	interpenetrated	Zn(dimethylammonium)(TBTC)	
framework,	MOF-246.	
• W.-J.	Li	et	al.	Nat.	Commun.,	2016,	7,	11830	

This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 3185--3241 | 3199

Importantly, the different contributions to polarization are
frequency-dependent, i.e. they are associated with different
frequency regimes based on the speed at which the induced
polarization is able to adjust to an applied alternating electric
field. Electron clouds, being lowest in mass, contribute to the
polarizability even at frequencies as high as 1015 Hz. Ions
and molecular dipoles, by contrast, will only resonate below
ca. 1012 Hz and 109 Hz or lower, respectively (Fig. 8a).153 Typical
operation frequencies in integrated electronic circuits are in the
range of 109 Hz. This means that all three Debye terms can
contribute to the k, and therefore should be taken into account
in the design of suitable dielectrics.

Adsorption and desorption of guest molecules in MOFs
leads to variation of the density and polarizability and a related
transition in dielectric constant, from k(MOF) to k(guest@MOF). For
example, by replacing less polarizable guest molecules with more
polarizable counterparts, the k (60 Hz) of Ni(II)-bisbenzimidazole
coordination polymers increases from 4.8 to 12.6.154 Maxwell’s
eqn (4) relates the refractive index (n) to the real part of the
dielectric constant at the frequency of optical electromagnetic
waves (e.g. 1015 Hz for visible light):

n ¼
ffiffiffi
k
p

(4)

Hence, guest-induced variation of polarizability is not only a
signal transduction route for electronic chemical sensors, but
also for optical chemical sensors (n(MOF) to n(guest@MOF)). An
important distinction lies in the fact that orientation and distor-
tion polarization effects do not contribute to the optical signal,
whereas they do in electrical transduction at lower frequencies.
Related chemical sensing approaches that have been reported in
literature will be discussed in the in Section 4.2.

Low-j dielectrics. Dielectric materials play a pivotal role in
microelectronics, as the capacitance is one of the fundamental
properties of a circuit. In integrated circuits, different metal inter-
connects are separated by an interlayer dielectric (ILD, Fig. 8b).

Downsizing of CMOS technology requires increasingly challenging
ILD properties. For example, the parasitic (i.e. unwanted) capaci-
tance between neighboring interconnects has to be kept to a
minimum as it hampers signal propagation speed and increases
power dissipation. To address this issue, reduced k materials have
to be implemented. By definition, low-k dielectrics are materials
that are less polarizable than SiO2, or ko 4. Porous materials are of
particular interest as the incorporation of open space lowers the
density (N) and therefore k. However, at the same time the pore
aperture should be kept to a minimum to prevent metal penetra-
tion and electromigration during fabrication and device operation.
Hydrophobicity is another requirement, as uptake and entrapment
of humidity need to be avoided (kH2O = B80). Selection criteria such
as processability and integration routes, mechanical properties
(e.g. fracture properties and thermomechanical loading), break-
down voltage and environmental impact are also decisive for the
selection of future ILD materials.155 The development of k o 2.4
materials has been ongoing for years, and selecting suitable
candidates for k o 2.0 has been particularly challenging (e.g.
impact of high porosity on processability, resistance to process-
induced damage and mechanical stability). Nanoporous materials
based on modified SiO2 (e.g. porous, carbon-doped and fluorinated
SiO2) are now commercially implemented. Although further
improvement will depend on finding replacements, the difficulty
of this search is evident and resulted in postponing with every
edition of the ITRS roadmap in the last decade.156

The potential of MOFs for low-k applications was initially
put forward by Zagorodniy et al. through theoretic evaluation of
the (static) k of a range of different Zn(II)carboxylate IRMOFs.157

The semi-empirical Clausius–Mossoti formula was used; neglect-
ing orientation and distortion polarization contributions. In a
later study, these estimations were confirmed by first-principle
DFT calculations, showing only a slight underestimation
(o10%).158 Above all, these calculations suggest that reticular
MOF design can be utilized as a route to k o 2.0 materials with

Fig. 8 MOFs as low-k dielectrics. (a) Simulated plot of the real and imaginary parts of the dielectric constant as a function of frequency for a fictional
material. Redrawn from ref. 153. (b) False-color cross-sectional electron microscopy image of 90 nm CMOS microprocessor. Interconnects (red-brown)
are embedded in multiple layers of low-k ILD (green). The inset shows the transistor layer that is position at the bottom of the vertical stack. Adapted from
ref. 152. Copyright 2010 American Chemical Society.
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status of research as of 2010. To estimate relative progress
in each area, we performed literature searches using various
representative terms and looking for their coincidence with
the terms “metal–organic framework” AND “nanoporous
coordination polymer.” One of the ten topics searched was
gas storage and sorption, for which nearly 1200 articles were
found. Of the many applications proposed for MOFs, this is
by far the best understood, to the point that rational design
is possible. We used this number as an indication of
“mature” understanding and normalized the numbers for all
other topics to this value. In the discussion below, we also
use silicon and commercially available conducting polymers,
such as polythiophene. Although much different from
MOFs, Si represents an industry standard, and the proper-
ties of competing materials must exceed those of silicon in
some way to gain acceptance. Organic electronics are a rap-
idly expanding area and bear some similarity to MOFs.

Fundamental properties : MOFs are most thoroughly charac-
terized with respect to their gas-sorption- and surface-area-
related properties. In contrast, very little work has been
done to determine the values of fundamental properties,
knowledge of which is crucial to successful integration.
These properties fall into three general categories: 1) elec-
tronic; 2) mechanical and thermal; and 3) optical properties.

Electrical properties : Electronic properties of importance in-
clude energy bandgap, electron and hole mobility, and die-
lectric constant. In addition to these properties, understand-
ing of defects and their relationship to these properties must
be understood, since they likely will limit the ultimate per-
formance of a device. The materials properties relevant to
electronic applications are dictated by the requirements of
the field effect transistor (FET), the basic device building
block for modern electronics. In a FET, a gate electrode
modulates the current through a semiconductor channel
connected by source and drain electrodes. The FET perfor-
mance is determined by the carrier mobility, source and
drain contact resistance, and the capacitance of the gate
electrode (high capacitance allows moderate gate voltage to
swing large source–drain current).[73] Si is the preeminent
material for FET fabrication, because of its bandgap of
1.1 eV (!40 kT), high carrier mobility, availability of multi-
ple n- and p-type dopants, environmental stability, stable
oxide, and high terrestrial abundance. However, Si-based
device fabrication requires enormous capital investment and
Si is not compatible with a variety of low cost, flexible,
transparent, and low-melting-temperature substrates. For
these reasons, alternative materials including polymers, or-
ganic molecules, and more recently nanotubes and nano-
wires have been gaining a lot of attention for various emerg-
ing applications. Commercially available polymers based on
polythiophene (p-type) and polycyanoterephthalylidene (n-
type) as well as oligomers such as anthracence (p-type) and
cyano substituted perylene (n-type) can have mobilities
comparable to amorphous Si (!1 cm2 V"1 s"1) and are being
actively incorporated into electronic devices including com-

plementary metal oxide semiconductor (CMOS) logic.[74]

However, achieving mobilities similar to crystalline Si
(!1000 cm2 V"1 s"1) in these materials is unlikely, since
charge transport is dominated by intermolecular carrier hop-
ping.

The long-range crystalline order of MOFs implies that
charge transport through delocalized conduction and va-
lence bands typical of crystalline inorganic semiconductors
is possible. Emergence of delocalized bands in MOFs will
require that the p orbitals in the linker groups overlap effec-
tively with the metal d orbitals. Such overlap is absent in the
majority of MOFs in which carboxylate oxygen atoms are
coordinated to the metal center through s bonds, and there-
fore most MOFs are electrical insulators. An example of a
MOF-5 crystal drop-cast on a Au-coated slide and electrical-
ly probed inside of a scanning electron microscope is shown
in Figure 5. This and similar crystallites were biased to over

150 V without any measurable current (pA resolution) cor-
responding to a breakdown field strength of over 104 V cm"1,
even after bombardment with a 1 kV electron beam. Note
that at such high bias, contact resistance does not contribute
substantially to the observed transport characteristics.

Our observation that MOF-5 (IRMOF-1) is an excellent
insulator is in contrast to several recent reports where
MOF-5 was referred to as “semiconducting”.[75] This label
was attributed based on the MOF-5 photoluminescence
spectra that indicate a bandgap of !2 eV. Although the ter-
ephthalate ligand may “sensitize” the Zn4O13 quantum dots,
these luminescent centers remain electrically isolated, and
the crystal, as a whole, is an excellent insulator. We subse-
quently discovered that ZnO nanoparticles co-formed with
MOF-5 during synthesis are the source of the anomalously
low optical bandgap. Other factors, such as trapped solvent
and partial lattice collapse, can affect spectrum of MOF lu-
minescence, indicating that methods in addition to optical

Figure 5. a) Experimental configuration for measuring electrical conduc-
tivity of MOF single crystals; b) scanning electron microscope (SEM)
image of MOF-5 crystal probed in SEM (no measurable current at
150 V); c) Ag@MOF-508 crystal probed in SEM; d) measured I-V char-
acteristics for the MOF-508 crystal.
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CONCEPTMetal–Organic Frameworks in Electronic Devices spectroscopy must be employed to accurately determine
MOF bandgaps.[76] Recent calculations by Zagorodniy et al.
confirm that IRMOFs are excellent low-k dielectrics. They
computed dielectric constants for thirty IRMOFs and find
them to be less than 2.00 in all cases, with three of these
possessing a desirable combination of bulk modulus and
bandgap energy required for ultralow-k dielectrics.[77] Alter-
natively, electrical measurements by several groups demon-
strate that MOFs can have high dielectric constants, some of
which are found to be ferroelectrics.[78]

However, a few conducting MOFs are known. A Cu–Cu
dithiophene framework ([Cu{Cu ACHTUNGTRENNUNG(pdt)2}]; pdt= 2,3-pyrazine-
dithiolate) exhibits p-type conductivity of 6 ! 10!4 Scm!1 at
300 K. This material does not have permanent porosity, ho-
wever.[12c] Recently Kobayashi et al. synthesized a nickel-
substituted version of this MOF that is porous and has simi-
lar electrical properties. Conductivity in these frameworks
occurs through an oxidation–reduction process; for example,
in the work of Kobayashi et al., a CuI–NiII pair is involved
(Figure 6).[12b] Another potential route to conductivity was

demonstrated by Fuma et al., who found that a mixed oxi-
dation state compound [{Rh2ACHTUNGTRENNUNG(acam)4}3 ACHTUNGTRENNUNG(m3-Cl)2]·4 H2O
(acam =acetamide) with a honeycomb structure displays a
five-order of magnitude conductivity increase upon hydra-
tion.[79] ESR results indicate that electrons hop over the Rh2

units with a low activation barrier.
It is unclear how general either of the strategies just de-

scribed might be. However, achieving higher electronic con-
ductivity in MOFs will require the synthesis of new com-
pounds. The Cu–Cu and Cu–Ni MOFs demonstrate that
bandgap tuning is feasible (1.0 and 2.0 eV, respectively), in
the useful range for a number of optoelectronic applications.
Recent computational investigations also suggest that substi-
tuting Co for Zn can be used to decrease the bandgap of
IRMOF-1.[25b] Alternatively, modifying the linker structure
could lead to better charge transfer between linker and the
metal cations of the framework. One possible route is to re-
place the carboxylate terminating linkers with isocyanide

groups. The dye Prussian Blue, a mixed valence crystalline
compound with FeII and FeIII ions coordinated with isocya-
nide ligands, is electrically conducting.[80] Perhaps MOFs
based on terephthalonitrile linkers will also exhibit conduc-
tivity. An alternate approach is to introduce conducting
phases into the MOF channels. A variety of metal and inor-
ganic semiconductor nanocrystals, as well as polymers, have
now been successfully incorporated into different MOFs
(see discussion above). Provided that these nanocrystals are
sufficiently close to allow charge hopping, electrical conduc-
tion can arise. In Figure 5 b and 5c we show very preliminary
but encouraging results of electrical conductivity measured
in MOF-508 crystal infused with AgNO3 and later thermally
annealed at 300 8C. Other nanomaterials which could poten-
tially be introduced into MOFs to modify electronic trans-
port include carbon nanotubes and conducting polymers.

Computational methods may prove to be a viable alterna-
tive to experiments to at least determine trends in MOF op-
tical properties. Accurate predictions of thermodynamic and
possibly mechanical properties may be feasible (see below).
However, similarly accurate electronic properties such as
the bandgap will be difficult to achieve, even with large par-
allel computers. MOFs have very large unit cells, making
any computation of MOF properties highly expensive. All-
electron quantum-chemistry methods are infeasible for such
large systems. Density functional theory (DFT) methods
using periodic boundary conditions have been used to pre-
dict the electronic structure of MOFs.[81] However, it is
known that such methods typically underestimate excited
state energies by as much as a factor of two. High-accuracy
methods, such as quantum Monte Carlo (QMC), DFT+ U,
and GW are not feasible for systems with such large num-
bers of electrons (practical QMC calculations currently do
not exceed 1000 electrons; one formula unit of IRMOF-1
(Zn4O ACHTUNGTRENNUNG(BDC)3 has 760 electrons and 106 atoms). In this
regard, MOFs are much more challenging than traditional
electronic materials, which are typically much smaller (the
unit cell of silicon has only two atoms, for example). Conse-
quently, even though accurate prediction of MOF gas-sorp-
tion properties is now feasible, our assessment of the litera-
ture indicates that computational methods are at an early
stage of development with respect to predicting MOF prop-
erties relevant to electronic devices.

Thermal properties : Thermal stability is important to avoid
device failure as a result of heat generated during operation
or as a result of operating in high-temperature environ-
ments. Very little work involving MOFs has been reported
in this area, considering the large number of MOFs that
have been synthesized.[82] Computational methods can be
used to predict temperature-dependent thermodynamic
properties (heat capacity, enthalpy, and entropy) and ther-
mal conductivity by using DFT[83] and atomistic methods.[84]

We are aware of only one report involving MOFs: the pre-
diction of the thermal conductivity of IRMOF-1 using mo-
lecular dynamics.[82a] Not surprisingly, it is a poor thermal
conductor.

Figure 6. P-type semiconducting nanoporous MOF, illustrating the elec-
tron transfer process thought to be responsible for the semiconducting
properties (used with permission from reference [12b]; Copyright "
American Chemical Society 2010).

www.chemeurj.org " 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 11372 – 1138811382
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conductivity have not yet been reported. Indeed, critical
metrics, such as charge mobility or activation energy, remain
unknown for many established conductive MOFs, although
these fundamental properties are important for semiconduc-
tor applications. Table 1 also highlights a lack of consistency
regarding the measurement techniques and the experimental
conditions employed for electrical measurements; we encour-
age researchers to pursue more rigorous and thorough
measurements in future work. As discussed for several of
the examples described above, theoretical calculations have
also played a key role in understanding and predicting the
electronic properties of these materials.[100, 101] Although the
large unit cells of many MOFs make ab initio, plane-wave
calculations costly, we urge experimentalists to work with
theoreticians when possible, as theoretical work on the
electronic structure of MOFs will be critical as the field
moves forward.

Finally, the development of MOFs whose conductivity
rivals that of graphite, such as the 2D MOFs described in
Section 4.3, has enabled the fabrication of the first MOF-

based electrical or electrochemical devices that function in
the absence of other additives. Although still rare, demon-
strating the utility of MOFs in such devices is equally crucial
for the development of the field, as this will attract scientists
and engineers with broader interests to join these efforts.
Given the rapid developments in synthetic, theoretical, and
applied work in the last few years, we are confident that the
field of conductive MOFs will continue to grow dramatically,
and we hope that the strategies outlined herein will pave the
way for the development of a new generation of MOF-based
functional devices.
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Table 1: Summary of data for conductive MOFs reported to date.

Compound Formula Conductivity[a,b]

[Scm!1]
Charge Mobility[b]

[cm2 V!1 s!1]
Activation Energy[c]

[eV]
BET Surface Area[d]

Mn2(DSBDC)[50, 52] 2.5 ! 10!12 (pellet, 2-probe)[g,i] 0.01,[k] 0.02[l] (TRMC/TOF) 0.81 (320–420 K)[e,j] 232 m2 g!1[j]

Mn2(DOBDC)[52] 3.9 ! 10!13 (pellet, 2-probe)[g,i] N.R.[f ] 0.54 (210–420 K)[e,j] 287 m2·g!1[j]

Mn2(TTFTB)[73] 8.6 ! 10!5 (crystal, 2-probe)[h] N.R. N.R. 594 m2 g!1

470 m2 mmol!1

Fe2(DSBDC)[52] 3.9 ! 10!6 (pellet, 2-probe)[g,i] N.R. 0.28 (200–420 K)[e,j] 54 m2 g!1[j]

Fe2(DOBDC)[52] 3.2 ! 10!7 S cm!1 (pellet, 2-probe)[g,i] N.R. 0.38 (200–420 K)[e,j] 241 m2 g!1[j]

Fe(1,2,3-triazolate)2
[53] 7.7 ! 10!5 (pellet, 4-probe)[e] N.R. N.R. 450 m2 g!1

(NBu4)2Fe2(dhbq)3
[95] 0.16 (pellet, 2-probe)[g] N.R. 0.11 (70–300 K)[g] N.R.

Na0.9(NBu4)1.8Fe2(dhbq)3
[95] 6.2 ! 10!3 (pellet, 2-probe)[g] N.R. 0.18 (70–300 K)[g] N.R.

Co2(TTFTB)[73] 1.5 ! 10!5 (crystal, 2-probe)[h] N.R. N.R. 665 m2 g!1

531 m2 mmol!1

Ni3(HITP)2
[88] 2 (pellet, 2-probe)[h]

40 (film, van der Pauw)[e]
N.R. N.R. N.R.

Ni3(BHT)2
[83, 84] 0.15 (pellet, 2-probe)[e,m]

2.8 (microflake, van der Pauw)[e,m]

160 (microflake, van der Pauw)[e,n]

N.R. 0.026[e,m]

0.010[e,n]
N.R.

Cu3(HITP)2
[89] 0.2 (pellet, 2-probe)[h] N.R. N.R. N.R.

Cu3(HHTP)2
[82] 0.2 (crystal, 4-probe) N.R. N.R. N.R.

Cu3(BHT)2
[28] 1580 (film, 4-probe)[e] 99 (hole, FET)

116 (electron, FET)
0.00206 (300 K)
0.00012 (40 K)[e]

N.R.

Cu[Cu(pdt)2]
[36] 6 ! 10!4 (N.R.) N.R. 0.193 (200–400 K) N.R.

Cu[Ni(pdt)2]
[37] 1 ! 10!8 (film, 2-probe)[g] N.R. 0.49 (film, 2-probe)[g] 385 m2 g!1

Cu[Ni(pdt)2] (I2-doped)[37] 1 ! 10!4 (film, 2-probe)[o] N.R. 0.18 (film, 2-probe)[g] N.R.
TCNQ@Cu3(BTC)2

[56] 0.07 (film, 4-probe) N.R. 0.041 (125–300 K) 214 m2 g!1

Zn2(TTFTB)[72, 73] 4.0 ! 10!6 (crystal, 2-probe)[h] 0.2 (TRMC/TOF) N.R. 662 m2 g!1

537 m2 mmol!1

NNU-27[96] 1.3 ! 10!3 (crystal, 2-probe) N.R. N.R. N.R.
Pd3(BHT)2

[85] 2.8 ! 10!2 (film, 4-probe) N.R. N.R. N.R.
Cd2(TTFTB)[73] 2.9 ! 10!4 (crystal, 2-probe)[h] N.R. N.R. 559 m2 g!1

521 m2 mmol!1

[In(isophthalate)2]
![75] N.R. 4.6 ! 10!3 (FET)[h] N.R. N.R.

Pt3(HTTP)2
[86] 10!6 (pellet, 2-probe)[p] N.R. N.R. 391 m2 g!1

[a] Measured at room temperature. [b] Measurement method given in parentheses. [c] Temperature range used to determine activation energy given in
parentheses. [d] As determined from the measured 77 K N2 adsorption isotherm. [e] Measured in vacuum. [f ] N.R. =not reported. [g] Measured in N2

or Ar atmosphere. [h] Measured in ambient conditions. [i] Measured for M2(DEBDC)(DMF)2·x DMF (M = Mn, Fe; E = S, O). [j] Measured for
M2(DEBDC)(DMF)2 (M= Mn, Fe; E =S, O). [k] Measured for activated Mn2(DSBDC). [l] Measured for methanol-exchanged Mn2(DSBDC).
[m] Measured for Na3/4[Ni3(BHT)2]. [n] Measured for neutral Ni3(BHT)2. [o] Measured in a flow of N2 and I2 vapor (N2 flow rate 75 mLmin!1, I2 flow
rate 1.5 mmolmin!1). [p] Conductivity of as-synthesized, activated, and I2 treated Pt3(HTTP)2 are all approximately 10!6 Scm!1.
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Although nonporous coordination polymers such as poly(Ni
1,1,2,2-ethenetetrathiolate), a rare example of a hybrid n-type
semiconductor, are certainly of interest, we confine the discus-
sion here to conducting MOFs that are clearly nanoporous. The
next two sections provide first a brief introduction to charge
transport from a solid-state physics point of view and its
connection with MOFs, then a summary of charge transport
mechanisms known to be operative in MOFs.

Fundamentals of charge transport. According to band theory,
solids can be classified as insulators, semiconductors, or metals
based on the magnitude of the energy gap, Eg, separating the
valence band (VB) from the conduction band (CB): Eg 4 4 eV are
insulators, 0 o Eg o 3 eV are semiconductors, and Eg o 0
(i.e. partially filled band) are metals.9 The band model works well

for many solids in which strong electronic coupling between
neighboring atoms leads to large band dispersion (i.e. large DE
between bonding and antibonding orbitals) that makes it ener-
getically favorable to delocalize carriers across many lattice sites.
For solids with large band dispersion (also known as ‘‘band-
width’’) such as Si (Fig. 2a), the energy gained by delocalizing the
charge (BW/2) makes the electron–electron repulsion effects
insignificant. In metals, the repulsion effects relative to Si are
further reduced electrostatically by the large density of free
carriers. However, true metallic conduction (i.e. decreasing con-
ductivity with increasing temperature) is not observed in many
materials with bandwidth less than B0.5 eV. This is the case
even when the Fermi level moves into the VB or the CB due to
strong carrier localization; here, the carriers are energetically

Table 1 Comparison of conductivity data for a selection of MOFs and other conducting materials

Material or formula unit Conductivity (S cm!1) Charge carriere Mobility (cm2 V!1 s!1) Ref.

Copper 105–106 e 46 41
Doped polyacetylene 560 (n); 360 (p) h or e 1 (n-doped, cis) 42
Undoped polyacetylene 10!9 42
Doped polyaniline 103 41
Graphene 550b 41
Polycrystalline graphite 1250 43
Polythiophenes 1975 h 1–10 29 and 44
Rubrene 4 45
TTF-TCNQ 700 41
Cu[Ni(PDT)2] (I2 doped) 1 " 10!4 a 12
Cu3(BHT)2

d 1580b h or e 99 (h); 116 (e) 46
Ni3(HITP)2 2;a 40b h or e 48.6 28 and 31
Ni3(BHT)2 0.15;a 2.8–160c 47 and 48
Mn2(DOBDC) 3.9 " 10!13 a 49
Fe2(DOBDC) 3.2 " 10!7 a 49
Mn2(DSBDC) 1.2 " 10!12 a 0.01 49 and 50
{[Cd2(AZBPY)2(HO-1,3-BDC)2](AZBPY)(H2O)}n 1.86b e 51
K1.2Ru3.6[Ru(CN)6]3#16H2O 5.7 " 10!3 36
TCNQ@Cu3(BTC)2 0.07b h 18
TCNQ@[Cu(TPyP)Cu2(O2CCH3)4] 2.5 " 10!6 34
Zn2(TTFTB) 4.0 " 10!6 0.2 22
Porphyrin Zn-SURMOF-2 h 0.002 52
Pd@porphyrin Zn-SURMOF-2 h 0.003–0.004 52
[Sr(HBTC)(H2O)]n 10!9–10!7 a 32
NNU-7 (anthracene MOF) 1.3 " 10!3 c 24
(NBu4)2Fe2(DHBQ)3 0.16a 15

Sample morphologies used for conductivity measurements, if specified: a pellet; b film; c microflakes or single crystal. d Coordination polymer
without any indication of guest-accessible porosity. e h: hole; e: electron.

Fig. 2 Calculated band diagrams. (a) Si. Adapted from ref. 9. Copyright 2011 Springer. (b) MOF-5. Reproduced with permission from ref. 10.
(c) Ni3(HITP)2. Reproduced with permission from ref. 14. Copyright 2016 American Chemical Society. The bandwidth (W) is approximately 8 eV, 0 eV,
and 0.8 eV, respectively.
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Ionic	conduc0vity	

Advantages	of	MOFs	as	solid-state	electrolytes:	
•  Regular	pores	allow	efficient	transport	
•  Anhydrous	transport	is	feasible	
•  Thermal	stability	allows	operaCon	>	100	°C	
Proton	transport	[(a)	in	figure]	
•  Several	strategies	for	introducing	H+:	

§  Counterions	as	proton	carriers	
§  Acidic	funcConal	groups	
§  Protonated	guest	molecules	

•  Triazole@sulfonated	MOF:	5x10-4	S	cm-1	at	150°	C	
•  J.A.	Hurd	et	al.	Nat.	Chem.	2009	

Li+	transport	[(b)	in	figure)	
•  Li-alkoxide	grajing:	MOF-74	0.012	mS	cm-1	

§  B.	M.	Wiers	et	al.	JACS,	2011,	133,	14522		
•  UiO-66	0.018	mS	cm-1		

§  R.	Ameloot	et	al.	Chemistry,	2013,	19,	5533	
Mg2+	transport	[(c)	in	figure]	
•  0.25	mS	cm-1		

§  M.L.	Aubrey	Energy	Environ.	Sci.,	2014,	7,	667		
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Li-ion batteries, porous polymer sheets soaked in an organic Li(I)
salt solution are typically used to fulfill this role. Nevertheless,
replacing these systems with solid-state electrolytes is an active
research topic, mainly because of their volatility, flammability
and reactivity towards the electrodes.76 In the context of micro-
electronic devices, integration of liquid components as part of
vertical stacks is not possible due to structural reasons and
incompatibility with vacuum technology. Similarly, the control
over relative humidity, needed for optimal performance of many
proton conductors, might be harder to achieve in microelectro-
nics than in larger equipment.

The regular arrangement of identical channels in a MOF
framework hints at the possibility for efficient transport of ionic
species. Most work in this area has focused on proton conduc-
tion. As illustrated in Fig. 5a, three general strategies can be
identified to introduce mobile protons in the MOF pores:
through counter ions as proton carriers, via the introduction
of acidic functional groups on the framework or via the inclu-
sion of protonated guest molecules (guest@MOF). The proper-
ties of resulting proton-conducting MOFs have been reviewed
in-depth.77–79 Proton conduction in these materials typically
occurs via a ‘‘vehicle mechanism’’ based on the diffusion the
ionic carriers (H3O+) or the ‘‘Grotthuss mechanism’’ based on
transfer between neighboring sites through hydrogen bonds.
Either type of mechanism can be dominant in the different
proton introduction strategies. Interestingly though, the
Grotthuss mechanism is the more efficient one, as confirmed
by the abnormally high mobility of protons in water compared
with other ions for which vehicle-type transport dominates.80

While most of the proton-conducting frameworks require hydra-
tion, several promising strategies have been developed for anhy-
drous proton transport in MOFs. Interesting strategies are the
inclusion of protic guest molecules in porous frameworks81–83 and
the inclusion of partially protonated phosphate groups, mostly in
non-porous layered coordination polymers.84,85

A smaller share of work targeted metal cation transport in
MOFs, and has mainly focused on Li(I) in view of its potential
application in solid-state batteries. For example, grafting of
lithium alkoxide compounds on the coordinatively unsaturated
metal cation sites in MOF-74 results in immobilization of the
alkoxide, while leaving the Li(I) ions relatively free to move
along the one dimensional channels of the MOF (Fig. 5b).86

After loading of the grafted material with additional Li(I) salt in
carbonate solvent a solid electrolyte could be obtained in the
form of a dry free-flowing powder. After pressing the powder
into pellets, the bulk Li(I) conductivity at room temperature was
0.012 mS cm!1. This value is at least two orders of magnitude
higher than a range of equivalent non-grafted MOFs, and on
par with organic polymer solid electrolytes. A similar approach
was applied for modification of UiO-66, which contains three-
dimensional channels, resulting in a bulk conductivity at room
temperature of 0.018 mS cm!1 in the absence of added free
Li(I) salts.87 Interestingly, cation mobility was stimulated in the
latter case by utilizing bulky (tert-butyl) aliphatic groups to
shield the counter charge of the MOF coordinated alkoxide.
Instead of the organic carbonates or ethers typically used in

Li(I) electrolytes, Kitagawa and co-workers included an ionic
liquid in the MOF pores, thereby preventing its solidification.
Interestingly, their results suggest that the Li(I) cations diffuse
through the pores via the exchange of the solvating anions,
similar to the Grotthuss mechanism in proton conductivity.88

Conduction of larger and/or multivalent metal ions imposes
more challenging requirements on the development of solid
electrolytes, for instance in charge compensation along the
conduction path. Utilization of the permanent porosity in
MOFs could be advantageous in this context. Analogous to
the lithium alkoxide grafting approach, different magnesium
phenolates and imidates were grafted on the coordinatively

Fig. 5 Ion conduction in MOFs. (a) Different strategies for the introduc-
tion of acidic species as a source of protons in MOFs. Adapted from ref. 80.
Copyright 2016 Wiley & Sons. (b) Schematic representation of hopping
transport of Li(I) in the alkyllithium grafted channels of MOF-74. Adapted
from ref. 87. Copyright 2011 American Chemical Society. (b) Analogous
method for Mg(II) transport through grafting of phenolate and imidate on
the inorganic node of MOF-74 and its larger pore isoreticular analogue.
Adapted from ref. 89.
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techniques to extract the wealth of information available from 
a material’s elastic constants. Brillouin spectroscopy meas-
urements require large MOF single crystals that preclude the 
study of polycrystalline morphologies. Recently, a novel tech-
nique was presented, in which surface acoustic wave velocities 
induced by a femtosecond laser are measured using polished 
surfaces of polycrystalline samples under a polydimethyl-
siloxane film grating.[52] This approach was demonstrated 
through the accurate measurement of the elastic constants in 
seven polycrystalline metal samples and yielded agreement 
within 6.8% of the single crystal measurement values. The 
application of this technique to MOFs would be an impor-
tant development and could potentially lead to a database of 
experimental elastic constants needed to validate the accuracy 
of the increasing number of computed elastic constants being 
obtained from DFT calculations. For the measurement of elastic 
moduli, bimodal amplitude modulated-frequency modulated 
AFM was recently applied to a series of microcrystalline MOF 
nanoparticles (100–500 nm), avoiding the need for the relatively 
large single crystals often used for extracting this information 
from nanoindentation experiments.[53]

If one wants to understand the intrinsic mechanical prop-
erties of a MOF, care should be taken to ensure that residual 

solvent is first removed from the pore space, often via solvent 
exchange, heat and/or vacuum treatment. The presence of 
guest molecules can have an appreciable effect on the measured 
mechanical properties. While a modest (reversible) increase 
in the Young’s modulus of ZIF-8 from ≈2.97 to ≈3.20 GPa is 
observed from nanoindentation experiments on its {110} facet 
when going from an evacuated to DMF-solvated state,[54] more 
significant changes were observed in single crystals of the flexible 
structure Zn2(L)2(DABCO) (L = linear dicarboxylate linker,  
DABCO = 1,4-diazabicyclo[2.2.2]octane) when exposed to 
various solvents (e.g., from ≈2.08 GPa with N,N-dimethylfor-
mamide (DMF) to ≈6.53 GPa with toluene on the {001} facet 
of Zn2(NO2-BDC)2(DABCO) where BDC = 1,4-benzenedicar-
boxylate), attributed to guest-induced changes to the network 
geometry.[55] Related considerations due to sample porosity also 
must be taken into account when interpreting bulk modulus 
values from high pressure crystallography experiments. In such 
experiments, a pressure-transmitting fluid is often used within 
the diamond anvil cell to allow hydrostatic compression of the 
material. Depending on the size and flexibility of the MOF 
pores relative to that of the pressure-transmitting media, there 
can be media penetration that has a significant impact on the 
bulk modulus.[56] A recent review summarizes these effects[57] 
and finds that, as one might expect, guest molecule incorpo-
ration tends to increase the bulk modulus of MOFs. Similar 
effects due to guest inclusion have also been reported in high 
pressure crystallography studies conducted on zeolites.[58]

As interest in MOF-enabled electronic devices has grown,[17] 
studies of the mechanical properties of MOF thin films have 
emerged. Beyond the aforementioned bulk modulus, Young’s 
modulus, and hardness properties, mechanical characteristics 
such as film adhesion and bending resilience on a substrate 
become important. Nanoscratching is a mode of operation 
that can be implemented in many nanoindentation instru-
ments by laterally translating the indenter tip at set loads to 
provide information about the adhesion strength, abrasion, and 
wear resistance of a film. The first nanoscratching study was 
reported in 2013 on dense, electrochemically grown MOF films 
on Cu-electrodes.[59] Bending tests whereby the tensile strength 
during exposure to strain at different bending radii is an impor-
tant test for flexible electronic devices,[60] and such testing has 
also been investigated in two recent MOF studies.[61,62] Further 
context on the findings of these device-related mechanical char-
acterization studies and their implications for electronic devices 
is discussed in section 4.2.

2.2. Theoretical Calculations

Molecular modeling has made significant strides in the past 
decade toward understanding MOF structural and performance 
properties, ranging from the prediction of performance char-
acteristics for structures that have yet to be synthesized to pro-
viding insight into nanoscale mechanisms that are difficult 
to observe experimentally.[63] While the majority of past work 
has focused on understanding MOF adsorption and diffusion 
properties, a growing number of recent efforts have focused 
on mechanical property modeling[64] to better understand the 
origins of their stimuli-responsive behavior. Given the relative 

Adv. Mater. 2017, 1704124

Figure 2. Depictions of selected elasticity properties in solids: a) Young’s 
(elastic) modulus E as a measure of stiffness under unidirectional 
loading, b) bulk modulus B as a measure of volumetric stiffness under 
static pressure, c) shear modulus G as a measure of the stiffness when 
subjected to opposing shear forces, and d) poisson’s ratio v as the ratio 
of lateral strain (εj) to axial strain (εl) upon axial loading.Q8
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3. Structure-Property Relationships

Furthering our understanding of MOF structure-mechanical 
property relationships is critical to developing design criteria for 
the identification of structures with tailored mechanical proper-
ties. Such understanding would also help advance the opportu-
nities and overcome the challenges discussed in section 4. The 
seminal review of Tan and Cheetham on this topic in 2011[19] 
provided some of the first broader insight into this topic area 
and put forth a basis for understanding the structure-property 
relationships governing the positioning of MOFs in the mate-
rials selection map shown in Figure 4. The intention of this 
section is not to cover the same ground, but rather to high-
light recent advances in structure-property relationship under-
standing in emerging areas that were not well-established at 
the time of their review, including the role of characteristics 
such as linker effects, defects, and interpenetration.

3.1. Linker Effects: Electronics and Flexibility

The elastic and bulk moduli of the zeolitic imidazolate frame-
work (ZIF) family has previously been shown to be dependent 
upon metal center identity, linker length, and pore volume.[19] 
However, recent reports have also investigated the extent 
to which electronic linker effects dictate their mechanical 
response. Li and co-workers contrasted the framework rigidity 
of ZIF-8 with the isostructural metal azolate framework MAF-7 
[Zn(mtz)2], where mtz = 3-methyl-1,2,4-triazolate. Both struc-
tures contain tetrahedral coordinated Zn2+, with coordination 
arising from N atoms in the 2 and 4 positions. The additional 
N atom in the mtz ligand remains noncoordinating, and the 
cubic sodalite topology is adopted in each case.[110] Values for 
Emax and Emin, alongside Gmax and Gmin, were calculated (and 

the former confirmed by nanoindentation measurements) 
to be ≈20% and 3% higher for the triazolate based structure. 
High-pressure powder diffraction measurements also illus-
trated MAF-7 to be less compressible than ZIF-8 (10.8 and 
6.52 GPa, respectively). These effects were all ascribed to the 
additional electron donating N atom in the triazolate ligand, 
which resulted in a stronger Zn–N interaction. This theory was 
consistent with the shorter ZnN bond distance in MAF-7 of 
1.98 Å, compared to 1.983 Å in ZIF-8.

A similar general effect was witnessed in the UiO family 
(Figure 5) by Maurin and co-workers. In an ideal UiO-66 crystal 
structure, Zr4+ octahedral clusters are connected to neighboring 
clusters via twelve BDC linkers, in a face-centered cubic (fcu) 

Adv. Mater. 2017, 1704124

Figure 4. Property map illustrating the elastic modulus versus hardness 
properties of typical metal-organic frameworks relative to classical hard 
and soft materials. Reproduced with permission.[19] Copyright 2011, The 
Royal Society of Chemistry.

Figure 5. Snapshots of calculations for the spatially dependent Young’s 
modulus and porosity in defective UiO-66 structures. Defects are shown 
from the perspective of a single cluster where additional linkers are con-
secutively removed, except for the reo structure that is also missing a 
cluster. Porosity available for adsorption is shown in blue for a probe 
diameter of 3 Å. Each missing ligand is replaced with either formate, ace-
tate, chloride trifluoroacetate or hydroxide ions. Each cluster is colored 
according to its coordination number: 12 – light blue, 11 – purple, 10 
– dark blue, 9 – green, and 8 – orange. Reproduced with permission.[119] 
Copyright 2016, The Royal Society of Chemistry.

Tan	and	A.	K.	Cheetham	Chem.	Soc.	Rev.	2011,	40,	1059	
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explained by their larger porosity, more bendable organic building
blocks and lower bond strengths. However, MOFs often exhibit
‘‘anomalous’’ mechanical behavior related to their structural flex-
ibility and the diverse chemical interactions that can take place
within the pores.295 For instance, anisotropy of bond strengths and
framework rigidity causes different mechanical properties for dif-
ferent crystal faces.296 Extreme anisotropy of the compressibility
of MOFs has also been observed and related to similar
mechanisms.297,298 Strain-induced phase transformations can
lead to rather extreme (reversible) compression of the unit cell
volume.299,300 In addition, the stimuli-responsiveness of MOFs has
been a celebrated topic of research,301,302 including adsorption-
induced reversible structural transitions such as breathing,303 gate-
opening,304 multistep adsorption,305 and recently the phenom-
enon of guest-induced contraction.306 Giving a complete overview
of such behavior is beyond the scope of this review; we refer to a
recent perspective for further reading.302

The occurrence of lattice defects (e.g. in the form of missing
linkers or nodes) causes structural destabilization and might
explain discrepancies between computationally predicted
properties of ‘‘ideal’’ frameworks and observed experimental
results.307 On the other hand, such defects can be used
as anchoring sites for chemically tuning the mechanical
properties.308 In thin films, factors such as anisotropy, texture
or grain boundaries may cause additional deviations from the
predicted properties. For example, Wöll and co-workers
observed an elastic modulus (9.3 GPa) and hardness (0.23
GPa) for {100} oriented LPE HKUST-1 thin films,309 which
closely matched with computed values. By contrast, randomly
oriented electrochemically grown films of the same material
displayed significantly lower elastic modulus (3.5 GPa) and
hardness (0.17 GPa).310 Nevertheless, a close match between
the mechanical properties of films and single crystals can be
considered an indication of film quality in terms of phase purity,
absence of interstitial gaps and cohesion of the crystallites. For
example, Eslava et al. determined an elastic modulus (3.5 GPa)
and hardness (0.43 GPa) for polycrystalline ZIF-8 films160 that
were close to those previously determined for the {110} face of a
ZIF-8 single crystal (2.97 GPa and 0.50 GPa, respectively).311

The integration of MOF thin films in devices implies inter-
facing with different materials, for instance within vertical
stacks. As guest-induced flexibility phenomena typically involve
large lattice parameter changes, it will be interesting to see how
and to what extent this behavior is influenced by interfacing
with a substrate. In one of the few studies in this context,
Kitagawa and co-workers have shown through grazing-
incidence X-ray diffraction on single crystals that a guest-
induced sheared phase of Zn2(NDC)2(DABCO) at the surface
can remain connected to the unaltered lattice in the bulk.312

Perhaps even more important, dissimilar material properties
in vertical stacks will cause (interfacial) mechanical strain
especially when exposed to stimuli (e.g. guest molecules, tem-
perature changes or pressure swings), potentially resulting in
failure through debonding or cracking. For instance, the brit-
tleness of MOF film relative to ductile polymer substrates can
lead to additional microcrack channeling and film debonding

failure modes, e.g. induced through tensile strain upon sub-
strate bending.313 To assess the viability of integration of MOF
thin films with flexible electronics, bending testing of such
assemblies should be conducted. Two rare example will be
discussed in Section 4.1: HKUST-1/PET and ZIF-8/PET (PET =
polyethylene terephthalate) stacks for which the performance
as memory resistors was tested at different bending radii and
associated levels of tensile strain.314,315 As a second example, a
mismatch in the coefficient of thermal expansion (CTE)
between a thin film and its substrate can produce residual
stresses following growth that can cause material fatigue or even
compromise the connection between the MOF and its electrical
contact (Fig. 16).316 Consequently, it is important to understand
this behavior so that device reliability issues can be avoided by
modifying or minimizing temperature changes during film
growth and processing and device operation. The CTE of MOFs
can be quantified experimentally through refinement of the
lattice parameters during variable temperature X-ray or neutron
diffraction measurements. Despite the relatively large number of
reported variable-temperature powder X-ray diffraction experi-
ments, only a few MOF CTE values have been determined. In
most cases, these concern MOFs that exhibit negative thermal
expansion, which is a relatively rare property that nevertheless
has been predicted to be widespread in nanoporous materials.317

For example, HKUST-1318 and MOF-5319 have CTE values near
room temperature of roughly a = dLL!1dT!1 = !4.1 " 10!6 K!1

and !1.4 " 10!5 K!1 (L = length), respectively. A limited number
of other MOFs also show negative thermal expansion.320–324 In
contrast, the CTE of the substrates commonly used in electronic
devices tend to be positive near room temperature. Reported
values (K!1) for silicon, copper, aluminum, and silver are
a = 2.6 " 10!6, 1.7 " 10!5, 2.3 " 10!5, and 1.9 " 10!5,
respectively.325,326 This large CTE mismatch between a MOF
thin film and its substrate could lead to film cracking or
delamination. Negative thermal expansion is of interest for
many composite material applications, however.327

The thermal expansion properties of MOFs can also be
predicted using simulation techniques such as NPT (constant
number of particles, pressure, and temperature) molecular

Fig. 16 Effects of residual stress on film properties due to a mismatch in
the thermal expansion coefficient, a, of the film and its substrate caused by
variations in temperature during MOF film processing and device
operation.
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Material	 Type	 σ		
(S/m)		

κ	(W/m・K)	 S	(μV/K)		 PF		
(μW/m・K2)		

ZT	(300K)	

TCNQ@Cu3(BTC)2		 p		 0.45		 0.25		 +400		 0.06		 0.7x10-4	

Ni3(HITP)2	 n	 58.8	 0.2	 -11.9	 0.01	 1.2x10-3	

MOF	thermoelectric	materials:	two	prototypes	
Cu3(btc)2		

3D	Metal-Organic	Framework	

How	can	we	improve	the	thermoelectric	proper<es	of	MOFs?	

K.	Ericksson	et		al.	Adv.	Mater.	2015,	27,	3453		

11	Å	

Ni3(HITP)2		
2D	“Metal-Organic	Graphene	Analogue”	(MOG)	

L.	Sun	et	al.	Joule	2017	
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as grain boundaries, interfacial adhesion and roughness, affect
contact quality and charge carrier transport and are therefore
expected to interfere with the interpretation of the device
performance.337 It is noteworthy that single crystal MOF FETs
in which such effects would be minimized are still to be
realized.

Panda and Banerjee reported the characterization of a two-
dimensional In(III)isophthalate framework using a FET.129 In
this work, BG–BC FETs were fabricated by drop casting the
crystals on pre-fabricated device structures. From the IDS–VG

transfer curve of the device, p-type depletion behavior and a
typical threshold voltage and carrier mobility of !2.0 V, respec-
tively 4.6 " 10!3 cm2 V!1 s!1 was found. The charge mobility
was linked to close p–p stacking of the two-dimensional layers
in the framework. Zhu and co-workers reported the character-
ization of a two-dimensional Cu-BHT (BHT = benzenehexathiol)
coordination polymer using a FET.46 In this work, the material
was directly synthesized as a free-standing polycrystalline thin
film at the interface between immiscible aqueous and organic
precursor solutions. The thin films were transferred to a pre-
fabricated device structure to form BG–BC FETs. From the
transfer characteristics of the device, high ambipolar transport
was found, with up to 99 cm2 V!1 s!1 and 116 cm2 V!1 s!1 hole
and electron mobility, respectively. This behavior is typical for a
FET fabricated from a gapless conductor. However, the
observed mobility surpasses all previously reported organic
ambipolar devices. Therefore, further research on the manip-
ulation of the electronic band structure, for example through
doping, could lead to very promising FET devices based on
similar coordination polymers.

Although not strictly porous, the results for the above
materials are relevant for the further development of MOFs in
this area. Xu and co-workers recently reported the first FET that
implemented a porous MOG, namely Ni3(HITP)2, as active

channel (Fig. 18).28 Physisorption measurements confirmed
a pore volume and BET surface area of 0.51 cm3 g!1 and
625 m2 g!1, respectively. Polycrystalline free-standing thin films
were formed at the air–water interface of a Ni3(HITP)2 synthesis
solution. Next, BG–TC devices were fabricated through trans-
ferring the films to a SiO2/Si substrate, followed by gold contact
evaporation through a shadow mask. The top surface of the
interfacial film was very smooth (RMS roughness of B1 nm),
which is thought to be responsible for the low estimated defect
density in the resulting devices. From the transfer character-
istics of five devices, p-type depletion behavior and a typical
threshold voltage of 1.1 V and average carrier mobility of
38 # 8 cm2 V!1 s!1 were found. The device moreover displayed
on/off current ratios as high as 2000. The observed mobility is
competitive with state-of-the-art solution-processed organic
and inorganic semiconductors, a remarkable feature for a
material that consists for a significant part of empty pore space.
The authors pointed out that no saturation current was
observed and that the device showed gapless conductor beha-
vior, similar to the Cu-BHT case.

4.1.2 Resistive memories. Memory resistors, or in short
‘‘memristors’’, are two-terminal circuit elements that display
bipolar switching of resistance through field-dependent hyster-
esis. Current–voltage behavior of the element can be switched
between a high and low resistance state by opposite writing and
erasing voltage sweeps, i.e. storing digital ON and OFF signals.
Importantly, in order to be interesting for low-power applica-
tions, switching needs to occur at relatively low threshold
voltage. Switching in memory resistors can either be based on
physical processes, such as phase transitions, charge trapping,
ferroelectrics or magnetics, or on chemical processes, typically
involving the reversible formation of mobile ion gradients or
passivation layers.338 Although relatively new circuit elements,
memristors based on ceramics are promising for integration in

Fig. 18 Proof-of-concept demonstration of Ni3(HITP)2 field effect transistor. (a) Schematic representation of fabrication of the BG–TC device.
(b) IDS–VDS characteristic at different VG. (c) IDS–VGS transfer curve at VDS = !1 V. Reproduced with permission from ref. 28. Copyright 2016 American
Chemical Society.
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data storage in the form of resistive random access memory
(RRAM). Organic and hybrid nanomaterials are currently inves-
tigated for potential application in low-cost fabrication, flexible
or transparent devices.339 Notably, immobilization of such
materials in ZIF-8 films has also been explored as a route to
facilitate their integration in resistive memories.340

Physical bipolar resistance switching in MOFs has currently
only been observed for a single case. Li and co-workers reported
the apparent coupling of ferroelectric behavior and resistance
switching in single crystals of In[2-aminoterephthalate]2

(coined resistance-switchable metal–organic framework 1 or
RSMOF-1).39 In this study, a single crystal of RSMOF-1 was
glued on a Pt substrate using silver colloidal paste and connected
by a tungsten probe. The assembly showed two resistance states
(ON/OFF ratio of 30) which could be reversibly switched at a
relatively high threshold voltage of !7.5 V. Polarization-electric
field characterization of the crystal connected this behavior to its
ferroelectric nature. It was hypothesized that the electrical proper-
ties of the MOF were strongly modulated by aligned water mole-
cules densely packed in the one-dimensional nanopores. Molecular
dynamics simulations showed that these guests hydrogen-bonded
to the amine-lined pore walls undergo realignment upon polariza-
tion switching, resulting in a 0.16 eV decrease of the activation
energy for charge carrier hopping.

Chemical bipolar resistance switching assisted by MOFs was
first demonstrated by Grzybowski and co-workers, who utilized
Rb-CD-MOF (CD = cyclodextrine), a framework that contains
mobile hydroxide ions in its pores.341 A single MOF crystal was
contacted by applying silver colloidal paste at two opposite
faces. Essentially, the MOF functions as a rigid selective elec-
trolyte that allows hydroxide ions to pass but restricts mobility
of the large hydrated silver ions released from the electrodes
under anodic bias (Fig. 19). In this way, the MOF stabilizes the
formation of a AgOH/AgOx passivation layer on the anode.
The working principle of the device relies on the occurrence
of negative differential resistance, which is a decrease of the
current with increasing voltage due to formation of the resistive
passivation layer. Writing was done at relatively high !10 V
sweeps, reading at 2–4 V (ON/OFF ratio of 150).

Chen and co-workers explored resistance-switching using
ZIF-8 as porous dielectric.314 Patterned arrays of Si/ZIF-8/Ag
memory cells were fabricated through room temperature
solution deposition of 60 nm ZIF-8 films on doped silicon,
followed by Ag thermal evaporation using a shadow-mask.
When characterized as memristors at moderate voltages
(!1–2.5 V), the cells showed a relatively large sample-to-
sample distribution of the high and low resistance states, but
consistently with a very large ON/OFF ratio of 107. In this case,
the mechanism of resistance switching relies on the reversible
formation of silver ions at the silver electrode. These ions are
transported to the counter electrode by electromigration in the
applied field, and are reduced to silver nanoparticles. The
conductive pathways that are formed between both electrodes
in this way result in a transition from high to low resistance.
Opposite biasing can be applied to reverse the process.
This mechanism, filamentary switching, has been observed

for many types of MIM systems.342 A distinguishing feature of
the ZIF-8 matrix was investigated by operation of the device in
atmospheres of different alcohols. These guest molecules were
adsorbed in the ZIF-8 matrix and enable additional routes for
electron-hopping and ionic conductance. As a result, environ-
mental responsiveness and guest-modulated tuning of the
current–voltage characteristics of the cells was demonstrated.
Lastly, unchanged performance of similar cells integrated on
flexible substrates was observed at different bending radii of
the substrate (Fig. 20a).

In an analogous approach, Li and co-workers studied the
resistive switching potential of Au/HKUST-1/Au/PET memory
cells fabricated through 130 nm LPE growth of HKUST-1
SURMOF.315 An initial voltage sweep to 15 V was utilized as
an in situ partial pyrolysis ‘‘forming’’ step, resulting in a switch
from high to low resistance. Next, relatively small opposite
sweeping voltages of "0.5 V and 0.8 V could be utilized to
induce switching (ON/OFF ratio of 18.5). A filament formation
mechanism was also hypothesized in this study. In the initial
step, copper ions are removed from the framework through
electromigration while linkers are decarboxylated through
Joule heating. These processes result in the formation of
sp2-rich conductive filaments that can be reversibly disrupted
and formed through subsequent writing and erasing opera-
tions. The approach was reproducible over at least 50 samples
and in a broad temperature range between "70 and 70 1C. In
addition, only a minor influence of bending the flexible device
was found (up to 2.8% tensile strain), for over a hundred of repeated

Fig. 19 Rb-CD-MOF electrolyte memristor. (a) Schematic representation
of formation of the passivation layer during the different steps in operation
of the device. (b) Cyclic voltammetry showed the occurrence of negative
differential resistance. Adapted from ref. 341. Copyright 2014 Wiley & Sons.
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Impedimetry and chemicapacitors. A very general readout
strategy for two-terminal chemical sensors is through monitor-
ing of the current–voltage behavior in the frequency domain, by
connecting the device to an alternating current (AC) power
source. In AC circuit analysis, the generalized concept of impe-
dance (Z, O) is defined in analogy to DC resistance, as the voltage
to current ratio. The real part of the impedance is the resistance
(R) and the imaginary part is the capacitive reactance (XC), which
depends on the electric field geometry (7). XC is inversely
proportional to the dielectric constant (k) of the sensing material
(8), and hence the variation of this property upon analyte
adsorption can be exploited for chemical sensing.

Z ¼ VðtÞ
IðtÞ ¼ Rþ jXC (7)

XC /
1

k
(8)

Note that the resistance does not contribute to the complex term
of the impedance. In other words, electric charge transport
through the MOF is not required for chemicapacitors analyzed
in the frequency domain. The required readout and data proces-
sing circuitry are generally more complex for chemicapacitors
than for chemiresistors. Conversely, the biasing frequency is an
additional experimental variable (cf. impedance spectroscopy),
offering opportunities for elucidation of the host–guest interac-
tions through transient circuit analysis.393 Additionally, the
absence of a net polarization of the contacts eliminates inter-
ference of the contact resistance with the analysis.

The early proof-of-concept chemicapacitor by Moos and co-
workers (2009) was one of the first examples of application of
MOFs in an electronic device.404 A set of commercial MOF
powders (BASF Basolite) was casted together with an organic
binder on IDE substrates. Impedimetry at 1 Hz and 120 1C
showed a quasi-linear and reversible response to water for
MIL-100(Fe), of 590 MO per % RH up to 2.5%. In the same
study, the feasibility of impedimetric VOC sensing was demon-
strated as well. Ruan and co-workers, more recently reported a
similar approach for water sensing at higher concentration
using MIL-125(Ti)-NH2 slurry casted on IDE substrates.405

Measurements at room temperature and 100 Hz showed a
quasi-linear response to humidity of roughly 1.4 MO per %
RH between 11 and 95% RH. Impedance spectroscopy showed
that the device output became independent of RH at kHz frequen-
cies, indicating the possible role of ionic transport of dissociated
water in its impedimetric detection in MIL-125(Ti)-NH2. In another
example, Qiu and co-workers evaporated millimeter-sized alumi-
num dots on a HKUST-1 film solvothermally grown on polished
copper.406 The resulting parallel-plate chemicapacitors showed a
linear, reversible capacitance response to humidity at 1 MHz of
approximately 1.5 pF per % RH between 10 and 90% RH. In a
later study, Zeinali and Homayoonnia showed a link between
the HKUST-1 crystallite size and the response kinetics of similar
parallel-plate chemicapacitors.407 Wagner and co-workers fabri-
cated parallel-plate chemicapacitors via deposition of gold
electrodes on both sides of pressed pellets of different isoreti-
cular analogues of aluminum-isophthalate CAU-10.408,409

These assemblies were operated as humidity sensors at room
temperature and the mHz–MHz spectral range. Using the
Havriliak–Negami model, different non-correlated contributions
were distinguished for the observed impedance, such as a
5 orders of magnitude variation of the DC resistance over the
humidity range. However, the observed response of 0.13 pF per
% RH was rather low. In a later study, the occurrence of a phase
transformation was observed in CAU-10 during hydration
and dehydration,410 an effect that can enhance either counter
balance the polarizability rises that are anticipated for water
uptake in the pores. The rather low response in the study might
indicate the latter effect.

De Smet and co-workers recently reported fabrication
of a microelectronic sensor by drop casting MIL-53-NH2(Al)
nanoparticles in a polymer matrix (MOF@polymer) on top of a
capacitance transducer manufactured through 140 nm CMOS
processing (Fig. 26a).411 The active area of the device consisted

Fig. 26 Miniaturization of chemicapacitors. (a) Overview of the device
layout of a CMOS fabricated IDE chemicapacitor. Left: Computer-assisted
design: the red rectangle marks the active area. Right: Picture of the actual
device after coating with MOF@polymer (Matrimids). Bottom: Schematic
cross section of the IDE capacitor. (b) Chemicapacitive response over time
of the device and two reference devices upon exposure to 0.5% methanol
followed by desorption. Adapted with permission from ref. 411. Copyright
2016 American Chemical Society.
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The ultrahigh porous and chemically robust Metal-Organic open
Framework coordination polymers (MOFs) based on zinc carboxy-
late structural motifs pioneered by Yaghi et al. are fascinating
because of extraordinary gas-storage capacities for hydrogen and
hydrocarbons.1,2 Other interesting applications are emerging, as well,
including gas separation, gas sensing, and catalysis.3,4 Fine-tuning
size, shape, and chemical functionality of the nanoscale cavities
and the internal surface offers prospects for a unique supramolecular
host-guest chemistry of these zeolith-type organic-inorganic
hybrid materials. We have demonstrated the size-selective gas-phase
loading of MOF-5 and IRMOF-8 with typical OMCVD precursors
to yield well defined intercalation compounds which were converted
into catalytically active nanocomposites, such as Pd@MOF-5 and
Cu@MOF-5.5
Beyond this use as bulk (powder) materials, it is obvious that

the integration of MOFs as novel building blocks and functional
units for bottom-up nanotechnology raises the challenge to direct
and control the growth of MOFs at surfaces (Figure 1), similar to
zeolite thin films.6 Self-Assembled Organic Monolayers (SAMs)
in combination with soft lithographic techniques (Micro Contact
Printing, µCP) play a dominant role in designing chemical and
physical functionalities at surfaces on a molecular level.7
SAMs and LB films with carboxylic acid surface groups are well-

known to coordinatively bind metal cations M(solv)n+ from solution
phase, and much work has been done to study biomineralization
processes by employing those tailored model surfaces.8 Homoge-
neous nucleation of Yaghi’s MOFs is likely to proceed via the
formation of the so-called secondary building units (SBUs), which
in the case of MOF-5 is a tetrahedral [Zn4O]6+ cluster ion with the
six Zn‚‚‚Zn edges bridged by terephthalate. These octahedral
connectors then fuse together and form the network and eventually
cubic macrocrystals.1,2 Directed heterogeneous nucleation on solid
substrates should thus be possible if solvated or polynuclear Zn2+
complexes, such as SBUs, or even larger MOF-5 nuclei selectively
bind to carboxylate-terminated SAMs9,10 via a terephthalate bridge
connected to a surface-bound Zn2+ cation. Figure 1 illustrates this
idea, not excluding a variety of alternative structures of the linkage.
When a µCP-patterned SAM of 16-mercaptohexadecanoic acid

and 1H,1H,2H,2H-perfluorododecane thiol on Au(111)11 was
immersed into a clear, supersaturated reaction mixture typically used
in our laboratory for synthesis of well-shaped MOF-5 macro-
crystals,5 a thin film of MOF-5 particles was obtained and anchored
selectively at the carboxylate-terminated areas of the SAM, as
shown in Figure 2. The AFM data, also shown in Figure 2, clearly
reveal that virtually no crystallization takes place on the CF3-
terminated stripes. The protocol to achieve that is as follows:
Dissolve Zn(NO3)2‚4H2O (3.14 g) and terephthalic acid (0.67 g)

in 200 mL of pure diethylformamide (DEF, Merck), and keep this
mother solution at 75 °C for 72 h. Then heat to 105 °C until
beginning crystallization, and then cool to 25 °C. Filtrate the slightly
turbid solution before contact with the SAMs, and then allow
crystallization at 25 °C for 24 h. Neither immersing the SAM
directly into the mother solution at 105 °C nor shortening the
incubation period at 75 °C gave satisfying results. Such variations
resulted in nonselective growth. Note that under the conditions used
here the surface carboxylate groups of the SAMs are fully
protonated10 prior to immersion in the MOF solution.
Our MOF-5 films adhere well to the surface, as evidenced by

the fact that the crystallites could be imaged in AFM (Figure 2).
† Anorganische Chemie II.
# Physikalische Chemie I.

Figure 1. The concept of anchoring a typical MOF-5 building unit to a
carboxylic acid-terminated SAM. The figure represents a simplified model,
not excluding alternative possibilities of the linkage.

Figure 2. Optical microscope (left) and an AFM image (right) of a
selectively grown film of MOF-5 on a patterned SAM of 16-mercapto-
hexadecanoic acid and 1H,1H,2H,2H-perfluorododecane thiol on Au(111)
from the mother solution at 25 °C. The MOF-5-coated squares are 40 × 40
µm, and the crystallites are about 100-500 nm in size.
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depositing the ZIF-8 barrier layer on top of pre-adsorbed dye
molecules, thereby increasing the energy conversion efficiency
to 46%.115 Recent work also suggested a role for MOFs in wet
chemical fabrication of organic-lead halide perovskite devices,
one of the fastest growing PV technologies. As the perovskite
unit cell is significantly smaller than that of most MOFs,
nucleation of perovskite nanodomains should be possible
within a host with large enough pores. This strategy was
demonstrated by adding nanocrystals of the Zr-based MOF-
525 (1.8 nm pore size) to a perovskite spin coating solution.116

Surprisingly, the addition of the MOF caused a significant
increase in the efficiency (from 10.1% to 12.0%) that seems
related only to the MOF scaffolding during perovskite nucleation.

Light-emitting devices. Besides PV applications, the
designer nature of MOFs offers opportunities in light emission
as well. Many frameworks are luminescent and through the
combined engineering of inorganic nodes, organic linkers and
guest space and therefore offer more design parameters than
alternative materials in this area. Examples of approaches to
tune the emission color include fine-tuning the linker91,94,117 or
the metal ion118 (especially lanthanide ions119) alone or in
combination, or alternatively, by infiltrating the pores with
luminescent species120,121 or by creating MOF nanoparticles.122

These materials are primarily targeted for use as phosphors that
down-convert the emission of UV or blue LEDs to longer
wavelengths and create broad spectrum white light emission.
Due to the rapidly growing market for LEDs, a search is ongoing
for efficient phosphors that are low-cost, sustainable, safe, non-
toxic, and easily processible. Such materials can become alter-
natives for the rare-earth phosphors originally developed for
fluorescent lighting and now implemented in LEDs.

One of the earliest studies of emission-tuning in MOFs for
phosphor applications was the synthesis of In2BTB3 by Nenoff
and co-workers, and the observation of its inherent broad-band
white emission when excited at 330 nm.123 It was shown that
the emission color temperature, important for practical warm
white-light applications, could be rationally tuned by doping
the framework with isomorphic red-emitting Eu(III). However,
the internal quantum yield of the proof-of-concept system,
4.3%, was still extremely low. A great deal of progress has been
made since then, most prominently by Li and co-workers.124

First, they showed that the photoluminescent properties of the
host frameworks and selected guests can be rationally com-
bined to improve the guest@MOF composite material perfor-
mance. For example blue-emitting Cd-TATPT was prepared
with an optimized concentration of a yellow-emitting cationic
Ir(III) complex encapsulated in the pores (20% internal quan-
tum yield for excitation at 370 nm).125 An interesting iteration
of this concept is the one-step synthesis of MOF-based host–
guest systems. Tan and co-workers demonstrated how a Zn-
based emitter can be encapsulated during the formation of
ZIF-8, leading to significantly enhanced luminescence stability.126

DFT moreover indicates cooperativity via a host–guest charge
transfer mechanism. A second important concept is the inhibition
of non-radiative decay via chromophore rotation, vibration, and
torsion by anchoring such emitters into the rigid MOF

backbone (Fig. 7a). For example, tetrakis(4-carboxyphenyl)ethylene
(H4TCPBE) was used as a linker in the synthesis of a Zn2(TCPBE)
framework.127 Red shifting of the emission spectrum was observed
through incorporation in the MOF, as well as an increase of the
internal quantum yield from o50% for the organic by itself to
480% for the MOF. Third, by incorporation of a band gap-
modulating co-ligand, the internal quantum yield can be further
enhanced, up to 90.7% at 400 nm excitation for Zn6(BTC)4(TPPE)2

(TPPE = 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)ethylene).128 The
above results demonstrate that the incorporation of tailored photo-
luminescent linkers in MOFs can be used as a combined strategy
for immobilization, stabilization and fine-tuning of their emission
characteristics. Powder coating of blue-emitting LEDs with MOF
phosphors has been demonstrated by several groups as a device-
level proof-of-concept (Fig. 7b).

In contrast to MOF coatings on the outside of a LED, deeper
integration of light-emitting MOFs as an active component, i.e.
as the actual emitting layer in which electron–hole recombina-
tion results in light emission, would avoid the energy losses
intrinsic to down-conversion and could enable new emission
signatures and eliminate or reduce the cost of certain critical
elements. Nevertheless, integration of (semi)conducting MOFs
in LEDs has thus far not been reported. To achieve this goal,
the MOF must be both emissive in the desired spectral region
and have good charge mobility. A low density of electrically
active defects and high charge mobility are also essential for an
efficient LED so that injected holes and electrons can penetrate
the emitting layer(s) and recombine to form excitons with

Fig. 7 MOFs for light emitting devices. (a) Schematic illustration of the
improvement in quantum yield of a yellow-emitting organic chromophore
by incorporation in a rigid metal–organic framework. Adapted from
ref. 124. Copyright 2016 American Chemical Society. (b) Blue LED bulb
and plate coated with solution-processed Zn2(TCPBE) MOF phosphor as a
demonstration of application in white LEDs. Adapted from ref. 127.
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Luminescent	frameworks	are	the	largest	subclass	of	
electronically	relevant	MOFs		

2. Luminescence concepts

We define luminescence as the emission of light stimulated by
the absorption of energy. Although the excitation energy is
most typically in the form of photons, it could also be
generated by an electric field or by ionizing radiation. A
photovoltaic effect has been demonstrated8 as well as a
photoinduced charge-transfer effect,9 although no examples
of electroluminescence in MOFs have been reported to the
best of our knowledge. However, measurements demons-
trating that certain MOFs composed of trans-4,40-stilbene
dicarboxylate (SDC) linkers can scintillate in response to
high-energy protons or alpha particles were recently
reported.10 In all cases, the nature of the ground and lowest-
lying electronic excited states of the linker and metal consti-
tuents play an important role. Recent textbooks are available
that provide a foundation for understanding lumines-
cence,11,12 so we provide only a brief overview here.

There are two basic types of luminescence: fluorescence,
which is spin-allowed and has typical lifetimes on the order of
1 ns; and phosphorescence, which is spin-forbidden and has
lifetimes that can be as long as several seconds. The schematic
shown in Fig. 1, known as a Jablonski diagram,11 is drawn to
represent the electronic structure typical of organic lumo-
phores, in which spin–orbit coupling is unimportant. The
linker plays a critical role in MOF luminescence (as we will
discuss below) since, for example, lanthanide-based lumines-
cence is typically weak or requires an antenna molecule in the
framework for energy transfer. Linker excitation typically
occurs through the allowed singlet–singlet transition and in
many cases most of the emission occurs from the lowest singlet
excited state (1A), unless efficient non-radiative transfer to
lower-lying states, for example the linker-based triplet state
(3A) or states localized on the metal unit, occurs. Lumines-
cence from lanthanoid ions is governed by various selection
rules, often leading to weak and long-lived emission that could
be termed phosphorescence because it is typically spin-
forbidden (see Section 4 below). The Stokes shift, which is
the difference between the excitation and emission maxima, is
an indication of the extent of electronic overlap between the
ground and excited state of the absorbing species. Within a

MOF, the orientation and separation of conjugated linkers
has an important influence upon the luminescence spectrum,
since p–p stacking between adjacent rings or between the
MOF and guest molecules can increase the Stokes shift and
broaden the emission profile, shifting to the red compared to
the emission spectrum of the ‘monomeric’ lumophore(s).
By Kasha’s rule, a photo-excited electron decays to the

lowest vibrational level of the first excited singlet, or to the
lower-lying triplet via intersystem crossing, from which lumi-
nescence occurs. The line shape is determined by Franck–
Condon (FC) overlap factors with the ground state.13 From a
spectroscopic point of view, the resulting progression in a
totally symmetric vibrational mode can be used to determine
the force constant of the ground state, as well as to determine
the extent of any distortion of the excited state relative to the
ground state. In solids this shift is characterized by the
Huang–Rhys factor, S, which describes the coupling between
the luminescent center and the lattice. FC overlap factors are a
function of this value. Small values of S lead to most of the
intensity in the zero phonon line, as is typical of lanthanoid
luminescence (f–f transitions), while larger values broaden
the spectrum and shift it further to the red,14 as in MOFs
exhibiting linker-based luminescence.
We will consider five modes for generating luminescence in

MOFs, each of which is addressed in this article and depicted
schematically in Fig. 2:
1. Linkers: luminescent groups, typically conjugated organic

compounds, absorb in the UV and visible region. Emission
can be directly from the linker, or can involve a charge transfer
with the coordinated metal ions or clusters.
2. Framework metal ions: Transition-metal ions with

unpaired electrons can be efficient quenchers. However,
lanthanoid ions (Ln(III)) emit sharp, but weak luminescence
from transitions that are forbidden by electric dipole selection
rules. Proximity to an organic fluorophore, either within the
framework or adsorbed within the pore, can produce an
antenna effect and a pronounced increase in the luminescence
intensity.

Fig. 1 Jablonski diagram displaying schematically the electronic

states of the organic linker involved in luminescence phenomena.

Fig. 2 Representation of emission possibilities in a porous MOF,

wherein metal clusters (blue octahedra) are linked by organic linkers

(yellow rectangles) with an incorporated guest (red circle).
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Many	strategies	
•  Linker	
•  Metal	ion	
•  Guest	

Applica0ons	
•  Phosphors	
•  Chemical	sensors	
•  Scin0llators	
•  Thus	far	no	semiconduc0ng	MOF	as	

actual	emirng	layer	
MOFs	for	light	emiong	devices.	(a)	SchemaCc	illustraCon	of	
the	improvement	in	quantum	yield	of	a	yellow-emiong	
organic	chromophore	by	incorporaCon	in	a	rigid	metal–
organic	framework.	(W.P.	LusCg	et	al.	Inorg.	Chem.,	2016,	
55,	7250)	(b)	Blue	LED	bulb	and	plate	coated	with	soluCon-
processed	Zn2(TCPBE)	MOF	phosphor	as	a	demonstraCon	of	
applicaCon	in	white	LEDs	(Z.	Hu	et	al.	Chem. Commun., 
2015, 51, 3045).	
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Integra0ng	MOFs	in	DSSC	devices	

Challenges:		
•  How	do	we	incorporate	MOFs	into	DSSCs	as	ac0ve	layer	

materials?	
•  How	do	we	know	that	the	MOF	is	doing	something?	

MOF-Sensitized Solar Cells Enabled by a Pillared Porphyrin
Framework
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ABSTRACT: Metal−organic frameworks (MOFs) are highly
ordered, functionally tunable supramolecular materials with the
potential to improve dye-sensitized solar cells (DSSCs). Several
recent reports have indicated that photocurrent can be
generated in Graẗzel-type DSSC devices when MOFs are used
as the sensitizer. However, the specific role(s) of the
incorporated MOFs and the potential influence of residual
MOF precursor species on device performance are unclear.
Herein, we describe the assembly and characterization of a simplified DSSC platform in which isolated MOF crystals are used as
the sensitizer in a planar device architecture. We selected a pillared porphyrin framework (PPF) as the MOF sensitizer, taking
particular care to avoid contamination from light-absorbing MOF precursors. Photovoltaic and electrochemical characterization
under simulated 1-sun and wavelength-selective illumination revealed photocurrent generation that is clearly ascribable to the
PPF MOF. Continued refinement of highly versatile MOF structure and chemistry holds promise for dramatic improvements in
emerging photovoltaic technologies.

■ INTRODUCTION
The rapidly expanding need for low-cost renewable energy
remains a major societal driver for new materials development.
The diversity of this evolving energy landscape has made clear
the need for tailorable energy-harvesting materials that can be
tuned to maximize efficiency, accommodate varied mechanical
and structural demands, and maintain device stability in diverse,
often harsh environments. Among the most promising
candidates to meet these requirements are dye-sensitized
solar cells (DSSCs).1 In traditional DSSCs, the working
electrode comprises a molecular dye that harvests photons
and subsequently injects photoexcited electrons into a high-
surface-area TiO2 electrode architecture.
Although myriad organic sensitizers currently exist, signifi-

cant challenges remain in improving performance with these
classes of molecular materials. There is general agreement that
the strategies most likely to yield major DSSC efficiency
increases are (1) improving light harvesting by expanding dye
absorption onset into the near-infrared range, (2) increasing
the open-circuit voltage (Voc) by lowering overpotentials
associated with charge injection and dye regeneration (the
so-called “loss-in” potential), and (3) reducing charge
recombination. These complex and interrelated objectives,2

however, involve several materials and multiple interfaces, and
realizing these improvements will require new materials that
maximize flexibility over the composition and optoelectronic
properties of the absorber.
Herein, we explore the application of metal−organic

frameworks (MOFs) as alternative chemically and functionally

rich, highly tunable sensitizers in MOF-sensitized solar cells
(MSSCs). MOFs are a class of materials that are gaining
attention for energy-harvensting applications, and they offer a
number of advantages for DSSCs. MOFs are a subcategory of
coordination polymers comprising organic “linker” molecules
coordinated by metal ions, which create nanoporous crystalline
structures.3 The considerable appeal of MOFs stems from their
potential for rational synthetic design based on knowledge of
the metal coordination chemistry and the topology of the
linkers, a long-standing goal of crystal engineering.4 Whereas
much current MOF research is focused on traditional
applications of microporous materials, such as hydrogen
storage,5 separations,6 drug delivery,7 catalysis,8,9 and sensing,10

comparatively little attention has been paid to their potential as
active materials in electronic or light-harvesting devices.11,12

Nevertheless, MOFs represent a potentially attractive
alternative to organic dye molecules, which are highly
disordered when incorporated into the DSSC device structure,
have a distribution of binding modes and strengths, have varied
interactions among absorbers, and can aggregate on TiO2
surfaces.13 MOFs, in contrast, have a modular structure that
can incorporate multiple light-absorbing linkers and “guest”
species to improve coverage of the solar spectrum. Their
crystalline structure should be more durable than that of
molecular solids; support for this hypothesis can be found in
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DSSC	sensi0zed	by	MOF	nanocrystals	

Reduced	photocurrent	in	the	absence	of	PPF-18	
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