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1. INTRODUCTION

Among the classes of highly porous materials, metal�organic
frameworks (MOFs) are unparalleled in their degree of tunability
and structural diversity as well as their range of chemical and
physical properties. MOFs are extended crystalline structures
wherein metal cations or clusters of cations (“nodes”) are
connected by multitopic organic “strut” or “linker” ions or
molecules. The variety of metal ions, organic linkers, and
structural motifs affords an essentially infinite number of possible
combinations.1 Furthermore, the possibility for postsynthetic
modification adds an additional dimension to the synthetic
variability.2 Coupled with the growing library of experimentally
determined structures, the potential to computationally predict,
with good accuracy, affinities of guests for host frameworks
points to the prospect of routinely predesigning frameworks to
deliver desired properties.3,4 MOFs are often compared to
zeolites for their large internal surface areas, extensive porosity,
and high degree of crystallinity. Correspondingly, MOFs and
zeolites have been utilized for many of the same applications

including gas storage5,6 and separation7 as well as heterogeneous
catalysis.8 Recently, several investigators have also begun explor-
ing the potential of MOFs as chemical sensors. Although yet to
be systematically exploited, the exceptional tunability of MOF
structures and properties should constitute an important advan-
tage over other candidate classes of chemo-sensory materials.

There are needs for sensitive and selective detection of gas and
vapor phase analytes for a range of applications including
industrial process management, chemical threat detection, med-
ical diagnostics, food quality control, occupational safety, and
environmental monitoring. The majority of commercialized
sensors rely upon organic-polymeric or inorganic-semiconductor
films that absorb or react with analyte molecules. Typically,
changes in electrical, photophysical, or mechanical properties of
these films are monitored. The magnitudes of the changes
typically depend strongly on analyte concentration, as well as
analyte chemical and physical characteristics such as acidity or
basicity, propensity for donating or accepting electrons, and
ability to permeate and swell films. While a variety of chemical
sensors have been successfully commercialized, needs exist for
improvement. For example, H2 sensors based on reversible,
dissociative uptake of H2 by films of elemental palladium (and
concomitant modulation of film resistivity, reflectivity, etc.) are
susceptible to poisoning by CO and H2S. Ubiquitous chemir-
esistive sensors, based on metal oxides, typically must be
operated at high temperature (>200 �C) to promote reaction
of surface-bound oxygen species.9 In addition, they typically
exhibit cross-sensitivity and significant baseline drift over the life
of the sensor. In principle, at least, MOFs can overcome many of
the challenges of selectivity that plague other sensor materials.
Many MOFs have also proven to be thermally robust, typically
resisting decomposition at temperatures up to 300 �C or higher
(and in a few cases to above 500 �C).10,11

Herein, we present a critical review of the literature on MOFs
as chemical sensors. We begin by briefly examining challenges
relating to MOF sensor development including the design of
MOFs with desirable properties, incorporation of appropriate
signal transduction capabilities, and integration of MOFs into
devices by employing thin-film growth techniques. Subsequent
sections discuss specific examples of MOF sensors, categorized
by method of signal transduction. Sensors based on MOF
photoluminescence12�14 are discussed briefly. Because the
linkers in most MOFs contain aromatic subunits that can readily
luminesce following UV or visible (typically blue) excitation, it is
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not surprising that a very large number ofMOFs have been found
to be photoluminescent. Additionally, because photoexcitation
of a typical linker entails transiently populating the linker’s
LUMO with a strongly reducing electron and forming a strongly
oxidizing hole in the linker’s HOMO, it is not surprising that
intensities of photoluminescence from many MOFs can be
greatly attenuated when the materials sorb molecules that are
either easily oxidized or easily reduced. A primary limitation of
these types of sensors is that they (usually) lack sufficient
chemical selectivity. Another limitation is that they (usually)
entail a loss of signal (i.e., fluorescence or phosphorescence
intensity) in response to sorption of analyte molecules.
A drawback of “turn-off” sensors is that phenomena other than
analyte capture can result in loss of signals. With these issues in
mind, we have limited our review of luminescence-based
sensors to a small number of recent reports where the porous
MOF architecture, or its chemical composition, imparts selec-
tive sensing capabilities. Scintillating MOFs that luminesce in
the presence of radioactive analytes are also discussed. Other
signal transduction schemes that utilize photons include various
kinds of optical interferometry, analyte modulation of localized
surface plasmon resonance energies, and solvatochromism.
Mechanical signal-transduction schemes employed with MOFs
include ones based on surface acoustic wave, quartz crystal
microbalance, and microcantilever devices. Electrical schemes
thus far have been limited to ones based on impedance
spectroscopy.

1.1. Selecting MOFs for Sensor Applications
Important elements to consider in optimizing the perfor-

mance and utility of chemical sensors are sensitivity, selectivity,
response time, materials stability, and reusability. Highly porous
materials such as MOFs should be inherently sensitive for gas or
vapor detection because they effectively concentrate analyte
molecules at higher levels than are present in the external
atmosphere. In fact, several state-of-the-art field-portable analy-
tical instruments used by military organizations to detect chemi-
cal threats incorporate a sample preparation step where the
analyte is concentrated using a porous sorbent material.15,16

Direct detection of the analyte within the sorbent would simplify
these portable systems. While sensitivity depends in part on the
method of signal transduction, it also depends on the strength of
analyte binding to the MOF (stronger binding translates into
lower detection limits) and on the dynamics of analyte transport
within the MOF. Exceptionally sluggish transport can lead to
long response times that are difficult to distinguish from baseline
drift. The maximum observable signal should depend in part on
the sorption capacity of the MOF.

The potential selectivity of MOF materials for specific ana-
lytes, or classes of analytes, is substantial, but, as yet, is not highly
developed. Among possible mechanisms of molecular (analyte)
selectivity, the most intuitive is size exclusion (molecular sieving)
wherein atoms or molecules that are smaller than the MOF’s
apertures can be adsorbed, but larger molecules cannot.17 Pore
and aperture sizes are determined by MOF topology, node and
linker sizes and shapes, linker appendages and their directional
orientation, and framework catenation (i.e., interpenetration or
interweaving of identical frameworks). In early work by Eddaoudi
and co-workers, the IRMOF series was synthesized utilizing the
same Zn4O corner with struts of varying size and chemical
functionality.18 The result was a progression of isostructural
MOFs with aperture sizes ranging from 3.8 to 19 Å.

One important consideration for designing pore and aperture
size is the tendency forMOFs with lengthier struts (which should
produce larger apertures) to catenate, thereby yielding smaller
pores. That catenation is common should not be too surprising,
as MOFs should be nearly ideal templates for formation of
replicas of themselves. Several strategies for suppressing frame-
work catenation have been described, including: (a) the design of
sterically hindered struts,19,20 (b) templating,21,22 (c) MOF
assembly under conditions of high dilution,23 and (d) inclusion
of bulky linker appendages that can be thermally or photoche-
mically cleaved after MOF assembly.24,25 Pore dimensions can
also be modulated by removing nonstructural ligands (e.g.,
coordinated solvent molecules) from framework nodes or repla-
cing node-coordinated solvent molecules with larger or smaller
ligands.26 It is worth noting that, all else being equal, small pores
will adsorb gas or vapor analytes more strongly than will large
ones, and thereby enhance sensitivity.

Another source of selectivity is chemically specific interactions
of the adsorbate with the MOF internal surface, for example, via
hydrogen bonding, Mulliken-type electron donor/acceptor in-
teractions, or formation of coordinate-covalent bonds. Often, the
desired functionality can be incorporated at the MOF-synthesis
stage. For example, Zn(bptc) (bptc = 4,40-bipyridine-2,6,20,60-
tetracarboxylate) was shown to preferentially adsorb polar
molecules and those with conjugated π systems.27 These inter-
actions were attributed to H-bond and π�π interactions,
respectively, between the guests and MOF struts. However,
some functional groups cannot be readily incorporated during
materials synthesis due to their tendency to coordinate to the
MOF corners and form undesired structures. To overcome this
problem, several methods entailing postsynthetic modification of
MOFs have been developed. Some involve alteration or addition
of functional groups on struts;28,29 others are node-based and
entail binding pore-modifying molecules at coordinatively un-
saturated metal sites at the MOF.26,30

Last, certain potential analytes may be preferentially adsorbed
if they favorably interact with openmetal sites in theMOF. These
can involve reversible bonding interactions, for example, NO
binding to Co(II), Cu(II), or Ni(II).31 Or, they can be based on
purely electrostatic interactions, such as quadrupole/charge
interactions between CO2 molecules and cobalt or aluminum
ions.32,33 When designing MOFs for selective sensing applica-
tions, the existing literature on gas separation byMOFs7 can offer
insight into what structures and functionalities may be useful.

The final requirements of rapid response time and sensor
regeneration are dependent on sorption kinetics and thermo-
dynamics. Because most guests are physisorbed, MOF sensors
should be recyclable simply by subjecting thematerial to dynamic
vacuum, if necessary, at slightly elevated temperature. The
response rate is governed by the rate of guest diffusion within
the pores and byMOF particle size or film thickness. (Recall that
diffusion times increase as the square of diffusion distance.)
Although we have cited only a few, several studies of molecule
diffusion within MOFs have been reported, based on either
theoretical modeling34�36 or experimental measurements.37,38

Lin and co-workers have shown that diffusion times can be short-
ened by increasing MOF aperture sizes.39 Lee and co-workers
have reported on materials within which diffusion is highly
anisotropic, differing in the x, y, and z directions.40 While their
report focuses on implications for kinetic separation of hydro-
carbons, it is obvious that there can be implications for sensing
as well.
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By way of example, diffusivities of small alkanes in HKUST-1
(Cu3(btc)2(H2O)3, btc = benzenetricarboxylate; also known as
Cu-BTC) fall in the range of ∼10�9�10�8 m2 s�1,35 with the
diffusivity of methanol in a manganese formate MOF measured
at 1.5� 10�12m2 s�1 41 and pyridine inHKUST-1 reported even
smaller at 1.5 � 10�19 m2 s�1.38 Returning to hydrocarbons,
Snurr and co-workers have shown that diffusion coefficients for
linear alkanes within MOFs systematically decrease with increas-
ing chain length.35 It is also important to recognize that values for
diffusion coefficients are somewhat loading-dependent, with
smaller values typically found at higher loadings. Slower diffusion
rates are also expected when MOF materials are infiltrated with
solvent molecules (that must be displaced for analyte molecules
to enter and diffuse within the material). Diffusion-based mass-
transport resistance effects could have significant negative con-
sequences for sensor response time. Bearing this in mind, both
thin film and bulk crystalline MOF sensors should be designed
with small enough dimensions to ensure rapid analyte uptake and
equilibration.

Not unlike other nanoporous materials, MOFs have the ability
to adsorb large quantities of water; for example, it is reported that
HKUST-1 can adsorb as much as 40 wt % water.42,43 As will be
seen below, this makes them attractive for humidity sensing,
which has been demonstrated using a variety of sensing
platforms.44,45 However, water vapor is also a common interfer-
ing gas and must be addressed in the design of MOF-based
sensing systems. Although a legitimate concern, the synthetic
flexibility ofMOFs suggests a number of possible solutions to this
problem (in addition to simply removing water vapor prior to
the sensor). For example, hydrophobic MOFs, such as the
ZIF materials,46 could be used. Alternatively, “fingerprint”
approaches could be employed, in which the response of an
array of sensors coated with different MOFs is used to positively
identify a molecule in the presence of other species. For example,
recent computational modeling suggests that two different
MOFs can be used to selectively detect compounds of similar
chemical structure, such as TNT and xylenes.47 A third approach
could take advantage of the properties of luminescent MOFs by
causing molecule-specific shifts in the luminescence spectrum or
formation of new photoemission.48 Clearly, MOFs are at a very
early stage in their development with respect to chemical sensing,
and practical problems of this nature will have to be solved before
MOFs can proceed from the realm of laboratory synthesis to
practical implementation.

1.2. Signal Transduction
Despite the numerous properties of MOFs that suggest them

as attractive chemo-sensory materials, their implementation has
been largely limited by one major challenge: signal transduction.
The majority of MOF sensors that have been reported are based
on luminescence quenching of lanthanide ions or aromatic
fluorophores used as corners and struts, respectively. In these
cases, theMOF is serving two functions: receptor and transducer.
That is, it both recognizes molecules and produces a signal. Many
MOFs produce insignificant luminescence or else show substan-
tial changes in luminescence in response to uptake of only a few
kinds guests (e.g., good electron donors or acceptors), so this is
not a generalizable approach. A few examples of MOFs that
change color depending on the type of guest have also been
reported;49�51 however, most MOFs do not exhibit such beha-
vior. To utilize other MOF materials for chemical detection, some
external means of signal transduction must be incorporated.

Several kinds of transduction schemes can be envisioned, includ-
ing optical, electrical, and mechanical schemes. Optical transduc-
tion modes that have been applied to MOFs include sensors
based on interferometry46 and localized surface plasmon reso-
nance (LSPR) spectroscopy.52 The first reported example of the
former relied upon fabrication of theMOF as a thin film such that
reflections off of the front and back surfaces of the film produced
wavelength-dependent interferences.46 In the case of an LSPR
sensor, the MOF was attached to a plasmonic nanoparticle
surface, and the wavelength-dependent extinction of the nano-
particle was used to detect changes within the MOF.

Although electrical and electrochemical methods have been
widely used in sensors based on solid electrolytes, chemiresistive
metal oxides, and metal�oxide�semiconductor field-effect tran-
sistors, they have been minimally explored for MOFs. This is
most likely because the majority of MOFs are insulating. How-
ever, development of conductive MOFs (typically ion con-
ducting) is currently underway for other applications such as
proton exchange membrane fuel cells.53 To our knowledge, only
one group has reported measurement of MOF electrical proper-
ties as a means of chemical sensing.54 In that case, only one of
three screened MOFs exhibited solvent sensing behavior. Last,
mechanical sensors are appealing for their amenability to minia-
turization and multiplexing. MOFs have been grown on piezo-
resistive microcantilevers44 and quartz crystal microbalances,38,55,56

which convert changes in crystal size or mass into an electrical
signal.

In principle, any MOF property that changes depending on
the guest could be measured as a sensing signal. For example,
MOFs with guest-dependent magnetism, including structures
that exhibit spin crossover, have been suggested as chemical
sensors.57,58 However, this Review focuses mainly on reports
where sensing was the specific intent.

1.3. Fabrication of MOF Films
Many signal transduction schemes require a physical interface

between the MOF and a device. This generally involves fabricat-
ing theMOF as a thin film on a surface. The increasing interest in
utilizing MOFs as sensors or as selective membranes has led to a
surge of interest in preparing MOF thin films.59,60 Most com-
monly, MOF films have been synthesized directly on the surface
of interest from the appropriate molecular and ionic precursors.
Typically the surface is a metal, metal�oxide, glass, or silicon.
Film formation can sometimes be accomplished by simply
placing a platform in a reactor with the MOF precursors. These
direct growth approaches often require functionalization of the
surface with a self-assembled monolayer or seeding of the growth
with small MOF crystals to nucleate film formation. In some
cases, MOF films can be grown one molecular or ionic layer
at a time by sequential immersions in solutions of the metal
and organic precursors.61 Functional groups on the surface
(e.g., terminal components of self-assembled monolayers) may
nucleate MOF growth in a specific crystallographic direction,
leading to preferentially oriented films.62�64 Surfaces also can
occasionally template for MOF architectures that are different
from those obtained from conventional syntheses.65 Fischer
and co-workers showed, for example, that the form of Zn(bdc)-
(bpy)0.5 (bdc = benzenedicarboxylate, bpy = 4,40-bipyridine)
grown on a surface is a single framework material, in contrast to
the bulk MOF, which shows 2-fold interpenetration.22 As a
result, the surface-bound MOF has larger pores and nearly
twice the internal surface area. These nuances could have
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significant implications for MOF sorption behavior and sensor
selectivity.

A secondmethod for film fabrication is to first synthesize small
MOF particles and subsequently deposit them on a surface. This
has been demonstrated, for example, for Cr-MIL-101 where a
suspension of monodisperse nanoparticles was obtained by
microwave heating and then layered onto Si wafers via repetitive
dip-coating.66 Similar techniques have been used for ZIF-8 film
formation,46 where particle growth may nucleate on the surface
while also incorporating particles formed initially homogenously
in solution; however, the exact mechanism is unknown. Our own
experience with these methods has been that they are remarkably
reproducible with regard to both average film thickness and
uniformity of film thickness.

An unusual, but useful, third approach involves MOF film
formation within the spatial constraints of a gel layer.62

2. MOF SENSORS

2.1. Solvatochromism/Vapochromism
One of the simplest, and arguably most powerful, means of

transducing a sensing signal is a visible change in a material’s
color. Solvatochromism refers to a large shift in the absorption
spectrum of a material in response to a change in the identity of
the solvent. Often the shifts correlate with empirical measures of
solvent polarity, implying that the electronic transition respon-
sible for the coloration entails charge transfer, that is, a change in
dipole moment upon excitation from the ground to the excited
electronic state of the chromophoric component of the material.
If the excited state features a larger dipole moment than the
ground state, it is preferentially stabilized by polar solvents, and
bathochromic shifts (red shifts) are observed with increasing
solvent polarity. Conversely, if the ground state has the larger
dipole moment, hypsochromic shifts (blue shifts) occur with
increasing solvent polarity. For a chromophore embedded in a
MOF (for example, as a linker), sorption of vapor is the
equivalent of solvating a molecular absorber, and vapochromic
trends should match solvatochromic ones.

As an example, Lu et al. synthesized a copper MOF containing
the ligand 3,6-di(pyridin-4-yl)-1,2,4,5-tetrazine (dptz), which
shows solvatochromic behavior when immersed in solvents
ranging in polarity from water to chloroform (shown in
Figure 1).49 Overall, the material shows a negative solvatochro-
mic effect with the absorption band blue-shifting with increasing
solvent polarity. Two distinct groupings were observed, one for
hydroxylic and one for nonhydroxylic solvents, when the mea-
sured band gaps were plotted versus solvent polarity.

In addition to traditional solvatochromic effects based on
solvent polarity and specific solvent�chromophore interactions,
MOFs have displayed solvent-dependent color changes stem-
ming from other mechanisms. Because MOFs contain metal ions
in addition to their organic components, they have characteristics
similar to discrete coordination complexes, and changes in the
coordination sphere of these metal centers can play a role in
MOF sensing. Early in the MOF literature, Long and co-workers
showed that exposing Co2+ MOFs to various vapors could shift
the optical absorption across the visible region.50 The explana-
tion was a change in coordination environment from the as-
synthesized octahedral to a tetrahedral geometry.

A similar mechanism of color change is proposed in a recent
paper by Lee et al. reporting on a MOF that senses chloride ions
derived from chlorine-containing vapors or gases. The MOF

contains Co2+ nodes coordinated to 1,2,4,5-tetra(2H-tetrazole-
5-yl)-benzene (TTB) struts as well as Br� anions.51 It is obtained
as an amorphous gel (via standard sol�gel chemistry), rather
than as crystalline compound, and so, strictly speaking, may not
fit the definition of a MOF. As synthesized, the material is
characterized by a visible absorption peak at 475 nm, suggesting
octahedral coordination of the Co2+ centers. Interestingly, when
the coordination polymer is exposed to chlorine-containing
gases, including HCl, SOCl2, (COCl)2, and COCl2 (phosgene),
its color changes from red to blue (see Figure 2). A new
absorption feature appears at 670 nm, creating the blue color.
The authors attribute this absorption peak to tetrahedrally
coordinated Co2+. To explain the change in metal coordination
geometry, they hypothesize that the Br� is replaced with Cl�

originating from the reactive gases.
Several aspects make this chemosensory material promis-

ing. First, the color change is rapid and easily visible by eye.

Figure 1. Visible spectra and photograph of MOF crystals containing
solvents (condensed vapors). A negative vapochromic effect is observed
for both hydroxylic and nonhydroxylic vapors (solvents). Reprinted with
permission from ref 49. Copyright 2011 American Chemical Society.

Figure 2. (A) Cartoon of MOF-coated capillary for sensing chloride
gas. (B) Photo of capillary as made (a), after 10 s (b), and after 30 s (c)
exposure to 100 mM chloride-containing vapor or gas. (C) Photo of
MOF pellet as made (a), after exposure to phosgene gas (b), and after
rinsing with 100 mMHBr to regenerate original structure (c). Reprinted
with permission from ref 51. Copyright 2011 Wiley-VCH.
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The calculated limit of detection for phosgene is as low as 1 ppb.
In addition, the sensor can be regenerated by washing with HBr
to reform the original compound, as shown in Figure 2. Perhaps
most intriguing is the hypothesis that chloride from these
harmful gases is being incorporated into the MOF structure,
implying that the hazardous analyte is being destroyed (albeit,
likely only stoichiometrically rather than catalytically).

2.2. Luminescence-Based Sensing
2.2.1. Photoluminescence. Virtues of MOFs as Active

Materials in Luminescence-Based Chemical Sensors. Lumi-
nescent frameworks are by far the most widely explored type of
MOF sensor to date. The popularity of luminescence over other
transduction mechanisms is a consequence of several key ele-
ments, such as the production of a signal that is visible by eye.
Fluorescence spectroscopy is well established, and detection
limits can reach the single molecule level. Another virtue is the
ability to address powdered materials directly, that is, without the
need for film fabrication or other processing. Thus, conventional
solvothermal syntheses can be employed to create luminescent
MOFs. In principle, the porous crystalline MOF architecture
provides advantages over other sensor materials. The tunability
of MOF sorption properties offers (in principle) a high degree of
molecular specificity. Toward that goal, two groups of research-
ers have shown how molecular sieving can be used for size-
selective sensing in luminescent Zn3btc2 (btc = benzenetricarbo-
xylate).67,68 Following exposure to amines of different sizes, a
decrease in the fluorescence was observed for amines that were
small enough to easily diffuse into the MOF pores, including
ethylamine, dimethylamine, and propylamine. In contrast, ani-
line and butylamine showed no quenching, presumably due to
size exclusion.
A similar size-selective effect has been observed for a Cd2+-

based MOF.69 Introduction of various anions revealed that only
nitrite quenches the luminescence. While the investigators
speculated energy transfer (to NO2�) through strut-based
C�H bonds that purportedly engage in hydrogen bonding with
nitrite ions, a more plausible mechanism, in our view, is reductive
quenching of the highly energetic excited state by nitrite.
In addition to size-selectivity ofMOFs, their large surface areas

combined with confinement of the analyte inside the MOF
cavities can potentially translate to high sensitivity. Last, the
extended three-dimensional structure may well facilitate dipolar
coupling between neighboring linkers, thereby enabling strut-to-
strut energy transfer (F€orster transfer) on a time scale that is
short as compared to the singlet excited-state lifetime. Thus, one
analyte binding event could affect several signaling centers,
analogous to what has been demonstrated for conjugated
fluorescent polymers.70

Mechanisms of Luminescence Sensing in MOFs. Rational
design of these architectures draws from the myriad examples of
discrete luminescent coordination complexes. In both the mo-
lecular and the MOF cases, there can be multiple sources of
luminescence. Linker-based fluorescence is common due to the
fact that many MOFs contain conjugated ligands that absorb in
the visible or UV, together with d10 metal ions such Zn(II) or
Cd(II) (i.e., largely electronically inert ions). Metal-centered
luminescence (mainly phosphorescence) is seen primarily in
MOFs containing f-elements as nodes. In many cases, highly
absorbing (i.e., conjugated) struts coordinated to these centers
behave as antennas, amplifying emission via metal-facilitated
(spin�orbit coupling facilitated) intersystem crossing from

singlet to triplet excited states of the struts, followed by ligand-
to-metal energy transfer.
The most common form of signal transduction in luminescent

MOFs is quenching, or occasionally enhancement, of photo-
induced emission due to guest adsorption. The strength of these
effects can depend on the nature of the host�guest interactions.
Typically, the relevant interactions are ones that allow for
significant electron-donor/electron-acceptor orbital overlap,
where the MOF or analyte may play either role. As a conse-
quence, the most readily detected analytes are those that are
good electron donors (e.g., amines) or acceptors (e.g., nitro-
aromatics, including common explosives or simulants). Alterna-
tively, a guest may serve to alter the redox potential of a built-in
(i.e., pendant to strut) donor or acceptor, thereby inhibiting
quenching and enhancing luminescence. In rare cases, adsorbates
engender shifts in the frequency of the MOF emission. This type
of signal transduction is inherently more attractive than lumines-
cence quenching (“turn-off” sensing) because, by appropriate
single-wavelength monitoring (i.e., at the peak of the shifted
emission band), analyte uptake can be read out as an increase in
the intensity of luminescence. Yet another luminescence-based
mechanism for signal transduction involves the association of an
adsorbate molecule with a framework strut to form an exciplex
with a unique emission band.
Sensing by Luminescence Quenching/Enhancement. Nu-

merous groups have reported sensing of vapor-, liquid-, and
solution-phase analytes by fluorescence quenching or enhance-
ment. Both lanthanide and transitionmetalMOFs have exploited
these effects to sense organic solvents, aromatics, water, and ions.
To our knowledge, O2 is the only purely gas-phase analyte
reported to be sensed by a luminescent MOF.71,72 Xie et al.
incorporated phosphorescent complexes of iridium(III) into a
MOF as struts and showed that emission is quenched by energy
transfer to O2.

71 The responsiveness of the porous material to
dioxygen, and its absence of sensitivity to dinitrogen, is a
consequence of the triplet electronic configuration of ground-
state O2 (versus singlet configurations formost othermolecules).
An and co-workers similarly reported the O2 quenching of Yb

3+

ions that had been postsynthetically encapsulated in the pores of
a Zn-adenitate MOF.72

Recently, Lan and co-workers reported two fluorescent Zn-
based MOFs capable of sensing nitro-containing molecules
relevant to detection of explosives.73,74 Detection of hazardous
materials is a significant concern for homeland security, and
portable sensors are potentially desirable to circumvent the
complexity sometimes associated with traditional analytical
methods. In the case of explosives, identification can be accom-
plished by detecting a byproduct or additive when the explosive
itself is not readily detectable (e.g., due to low vapor pressure).
Zn2(bpdc)2bpee (bpdc = 4,40-biphenyldicarboxylate; bpee = 1,2-
bipyridylethene), aMOF containing a linker with the potential to
fluoresce, was screened for the detection of 1,4-dinitrotoluene
(DNT), which is a byproduct of the formation of 2,4,6-trinitro-
toluene (TNT) and 2,3-dimethyl-2,3-dinitrobutane (DMNB).
The latter is an additive used to facilitate detection of plastic
explosives.73 In its solvent-evacuated state, the MOF shows an
emission band centered at 420 nm. Upon exposure to 0.18 ppm
DNTor 2.7 ppmDMNB, the emission red shifts and decreases in
intensity due to electron transfer from the struts to DNT and
DMNB guests. The fluorescence quenching efficiency saturates
at 85% for DNT and 84% for DMNB, within 10 s as shown in
Figure 3. Quenching efficiency is defined as (I0� I)/I0� 100%,
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where I0 is the intensity before exposure, and I is the intensity
following exposure.
Remarkably, this sensor exhibits sensitivity comparable to

conjugated polymer films for the detection of DNT and outper-
forms them in terms of response time. In addition, this sensor
displays unparalleled sensitivity to DMNB, which is notoriously
difficult to detect, possibly due to poor π�π interactions and
subsequently weak binding. Importantly, both analytes adsorb
semireversibly; that is, the initial fluorescence is recoverable by
heating at 150 �C.
More recently, the same group measured the quenching effect

of various substituted aromatics on [Zn2(oba)2(bpy)] 3DMA
[H2oba = 4,40-oxybis(benzoic acid); bpy = 4,40-bipyridine;
DMA = N,N0-dimethylacetamide].74 This pillared paddle-wheel
MOF emits at 420 nm. When exposed to a range of aromatic
analytes, it was found that all nitro-containing molecules quench
the fluorescence to varying degrees, as shown in graphical form
in Figure 4. The quenching efficiency increased in the order

DNT < p-dinitrobenzene ≈ nitrotoluene < m-dinitrobenzene <
nitrobenzene. This trend was rationalized on the basis of both the
electron-withdrawing ability of the analyte and its vapor pressure.
The dinitrobenzenes are highly electron deficient and therefore
should be good oxidative quenchers, but they have low vapor
pressures. Nitrobenzene has a higher quenching efficiency
(despite having one fewer �NO2 group) presumably because
of its relatively high vapor pressure. The nitrotoluenes are less
electron-deficient due to the electron-donating methyl substitu-
ents, so they quench less efficiently.
While the rationalizations are persuasive, the underlying

assumption that greater vapor pressure for one analyte versus
another will lead to greater uptake of the former is a potentially
unreliable one. Briefly, the problem is that the extent of analyte
uptake depends not only on the analyte vapor pressure, but
also, of course, on the adsorbate/adsorbent binding constant.
For related compounds, these constants often correlate in-
versely with vapor pressure (i.e., lower vapor pressure (at a given
temperature) f higher binding constant). Expressed another
way, molecules that adhere well to each other, for example, via
London dispersion, will often also adhere well to adsorbents via
the same kinds of interactions. One consequence is that detec-
tion limits (in terms of vapor-phase concentration) typically are
lower for less volatile compounds. (Thus, vapor-phase detection
limits for TNT typically are lower than for nitrobenzene if
detection entails analyte sorption, for example, by a chemosen-
sory polymer.)
In contrast to quenching behavior by analytes featuring

electron-withdrawing substituents, those featuring electron-do-
nating substituents (or at least lacking nitro substituents) were
found to enhance the MOF fluorescence, with enhancement
increasing in the order chlorobenzene < benzene < toluene (see
Figure 4). Perhaps by analogy to the behavior of luminescent,
wide-bandgapmetal�oxide semiconductors (e.g., chemosensory
behavior of zinc oxide), the authors attempted to interpret their
findings in terms of analyte interactions with, and energetics
relative to, the conduction band of the MOF; that is, the MOF is
viewed as a semiconductor. For metal�oxide semiconductors,
luminescence can be enhanced by adsorbates via pacification of
surface states that otherwise function as electron/hole recombi-
nation centers. Alternatively, adsorbates can donate electron
density, thereby engendering band bending. In turn, the band
bending can drive charge separation, thereby slowing subsequent
nonradiative recombination and allowing radiative recombina-
tion (luminescence) to play a greater role. While mechanisms
this specific are not proposed in the original report, it is
important to recognize that band bending can occur only if the
semiconductor is doped. There is no obvious basis for doping to
occur in the MOF, nor is there an obvious analogue to surface
states.
Additionally, while calculations for the MOF may indicate

band structure, the bands almost certainly are so narrow that the
MOF is better represented as a collection of independent
molecular chromophores (struts), with d10 metal ions (Zn(II)
ions) behaving electronically as insulators. Luminescence spec-
troscopy of MOFs composed of stilbene dicarboxylate linkers
connected to Zn(II) ions is consistent with this interpretation.75

What is increasingly described in theMOF literature as an optical
bandgap (i.e., valence-band/conduction-band separation energy)
is probably better described as the HOMO/LUMO energy gap
for single linkers acting as chromophores. Some of the incentive
for ascribing meaningful band structure (and, by inference,

Figure 3. Time-dependent fluorescence quenching by (a) 2,4-dinitro-
toluene (DNT) and (b) 2,3-dimethyl-2,3-dinitrobutane (DMNB) in a
luminescent MOF. Insets: Fluorescence spectra before and after ex-
posure to the analyte vapor for 10 s (left), and three consecutive quench/
regeneration cycles (right). Reprinted with permission from ref 73.
Copyright 2009 Wiley-VCH.
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significant linker�linker electronic coupling and delocalization)
likely comes from the shifts in the onset energy for electronic
absorption when molecular linkers are incorporated in MOFs.
A more prosaic interpretation would be to ascribe the spectral
shifts to electrostatic perturbations of localized HOMO and/or
LUMO energies by the highly charged metal ions constituting
the MOFs’ nodes.
Assuming that a semiconductor description is not suitable, we

suggest the following: Fluorescence attenuation is caused by
redox quenching of the single-linker-localized excited state by
analytes that are good electron donors, that is, analytes that are
comparatively easy to oxidize. The observed fluorescence
enhancements upon adsorption of guests like toluene cannot be
due to electron transfer in the opposite direction (i.e., from
photoexcited linker to proximal analyte molecule) as this beha-
vior would instead cause the MOF fluorescence to be attenuated.
A more plausible interpretation is that sorbed molecules inhibit
linker motions (vibrations, torsional displacements, etc.) that
otherwise facilitate nonradiative decay of the photoexcited state.
Behavior of this kind is often observed when molecular fluoro-
phores are immobilized in (and rigidified by) polymeric films
or glassy solvents. If sorbed analyte molecules exert a similar
rigidifying effect, then nonradiative decay processes should be
slowed and the fraction of excited species decaying radiatively
should increase, resulting in increased fluorescence intensity.
Sensing by Exciplex Formation. Because most luminescent

MOF sensors rely simply on the efficiency of fluorescence
quenching, it can be difficult to distinguish between similar
analytes that generate the same effect. To overcome this pro-
blem, Takashima et al. developed a luminescent MOF for which
the emission frequency depends on the chemical identity of the
guest molecule.76

The chemosensory material examined was a 2-fold interpene-
trated version of Zn2(bdc)2(dpNDI) (bdc = 1,4-benzenedicar-
boxylate; dpNDI =N,N0-di(4-pyridyl)-1,4,5,8-naphthalenediimide).
NDI is known to generate exciplex emission when interacting
with aromatic molecules in solution, and these characteristics are
transferred to the MOF structure. The MOF was soaked in a
range of pure aromatic compounds containing different substit-
uents. The analytes include benzonitrile, toluene, benzene,
anisole, iodobenzene, and xylenes. In all cases except for benzo-
nitrile, a new broad absorption peak between 420 and 500 nm
was observed, indicating a ground-state charge transfer (CT)
interaction between NDI and the guest. Each analyte also

exhibited exciplex emission, but at different wavelengths. As
shown in Figure 5, the exciplex emission systematically shifted
to longer wavelength with increasing electron-donating capabil-
ity of the analyte (as measured, for example, by the analyte’s
ionization energy). The one exception to this correlation is
iodobenzene. The heavy atom effect, in the form of singlet/
triplet excited-state mixing facilitated by spin�orbit coupling,
facilitates intersystem crossing and results in radiative decay via
phosphorescence rather than higher-energy fluorescence.
What makes this material particularly interesting is that it

displays superior properties as compared to the free NDI ligand,
which can also be used to detect these analytes. Confinement of
the guests within theMOF pores causes an enhancement of all of
the fluorescence intensities, perhaps by rigidifying the exciplex
and limiting vibrational motion associated with nonradiative
decay of the photoexcited state. Conveniently, NDI itself (and
consequently, the MOF in this case) has a fairly low fluorescence
quantum yield. As a result, the as-synthesized MOF is in its dark
state, with the fluorescence signal turned on by guest adsorption.
Because each guest produces a different color of emission, it
should be straightforward to establish the analyte’s identity and
its concentration by measuring the emission frequency and
intensity.
2.2.2. Radioluminescence. MOFs present an opportunity

tomake significant advances in the detection and identification of
subatomic particles for applications in nonproliferation, space
exploration, nuclear power, and biology. The synthetic flexibility
of MOFs allows them to be tailored in ways that are not possible
in conventional scintillator materials, which include organic
liquids, plastics, and inorganic materials such as sodium iodide.
In addition, their crystalline structure allows the interactions
among luminescent linkers to be characterized with subangstrom
precision, creating a “nanolaboratory” for probing photophysics
at a level of detail unimaginable with noncrystalline materials. As
a result of these new degrees of freedom, which encompass both
micro and meso length scales as well as the nanopore volume,
rational design of both light output and timing in MOFs is
achievable.
Scintillation is defined as the emission of short (ns) bursts of

light in response to ionizing radiation (energy typically >10 eV)
and in MOFs originates in the organic linkers. A few examples of
luminescent linker groups that are similar to well-known organic
scintillators are shown in Figure 6 (there are many more
possibilities; see ref 12), from which it is evident that the

Figure 4. (A) Fluorescence quenching percentage by electron-deficient analytes, and (B) fluorescence enhancement percentage by electron-rich
analytes in a luminescent MOF. Reprinted with permission from ref 74. Copyright 2011 American Chemical Society.
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electronic structure of the luminescent moieties can be system-
atically varied.48 In addition, however, the extent of the interaction

among emitting groups can be varied, either by tuning the pore
size or by creating interpenetrated structures in which the
distance and orientation between crystal lattices differ from those
in the noninterpenetrated structure. The IRMOFs provide a
particularly interesting isostructural series from this perspective,
because both interpenetrated and noninterpenetrated structures
incorporating the same linker exist (e.g., IRMOF-9 and IRMOF-
10, in which the linker is biphenyldicarboxylate).
MOF-based scintillators were first reported by Doty et al.77

Two MOFs incorporating fluorescent stilbene dicarboxylate
(SDC) linkers were characterized, one of which has a porous,
interpenetrated structure with 3D topology known as Zn4O-
(SDC)3 (MOF-S1) and the other a nonporous structure con-
sisting of 2D sheets, Zn3(SDC)3(DMF)2 (DMF = N,N-
dimethylformamide) (MOF-S2). Prior to this work, Bauer et al.
showed that fluorescent lifetimes in these materials approach the
natural emission lifetime, due to constraining the stilbene group
in a relatively rigid trans orientation.75 As a result, the none-
missive cis�trans isomerization pathway in stilbene is blocked,
increasing the quantum yield. This led to the hypothesis that
emission produced by ionizing radiation would have similar
properties. Doty et al. confirmed this, demonstrating radiolumi-
nescence from 3 MeV protons (Figure 7) and scintillation from
alpha particles (Figure 8). Both MOFs exhibit increased fluor-
escence lifetimes relative to the isolated linker. They are also
highly resistant to radiation damage as compared to crystalline
organics such as stilbene and anthracene, suggesting that the
combination of coordination bonding and relatively large inter-
linker distances (>5.5 Å) quenches destructive radical reactions.
Unexpectedly, the radioluminescence of the two stilbene

MOFs is significantly red-shifted from their corresponding
photoluminescence, falling within the same wavelength region
as the neat crystalline linker. The photoluminescence spectra
suggest that the extent of intermolecular interaction in the
ground state increases as follows: MOF-S1 (49�) ≈ (linker in
dilute solution) <MOF-S2 (79�) < SDCH2 (unknown, but likely
∼90�). The interaction increases as the angle between aromatic

Figure 6. Representative sampling of scintillating linker groups used in
MOF synthesis. Reprinted with permission from ref 48. Copyright
Elsevier.

Figure 5. (a) MOF powders suspended in organic liquid indicated,
under 365 nm irradiation. (b) Height-normalized luminescent spectra of
guest-containing MOFs upon excitation at 370 nm. (c) Relationship
between the emission energy of guest-containing MOF and the ioniza-
tion potential of the guest. Reprinted with permission from ref 76.
Copyright 2011 Nature Publishing Group.
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ring centroids (given in parentheses) increases, while the cofacial
distances between the two MOFs are nearly the same. This
suggests that ionization causes a structural change in the excited
state that increases the electronic overlap between linkers, such
that it more closely resembles the local environment in the neat
linker. The timing of the emission is structure-dependent as well,
as seen in Figure 8. MOF-S1 exhibits a monoexponential decay,
while MOF-S2 and SDCH2 exhibit at least two distinct time
scales. These results demonstrate that control over both the
electronic structure and the local emitter environment is possible
inMOFs. From the point of view of radiation detection, they also
suggest that MOFs can be used in detection schemes based on
pulse shape discrimination (PSD), a method that distinguishes
among particle types by the time dependence of their light
output.
Recently, Feng et al.48 expanded the concept of using

MOF structure to tune luminescence by demonstrating that
both dynamic structural changes and incorporation of extrinsic
dopants within theMOF pores can be used to create intense new
emission. IRMOF-8, comprised of Zn(II) ions and 2,6-naphtha-
lenedicarboxylate linkers (NDC), was used as a platform to
probe charge transfer effects induced by photon absorption and
high-energy protons. The neat MOF exhibits linker-based
(“monomer”) photoluminescence at ∼400 nm. In response to
3 MeV protons, however, broad new emission centered at
∼475 nm appears, suggesting that an ionization-induced distor-
tion of the structure leads to excimer formation between adjacent
NDC linkers (Figure 9). This mechanism was confirmed by
comparison with the ion beam-induced luminescence (IBIL)
spectrum of the closed and open forms of MIL-69, in which the

linkers are also NDC. Upon removal of solvent, the closed form
exhibits new IBIL at 480 nm, which is assigned to excimers that
form when NDC linkers become coplanar and separated by only
3.4 Å. Infiltrating IRMOF-8 with the electron donor diethylani-
line (DEA) produces a third type of luminescence: broad
fluorescence shifted more than 160 nm to the red from neat
IRMOF-8 (Figure 9). The broad, structureless nature of this
emission suggests formation of an exciplex between the NDC
linkers and the DEA. All three emission types (monomer,
excimer, and exciplex) are seen in the proton-IBIL of the
infiltrated IRMOF-8 complex. These examples further illustrate
the remarkable potential of MOFs for “crystal engineering”, in
which correlations between structure and properties can be used
to design new scintillation materials.

2.3. Interferometry
Other optical methods that have been used for sensing differ

from luminescence and solvatochromic measurements in that
they do not involve absorption or emission of light by the MOF.
Instead, they measure the MOF refractive index (RI), a bulk
property (i.e., composite, volume-weighted property of vacuum
(RI = 1), empty framework, and adsorbed guest) that changes
depending on the amount and RI of the guest. The refractive
index is a measure of the interaction of light with polarizable
matter, and so increases with increasing number of polarizable
electrons and with increasing polarizability of the electrons.
Fabry�P�erot interference occurs when incident light undergoes
multiple reflections off of two parallel surfaces separated by a
distance, l, on the order of the wavelength of light. Transmitted
waves that are in phase constructively interfere and produce

Figure 7. Schematic of the ion-beam-induced luminescence (IBIL) process (using a portion of the MOF-S1 structure for illustration), showing (left)
the interaction of a high-energy proton that ionizes the material. The resulting excitation decays (middle) through radiationless pathways (solid arrows)
to the lowest-lying singlet excited state of the fluorescent SDC groups, which then decay by emission of photons (wavy arrows) to various ground-state
vibrational levels, producing the IBIL luminescence displaying vibronic structure (right). The series of spectra indicate the effect of increasing proton
dose, proceeding from 0.4 to 4 MGray for the largest to smallest spectra, respectively.77
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a maximum in the transmission spectrum. The wavelengths at
which these maxima occur depend on the refractive index, n, of
the medium between the reflective surfaces, as well as the
distance between them, l, according to eq 1 where m is an
integer and the incident light is assumed to be normal to the
surface:

mλ ¼ 2nl ð1Þ
This relationship can be used to detect changes in the

refractive index by monitoring shifts of the interference peaks
in the transmission spectrum. Lu et al. reported a vapor sensor
based on this concept using a thin film of ZIF-8 supported on a
transparent glass substrate.46 In this case, the reflective surfaces

are the front and back sides of the MOF film. Because most of
the MOF volume is composed of initially vacant pores, sorp-
tion of analytes inside of these empty cavities leads to large
increases in n.

Unlike fluorescence-based detection schemes, where simple
powder or single crystal MOF samples can be used, this
measurement requires the MOF to be in thin-film form. The
required films were fabricated using a step-by-step method to
allow for tuning of the film thickness such that the interference
peaks appeared in a convenient region of the spectrum corre-
sponding to the range of a standard UV�vis spectrophotometer.
Simply immersing a glass or silicon platform in a solution
containing the MOF precursors yielded a 50 nm thick film,
presumably via deposition of nanocrystals formed in solution,
rather than via direct growth from the glass or silicon platform.
The deposition appeared to be self-limiting, with film growth
stopping after 30 min. The process could be repeated with fresh
precursor solutions, and subsequent repetitions showed a repro-
ducible growth rate of 100 nm per cycle (following the first cycle
of 50 nm). Because it requires no surface functionalization, this
method of film growth is surface-general while still offering
control over thickness. Figure 10A shows films of different
thicknesses appearing as different colors due to the thickness-
dependence of the reflectance spectra.

Films of approximately 1 μm thickness were used to detect
propane in ZIF-8. The resulting increase in refractive index red-
shifted the interference peaks by up to 49 nm (see Figure 10B).
Perhaps more interesting, however, is that ZIF-8 possesses
characteristics potentially useful for selective sensing. The methyl-
substituted imidazole strut creates pores that are quite hydro-
phobic, allowing less hydrophilic molecules to be sensed in the
presence water. For example, the ZIF-8 sensor is unresponsive to
water vapor, but ethanol vapor produces a readily detectable
shift, as shown in Figure 10C,D. In addition, the small pores
(∼3.4 Å) are useful for sieving of small molecules. In the ZIF-8
sensor, linear n-hexane enters the pores and is detected, but the
sterically more demanding molecule cyclohexane is excluded.

Figure 8. (A) Schematic of experiment used to measure scintillation
light output. (B) Photomultiplier (PM) pulses were detected with 2 μs
shaping time, with the typical oscilloscope trace showing primary pulses
at time zero and smaller delayed pulses at various times following the
primary pulse. (C) Histogram of scintillation data for anthracene, MOF-
S2, and MOF-S1. Reprinted with permission from ref 77. Copyright
2009 Wiley-VCH.

Figure 9. Photoluminescence (red) and IBIL (blue) emission spectra
for IRMOF-8 infiltrated with the electron donor diethylaniline (DEA).
The monomeric photoluminescence emission for IRMOF-8 (black) is
provided for comparison. Reprinted with permission from ref 48.
Copyright Elsevier.
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2.4. Localized Surface Plasmon Resonance
Like interferometry, surface plasmon resonance spectroscopy

indirectly detects analytes by measuring changes in MOF RI.
When small silver, gold, or copper nanoparticles are irradiated
with white light, the conduction band electrons oscillate coher-
ently, a phenomenon known as localized surface plasmon
resonance (LSPR).78 The frequency of this resonance depends
on the RI of the medium surrounding the particles, and changes
in this RI can be detected as shifts in the visible extinction
spectrum via LSPR spectroscopy. Kreno and co-workers
exploited this RI sensitivity to sense sorption of guests inside
of a MOF grown on the surface of plasmonic nanoparticles,
depicted in Figure 11.52

While LSPR spectroscopy is featured in hundreds of schemes
for biological sensing, its utility for sensing gases and vapors has
been much more limited. Two primary reasons for this are the
need for signal amplification and an inherent lack of specificity.
The RIs of different gases differ by only a small amount and
are difficult to detect given the resolution of a typical LSPR
spectrometer. Furthermore, the plasmonic nanoparticle surface

is inherently nonspecific, and the LSPR frequency is sensitive to
all molecules near the particle surface; hence, one cannot tell
what molecules are contributing to the signal. Thus, MOFs,
which can both concentrate and select for certain analytes, seem a
natural complement to this technique.

To demonstrate this principle, Kreno, et al. used a previously
reported layer-by-layer technique61 to growCu3(btc)2(H2O)3 (btc =
benzenetricarboxylate) atop an array of silver nanoparticles fixed on a
glass surface. ThisMOF@Ag array sensor was used to detect CO2, as
it has been previously demonstrated that Cu3(btc)2(H2O)3 readily
sorbs CO2.

79 As can be seen in Figure 12A, the shift in the LSPR
frequency (Δλmax) upon dosingCO2wasmeasured to be∼18 times
larger for the MOF@Ag array as compared to a silver particle array
lacking theMOF coating. The observed amplification reflects, in part,
the relative propensities of theMOF to sorb CO2 and the purge gas,
N2 (which represents the baseline signal). At ambient pressure, the
reported uptake of CO2 is ∼2�4 mmol g�1, as compared to only
∼0.2�0.4mmol g�1 forN2.

80 Thus, there is a significant increase in
the MOF refractive index when CO2 replaces N2.

When designing a plasmonic sensor of this type, control over the
thickness of the MOF film is paramount. Unlike other techniques
that probe the entire sample, LSPR spectroscopy is a surface-
sensitive measurement. The refractive index sensitivity is a result
of enhanced electric fields at the nanoparticle surface, and these
fields decay exponentially, with 1/e decay length of ca. 5 nm.
Therefore, onlymolecules within∼30 nm of themetal nanoparticle
surface are detected. In one respect, this limits the sensitivity of the
measurement. The short probe depth of LSPR is also an advantage,
however, as it implies that only a very small total amount of analyte is
needed to produce the maximum response. The maximum possible
response, given an excess of analyte, scales with the surface area of
the nanoparticles (i.e., the size of the Ag/MOF interface).

Because∼30 nm of the MOF is probed, the ideal films should
be at least this thick. Thick films are relatively straightforward to

Figure 10. (A) Photo of a series of ZIF-8 films of various thicknesses on Si substrates. UV�vis transmission spectra of ZIF-8 film on glass after exposure
to (B) propane vapor of various concentrations from 0% (blue) to 100% (red) and (C) ethanol (red) or water (blue). (D) Interference peak (originally
at 612 nm) shift versus ethanol concentration (v/v %) in ethanol/water solutions. Reprinted with permission from ref 46. Copyright 2010 American
Chemical Society.

Figure 11. Scanning electron microscopy images of (a) array of Ag
nanotriangles on glass substrate and (b) 20 cycles of HKUST-1 grown
on an array of Ag nanotriangles. Reprinted with permission from ref 52.
Copyright 2010 American Chemical Society.
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achieve, as most traditional MOF synthetic techniques (i.e.,
solvothermal) produce crystals with dimensions much larger
than this. However, if the MOF film is too thick, the kinetics of
analyte diffusion within the film may limit the speed of the sensor
response. For this study, the layer-by-layer growth technique
gave, in principle, single molecular layer control over film growth.
Systematic study of the sensor response as a function of film
thickness showed that the response plateaus after∼35�40 layers
where, presumably, the thickness of the MOF film exceeds the
plasmonic probe depth (see Figure 12B,C).

Improvements on this type of sensor will include interfacing
plasmonic particles with more chemically selective MOFs. A
potential route to increased sensitivity would be to take advan-
tage of resonance effects that amplify the response when the
analyte molecule absorption overlaps with the plasmon
resonance.81 Incorporation of metal nanoparticles into MOFs
has recently become an active area of research for heterogeneous
catalysis. Some have suggested that by including small metal
nanoparticles inside of MOFs, one could take advantage of
another surface-plasmon-based phenomenon, the surface-en-
hanced Raman scattering effect.82

2.5. Colloidal Crystals
MOF-containing colloidal crystals (CCs) present another

opportunity for optical detection of analytes. Colloidal crystals
consist of three-dimensional ordered arrays of submicrometer
particles, often formed by the self-assembly of polystyrene or
silica microspheres. Because of its periodicity, the CC acts as a
diffraction grating for light with wavelengths on the same length
scale as the particle size. As such, CCs reflect light at a specific
wavelength (stop band) that depends in part on the refractive
index of the particles and the medium filling the interstitial
spaces, making them versatile refractive index-based sensors. Lu
et al. used the layer-by-layer method61 to grow HKUST-1 in the
interstitial spaces between ordered silica microspheres, yielding a
composite MOF-silica colloidal crystal (MOF-SCC).83

The wavelength, λ, of the stop band is a function of the micro-
sphere diameter, D, and the refractive index, n, as described by eq 2
for the [111] direction of the CC, assuming normal incidence.

λ ¼ 2
ffiffiffi
2

p
ffiffiffi
3

p nD ð2Þ

In this case, n is a volume-weighted average of the refractive indices of
both the silica microspheres (nSiO2

> 1) and the MOF, where the
MOF itself can be considered a combination of the framework
volume (nfram) and the empty pore volume (ncavity). Thus, the
refractive index of the MOF-SCC composite can be described by eq
3, where fSiO2

and ffram represent the volume fractions of silica and
MOF framework in the MOF-SCC, respectively.

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fSiO2n

2
SiO2

þ ff ramn2fram þ ð1� fSiO2 � ff ramÞn2cavity
q

ð3Þ
In its dehydrated state, the empty MOF cavity can be

represented as vacuum (ncavity = nvacuum = 1). Subsequent
sorption of guests (n > 1) increases the effective MOF-SCC
refractive index resulting in a stop band red shift.

The HKUST-1 MOF-SCC sensors were tested for both
vapors and gases. Figure 13a shows the shifting of the stop band
up to ∼16 nm induced by carbon disulfide adsorption. Because
the refractive index change increases with increasing amounts of
adsorbed carbon disulfide, the shift also depends predictably on
analyte concentration (Figure 13b,c). By converting these stop-
band shifts to normalized volume fractions of adsorbates, Lu and co-
workers were able to construct adsorption curves on the basis of
their optical measurements (Figure 13d). The shapes of these
isotherms could be validated by separately quantifying the vapor
sorption in HKUST-1 films by quartz crystal microbalance
(Figure 13e). Given the ability of HKUST-1 to sorb a wide range
of analytes, it is not surprising that the sensor also responded to
other vapors including water and ethanol, as well as gases, including
argon, carbon dioxide, ethane, ethylene, and ambient air. The stop
band shift for the gaseous analytes is depicted in Figure 13f. Shifts in
the stop band as small as 0.015 nmwere resolvable, yielding limits of
detection as low as 2.6, 0.5, and 0.3 ppm for water, carbon disulfide,
and ethanol, respectively.

2.6. Impedance Spectroscopy
Studies on chemiresistive metal oxide, solid electrolyte, and

metal�oxide�semiconductor field-effect transistor sensors abound
in the literature, but MOFs have rarely been utilized for conductiv-
ity-based sensing applications. Since the demonstration of a ZnO
thin film gas sensor in the early 1960s,84 much sensor research has
centered on nanoengineering and doping of metal oxides for
improved performance. Although semiconducting metal oxides

Figure 12. (A)Comparison of bare Ag nanoparticle sensor (green) andMOF-coated sensor (blue) response to CO2. (B)MOF sensor response toCO2

for increasing numbers of HKUST-1 growth cycles. In both (A) and (B), CO2 is dosed for 60 s five times to show reversibility when the sample is purged
with N2. (C) Average peak shift (Δλmax) as a function of number of growth cycles. Reprinted with permission from ref 52. Copyright 2010 American
Chemical Society.
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respond to a wide range of oxidizing and reducing analytes, they
suffer from a host of limitations. The mechanism of molecular
recognition in these sensors involves the reaction of gases from the
atmosphere with oxygen species adsorbed on the oxide surface.85

For these processes, the sensors typically must be operated above
200 �C.9 In addition, they exhibit long-term baseline drift and cross-
sensitivity for different analytes.9

Achmann et al. recently adapted this electrical sensing plat-
form to MOF sensors.54 In principle, MOFs offer a distinct
advantage over oxide films due to their selective sorption
capabilities. Furthermore, MOF sorption, and therefore sensing,
occurs at low (ambient) temperature.

Achmann et al. screened three different commercially available
MOFmaterials: Al-terephthalate-MOF (Al-BDC), Fe-1,3,5-ben-
zenetricarboxylate (Fe-BTC), and Cu-1,3,5-benzenetricarboxy-
late (Cu-BTC). Electrical properties of the MOFs were
measured in two different configurations pictured in Figure 14.

First, pastes of the respective MOFs were screen printed atop a
patterned array of interdigital electrodes. In a second setup,
commercially prepared MOF pellets were contacted by metal
disk electrodes. In both cases, impedance spectra were measured
as the MOF was exposed to various gases and vapors: 10% O2,
10% CO2, 1000 ppm C3H8, 1000 ppm NO and 1000 ppm H2,
0�18% ethanol, 1�35% methanol, and water.

Both devices using the Fe-BTCMOF responded reproducibly
to water vapor with the absolute value of the complex impedance,
|Z|, decreasing linearly with increasing water vapor concentra-
tion, c(H2O), at the lowest measured temperature, 120 �C (see
Figure 15). At higher temperatures, however, the sensitivity to
changes in water concentration decreased, and the dependence
changed to an exponential decay of the following form (values of
R provided in Figure 15):

jZj ¼ jZ0j þ A 3 e
ð � R 3 cðH2OÞÞ ð4Þ

Figure 13. (a) Near-IR extinction spectra of MOF-silica colloidal crystal (MOF-SCC) thin film and unmodified colloidal crystal thin film before and
after exposure to 10 000 ppm carbon disulfide (bottom); and (b) responses ofMOF-SCC to a series of carbon disulfide vapors of various concentrations
versus time. (c) Dependence of stop band peak shift of the MOF-SCC thin film on the vapor concentrations of different solvents; (d) normalized vapor
adsorption isotherms of different solvents byMOF-SCC; (e) normalized vapor adsorption isotherms of different solvents by HKUST-1 thin film grown
on a quartz crystal microbalance electrode; and (f) near-IR extinction spectra of MOF-SCC thin film on exposure to lab air, argon, nitrogen, carbon
dioxide, ethane, and ethylene. Reprinted with permission from ref 83. Copyright 2011 Wiley-VCH.
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The authors attribute this temperature dependence to either faster
saturation or more significant desorption as the temperature in-
creases. The sensor responded similarly to ethanol and methanol
with sensitivity increasing in the following order: methanol < ethanol
< water. Al-BDC also responded to humidity changes, but significant
drift of the baseline led to irreproducible measurements. Despite this
limitation, Achmann et al. demonstrated that the Fe-BTC sensor can
fill a need for humidity sensing where current sensors fail, at water
concentrations below 10% and at low temperature.

There are clear advantages of the impedance method in terms of
ease of fabrication as compared to other sensing modalities. Because
theMOF is coated onto the electrode surface as a paste or pressed into
a freestanding pellet, it can be synthesized in bulk rather than grownon
a surface. Thus, this is truly a MOF-general approach. Unfortunately,
none of the tested materials responded to any of the purely gas-phase
analytes. Although someMOFmaterials have certainly exhibited high
sorption capacities for gases, it is unlikely that they cause significant
changes in MOF electrical properties and therefore cannot be readily
detected by thismethod.Rather, impedance spectroscopywill likely be
limited so solvent and vapor sensing. More highly conducting MOFs
have recently been under development for other applications,53 but
may prove good candidates for impedance-based sensing due to their
guest-dependent conductivity.

2.7. Electromechanical Sensors
Electromechanical devices such as the quartz crystal microbalance

(QCM),86 surface acoustic wave sensors (SAWS),86 and microcan-
tilevers (MCL)87 are logical starting points for using MOFs in
chemical sensing applications. Although these devices employ
different transduction mechanisms, in each case signal detection
requires the analyte to be adsorbed onto the surface of the sensor.
Very high detection sensitivities are possible (femtogram levels in
MCL); however, a coating of some type is required to activate this
sensitivity and impart specificity for a specific analyte. Historically,
organic polymers have served this purpose, although there are also
examples in which zeolites and other materials were used.88�91 As
discussed above, the extremely high surface areas and tunable pore
environments of MOFs offer clear advantages in this regard.
2.7.1. Quartz Crystal Microbalance. These devices detect

analytes by sensing small changes in the frequency of a resonant
vibration propagating perpendicular to the surface of a quartz
crystal.86 As compared to other mass-based detection methods,
their sensitivity is relatively low (∼1 ng detection limit); how-
ever, they are straightforward to use and provide a useful platform
for measuring adsorption isotherms and surface kinetics, as well
as sensing. For example, this technique has been used to evaluate
the potential of zeolite thin films for humidity and organic vapor
sensing.92,93 A typical QCM-electrode consists of a circular
quartz plate with a diameter of 15 mm and thickness of 1 mm.
Most small molecules do not bind strongly to quartz surfaces,
necessitating the use of a coating to provide sensitivity and
selectivity. However, MOF thin films can be deposited onQCMs
with relative ease because their hydroxylated surface provides
reactive sites for binding linkers and metal ions.
Water sorption studies, using self-assembled monolayers

(SAMs) to attach the MOF to the QCM electrodes, provide
the first example of MOF-based sensing using these devices.
MOFs are attractive for humidity sensing, which has many
domestic and industrial applications,94 due to their large pore
volumes and high surface areas. Water uptake as high as 41 wt %
has been reported.55 In addition, their much higher thermal
stability relative to organic polymers allows them to be baked at
high temperature to remove adsorbed water quickly and regen-
erate the sensor. Biemmi et al. demonstrated selective growth of
Cu3(BTC)2 (Cu-BTC; also known as HKUST-1) on function-
alized QCM gold electrodes to evaluate the sorption properties
of MOF thin films.55 The preparation of the MOF thin film was
achieved by direct growth on a 11-mercaptoundecanol SAM.
When these films (film mass (45�71) � 10�6 g cm�2) were

Figure 14. (A)MOF films deposited on interdigital electrodes. (B) MOF pellet pressed between gold disk electrodes. Reprinted with permission from
ref 54. Copyright 2009 MDPI AG.

Figure 15. Response curves (|Z| vs H2O concentration) of a planar Fe-
BTC interdigital electrode sensor at different temperatures: 120, 160,
200, and 240 �C. The sensor characteristics changed from a linear
dependence at 120 �C to a behavior that can be approximated by
exponential decay. Measurement frequency: 1 Hz. Reprinted with
permission from ref 54. Copyright 2009 MDPI AG.
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exposed to water, the QCM revealed a clear mass uptake,
indicating loading of the MOF with water molecules. As a result,
the water sorption properties of the deposited MOF material
could be studied in a rather straightforward fashion (Figure 16).
Ameloot et al. also demonstrated water vapor detection with
a MOF-coated QCM, using electrochemically synthesized
Cu-BTC films grown directly on the device.56 They showed that
changes in relative humidity can be monitored and a highly
reproducible signal occurs upon cycling between dry and water-
containing nitrogen flows (Figure 17). The water sorption
capacity of the films was found to be 25�30 wt %.
Diffusion constants for small molecules within porous MOFs

can be measured using a MOF-coated QCM. Zybaylo et al.
deposited a highly ordered thin film of Cu-BTC on the QCM
gold electrode using a liquid-phase epitaxy (LPE) method.38 The
diffusion constant of pyridine was obtained by measuring the
time-dependence of the mass uptake. The homogeneous nature
of theMOF thin films, together with their well-defined thickness,
allowed the QCMdata to be modeled assuming Fickian diffusion
and a hopping mechanism. For pyridine, a diffusion coefficient at
room temperature of 1.5 � 10�19 m2 s�1 was obtained. The
corresponding binding energy of pyridine to the exchangeable

Cu(II) sites in Cu-BTC was determined to be 18 kcal mol�1, in
good agreement with the results of ab initio quantum chemistry
calculations.38

2.7.2. Surface Acoustic Wave Devices. Surface acoustic
wave (SAW) sensors87 are robust devices that have been used
extensively for chemical sensing. As such, they are also useful for
screening mass uptake by materials such as MOFs by depositing
them on the sensor surface. Gas adsorption is detected by
measuring the frequency shift (typically a decrease) of acoustic
waves traveling parallel to the surface that are generated by an
oscillator (usually quartz) vibrating in the 25�500 MHz range.
Recently, Robinson and co-workers reported humidity detec-

tion over a very broad concentration range using SAWs coated
with Cu-BTC (shown in Figure 18).95 The MOF film was grown
directly on the quartz of 96.5 MHz devices without an interven-
ing SAM, using the layer-by-layer (LBL) growth method devel-
oped by Fischer et al.61 Frost points (FP) as low as�70 �C and as
high as 10 �C (2.6 ppmv and 12 300 ppmv at an atmospheric
pressure of 625 Torr, respectively) can be detected. The response
is fast (seconds) and reproducible. These results demonstrate
3 orders of magnitude better response to humidity using
HKUST-1 as compared to the same coating on QCMs.55,56,94,96

The detection range also compares favorably with field-effect
transistor sensors coated with porous alumina, which have
demonstrated 1 ppmv sensitivity.97

The dependence of SAW sensor response on film thickness
was also determined. Cu-BTC layers varying from 75 to 350 nm
were grown using 10, 20, 30, 40, 50, 60, and 100 LBL cycles. The
response to water vapor as a function of the number of coating
cycles, shown in Figure 19, indicates that there is an optimal
thickness, above which sensor response saturates. For coatings of
40�100 cycles, corresponding to 150, 175, 200, and 350 nm film
thicknesses, respectively, the response to low humidity (�50 �C
to�40 �C FP) did not appreciably increase after 50 cycles. This
is evidently due to poor coupling of the portions of the film far
from the SAW surface to the acoustic waves. SAWs with 10�30
coating cycles are not shown here as their responses were
significantly lower.

Figure 16. Water adsorption isotherm recorded at 294 K using a QCM
setup with a film of Cu3(BTC)2. Reprinted with permission from ref 55.
Copyright 2008 Elsevier.

Figure 17. Electrochemically grown [Cu3(BTC)2] coatings in QCMmeasurement of water adsorption. (A) Schematic representation of the detector
configuration. (B) Signal induced by adsorption of water from nitrogen streams at different relative humidity values, illustrating sensor reversibility and
reproducibility. Reprinted with permission from ref 56. Copyright 2009 American Chemical Society.
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2.7.3. Microcantilevers.Microcantilevers (MCL) detect the
presence of analyte(s) by one of two transduction mechanisms:
modification of the cantilever oscillation frequency as a result of
mass uptake (dynamic mode) and strain-induced bending (static
deflectionmode).87 In either case,MOF thin films would provide
a high surface area that effectively acts as a concentrator for low-
concentration analytes. In dynamic mode, changes in sensor
oscillation frequency are typically detected optically, while in
static mode, adsorption produces strain at the coating�MCL
interface, causing deflection of the cantilever beam that can be
detected either optically or by using a built-in piezoresistive
sensor. An example of a static microcantilever design is shown in
Figure 20. In devices of this type, beam displacements <1 nm can
be detected using MOF-coated devices.44,98

The structural flexibility of MOFs is an advantage for chemical
detection using static MCL, because even small changes in unit
cell dimensions can result in large tensile or compressive stresses
at the interface between the cantilever and a MOF thin film.
Kitagawa and others have shown that very large changes in unit
cell volumes are possible,99,100 suggesting that an exquisitely
sensitive MOF detector could be fabricated on the basis of this
concept. For example, MIL-88 undergoes a 23% change in its
unit cell volume upon removal of guest solvent molecules.99

Stress-induced chemical detection was demonstrated using a Cu-
BTC thin film integrated with a MCL. Cu-BTC does not exhibit
very large adsorption-induced structural changes; removal of the
coordinated waters changes the unit cell dimension of this cubic
MOF by only 0.12 Å.101 Nevertheless, MCL responses with the
MOF both hydrated and dehydrated are detectable. The dehy-
drated state was achieved by heating the device to 40 �C under
flowing N2, which removes physisorbed water within the pores,

but leaves intact the water molecules coordinated to the ex-
changeable Cu(II) sites. In its hydrated state, the MOF-coated
MCL responds rapidly and reversibly to gas-phase water,
methanol, and ethanol, while no response to N2, O2, or CO2

is observed (Figure 21). In contrast, when the MOF layer is
dehydrated, the sensor responds to CO2, suggesting that
hydrophilic molecules such as alcohols can displace physi-
sorbed water, whereas weakly interacting gases such as CO2

require open volume to be detected. These results show that
the energy of molecular adsorption, which causes slight
distortions in the MOF crystal structure, can be converted
to mechanical energy to create highly responsive, reversible,
and selective sensor.
While these results are very promising, it is clear that to

maximize sensitivity, more needs to be known concerning the
influence of MOF mechanical properties and the interaction of
these layers with the device. To this end, Lee et al. modeled a
MOF-coated MCL to determine the effects of the Young’s
modulus of the MOF and the composition and thickness of
the top dielectric layer, to which the MOF film is attached.98

COMSOL modeling of the electromechanical behavior of the
cantilever beam shows that sensitivity improves by changing the
dielectric film from silicon nitride to silica, which has a lower
Young’s modulus. The model also predicts that n-type silicon,
oriented in the (010) direction of the (100) wafer, has the
greatest sensitivity. As was seen above for MOF-coated SAWs,
the MCL response increases with MOF thickness. However, it
reaches a maximum at ∼800 nm. This is much thicker than
observed for MOF-coated SAWs, suggesting that MCL is
potentially much more sensitive than SAWs (in general, this is
the case). However, the COMSOL model assumes a completely
dense material and does not account for the relatively weak and
thus flexible linkages within the framework. Therefore, it is likely
that MCL response will saturate at much a lower coating
thickness. The response can be improved by increasing the
MOF Young’s modulus. Recent nanoindentation measurements
and modeling indicate that MOFs are stiffer (i.e., higher Young’s
modulus) than many organic polymers and in a few cases
approach the softer metals.102 Flexibility in this regard is limited,
however, because factors such as pore size and linker type that
influence mechanical properties are also the synthetic handles
used to tune selectivity. Nevertheless, this modeling provides
much useful insight into the design ofMOFs for sensing and their
proper integration with electromechanical devices.
In each of these sensor types, the MOF film must be tightly

attached to the device surface to obtain good sensitivity. Film
morphology may also influence sensitivity, but this has yet to be
investigated. We expect that dense, pinhole-free films with
thicknesses on the order of 100 nm will provide sufficient analyte
adsorption to be detected byQCM, SAW, andMCL devices with
adequate response times. Currently available methods for grow-
ing MOF films produced polycrystalline films, which if they are
very rough will scatter acoustic waves to a greater extent than
amorphous films that lack grain boundaries, reducing the sensi-
tivity of SAW andQCM devices. Very smooth Cu-BTC films can
be grown on substrates coated with thiol-based SAMs as the
attachment layer; rms roughness e5 nm is achievable, which
corresponds to approximately two unit cells.103 However, the
roughness on other surfaces can be considerably greater.64 It
is therefore clear that a need exists for versatile coating methods
in which both film thickness and morphology can be con-
trolled. MOF film growth has been recently reviewed,59,60,104

Figure 18. A close-up of a SAW sensor.

Figure 19. Response of Cu3(BTC)2 SAWs with different number of
coating cycles to various humidity steps. Reprinted with permission from
ref 95. Copyright 2011 Material Research Society.
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highlighting that this aspect of MOF science is still in its infancy,
with coating methods developed for only a handful of MOFs.

3. CONCLUSIONS AND FUTURE OUTLOOK

MOF sensors have shown excellent potential for detecting a
range of organic molecules and ions (as well as detecting
radiation), but there is much room for improvement. Literature
reports are dominated by studies of luminescent MOFs fabri-
cated by traditional methods. However, significant progress has
been made beyond this somewhat limited approach due to two
advances.

First, the employment of other signal transduction methods has
provided access to nonluminescent MOFs, which otherwise display
no observable sensing signal. Many of the methods presented here,
including interferometry, colloidal crystals, LSPR, QCM, SAW, and
microcantilever devices, can be applied to any MOF material
without concern for the properties or structure of specific MOF
materials. Furthermore, MEMS devices, in particular, hold great
promise for the development of miniaturized, portable sensors.

Second, the recent proliferation of MOF thin-film growth
techniques has been essential in enabling the fabrication of these
devices. When MOF materials could only be synthesized by
solvothermal methods that produced free-standing crystals, signal

Figure 20. SEM of piezoresistive microcantilever before MOFs deposition. (a) Each microcantilever array consisted of 10 cantilevers. (b) The
cantilever width is 100 μm, and the resistors are 20 μm wide. The cantilever length is 220 μm, and the resistor is 185 μm. (c) SEM micrograph of
HKUST-1 on Au. (d) Schematic diagram of piezoresistive microcantilever to assemble with MOFs. Reprinted with permission from ref 98. Copyright
2010 SPIE.

Figure 21. Illustration of a microcantilever coated with Cu-BTC. The resistance change versus analyte concentration, expressed as a percentage of the
total gas flow (balance N2; 298 K and 1 atm), is shown. Inset shows the temporal response to H2O vapor. Reprinted with permission from ref 44.
Copyright 2008 American Chemical Society.
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transductionwas limited to only a few approaches. Aswe implement
new techniques to grow these structures on substrates, we can not
only access different length scales ofMOF structures, but also create
good interfaces between MOFs and support surfaces.

Despite the growing catalogue of MOF materials, the goal of
highly selective recognition remains unrealized for most analytes.
It is unlikely that a high level of specificity can be achieved by
shape or size selectivity alone. In certain cases, clever design tricks
may be used to install sophisticated recognition elements into
MOFs. For example, one could imagine a chiral framework that
recognizes only one enantiomer in a mixture, and, indeed, some
examples of preferential (albeit, not exclusive) enantiomer sorp-
tion have been reported.105 MOFs containing exposed metal
centers can bind certain gas molecules while remaining blind to
other atmospheric interferents.106,107

While exceptions doubtless will be found, routinely designing or
discovering MOF materials that respond very selectively only to a
single analyte will likely prove difficult or impossible for the
foreseeable future. A seemingly attractive alternative that has been
fairly extensively exploredwith chemosensory polymers would be to
construct an array-based device containing several distinct materials
(in this case, MOFs) that collectively act as a chemical nose.108�110

In principle, each analyte interacts with the series differently to
produce a unique fingerprint. In practice, the effectiveness of the
approach is somewhat limited because the “unique fingerprint”
changes with analyte concentration. Additionally, the array or nose
addresses only the problem of identification, and not the problem of
signals from interferants. It is also important to recognize that gas or
vapor sorption by a conventional polymer is mainly an issue of
solubility. For themost part, analyte size and shape are unimportant.
Furthermore, unlike in the case of MOFs, strategically positioning
multiple analyte-recognition functionalitieswithin uniform andwell-
defined cavities is not possible with conventional polymers. It seems
unlikely, therefore, that the array or nose approachwill prove as useful
for MOFs as it has for other candidate chemosensory materials.

A better approach may be computational ranking and screening
of MOFs, where the library of materials can be generated either by
data mining (e.g., by examining the several thousand crystal
structures of potentially porous coordination polymers already
present in the Cambridge Structural Database) or by combining
linkers and nodes in silico to create both existing and hypothetical
MOFs.While high throughput screening of structurally and electro-
statically simple molecules such as methane can likely readily be
accomplished,111 larger molecules possessing more degrees of free-
dom of motion (e.g., octane) or molecules presenting more
complex electrostatics (e.g., SO2) requiremore complex simulations
that necessarily will be slower. Sorption simulations involvingMOFs
that present open metal sites that can engage in weak bonding
interactions with a target analyte will typically require computation-
ally expensive, quantum chemical calculations to yield reliable
predictions. Widespread implementation of high throughput
screening of MOFs for highly specific analyte adsorption, therefore,
will likely become practical only when significantly greater compu-
tational power becomes routinely available and/or when reliable
approximate methods for handling more complex molecule/MOF
interactions have been devised and validated.

Despite these caveats, a recent computational screening
investigation of a comparatively limited library ofMOFs provides
reasons to be optimistic.47 In this study, it proved possible to
identify MOFs capable of discriminating between relatively
similar molecules (e.g., xylenes and TNT). Additionally, a recent
computational study by Ryan and co-workers of eight MOFs led

to the identification of a MOF predicted to show a strong
preference for sorption of xenon versus krypton.4

Finally, another promising concept for improving selective
detection is to couple MOFs with vibrational spectroscopy or
another analytical technique that provides a molecular finger-
print.While infrared (and to a lesser extent Raman) spectroscopy
has been used to characterize MOFs, the observation/character-
ization of guest molecules inside of MOFs via these methods has
been largely underutilized.112�114 Vibrational spectroscopy is
capable of detecting analytes without the assistance of a sorbent;
however, a MOF could greatly improve the limit of detection via
molecule-specific preconcentration, especially if preconcentra-
tion occurs proximal to (i.e., within a few nanometers of) a
material such as nanostructured gold or silver that can support
SERS (surface-enhanced Raman scattering).
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