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ABSTRACT: Luminescent metal—organic framework
films, CPM-5DTb*" and MIL-100(In)D>Tb**, have been
constructed by postfunctionalization of two porous
indium—organic frameworks with different structures,
respectively. The MIL-100(In)DTb** film shows high
oxygen sensitivity (Kgy = 7.59) and short response/

recovery time (6 s/53 s).
Lanthanide metal—organic frameworks (MOFs) have
emerged as very important multifunctional luminescent
materials in the past decade due to their unique luminescence
properties such as high luminescence quantum yield, long-lived
emission, large Stokes shifts, and characteristically sharp line
emissions.'~* The combination of these intrinsic luminescent
features together with the inherent porosity of MOFs provides
an effective platform for chemical sensing.” For practical sensor
applications, it is of interest to fabricate MOFs as thin films on
different types of substrates including Si or ITO glass to realize
the optoelectronic integration circuits.”” However, it is still a
challenge to grow highly crystalline lanthanide MOF films on
substrates due to the high coordination number and flexible
coordination geometry of lanthanide ions. Fortunately, the
incorporation of lanthanide ions within MOF films utilizing
postsynthetic ion-exchange strategy should be expected to
perform the similar luminescent sensing function of lanthanide
MOFs. In fact, a number of guest species, such as lanthanide
ions,*” fluorescent dyes,10 and quantum dots,""'* have been
incorporated into bulk MOFs to create luminescence.

Up to now, tremendous luminescent complexes have been
designed for oxygen sensing.'>'* However, such materials are
usually immobilized into porous polymeric or silica-based
matrices,>'¢ resulting in severe losses on oxygen sensitivity
due to the reduced surface area between interacted phases.
Recently, a few porous MOF powders with high porosity and
high luminescence from the organic ligands have been designed
for oxygen sensing.'’ >' The characteristic luminescence of
lanthanide MOFs can be ascribed to ligand-to-metal energy
transfer (EnT), known as “luminescence sensitization” or
“antenna effect”.’”” Oxygen quenching of these MOFs is
supposed to be resulted from the deactivation on triplet-state
organic ligands by the oxygen molecule, which, on the other
hand, has little interaction with the excited states of lanthanide
ions, similar to that of lanthanide complexes.'* Thus, for
efficient oxygen sensing, the energy transfer processes of
lanthanide-centered MOFs should contain not only an effective

-4 ACS Publications  © 2014 American Chemical Society

5527

EnT but also an appropriate thermally activated energy back
transfer (BEnT) to prolong the triplet-state lifetime of
ligands.*>*® As a result, it is expected that differences in energy
transfer rates of MOFs may lead to significant variations in
oxygen sensing capabilities. In this concern, it is suggested that
the introduction of Tb%" into two indium trimesate MOFs,
[(CH;),NH, ][In;0(BTC),(H,0);],[In;(BTC),] (denoted as
CPM-5)** and In;O(OH)(H,0),[BTC], (denoted as MIL-
100(In)),*® in the presence or absence of extra carboxylate acid
will make adjustment on energy transfer processes and thereby
oxygen sensitivities possible. The first triplet-state energy of
1,3,5-benzenetricarboxylate (BTC) (23200 cm™!, estimated
from the phosphorescence peak at about 430 nm of
Gd(BTC)(H,0)4 recorded at 77 K)*¢ is close to the excited
state of Tb*" (°D,, 20400 cm™"), resulting in effective EnT and
appropriate BenT, which is beneficial to oxygen sensing
(Scheme 1). Herein, we report two luminescent MOF films,

Scheme 1. Energy Transfer Processes and O, Quenching
Processes of (a) CPM-50Tb*" and (b) MIL-100(In)D>Tb***
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“EnT: energy transfer from the ligand to the metal ion. BEnT: energy
back transfer. Em: emission.

CPM-5DTb*" and MIL-100(In)DTb*", which are prepared via
postfunctionalization of CPM-5 and MIL-100(In) with terbium
ions, and their oxygen sensing capabilities are also demon-
strated.

The CPM-S and MIL-100(In) films were prepared by the in
situ solvothermal synthesis method on ITO glass according to
procedures reported previously.”” Results of X-ray diffraction
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indicate that as-prepared films have structures the same as
CPM-S and MIL-100(Al), respectively (Figure S1 in the
Supporting Information). CPM-S possesses a large guest-
accessible volume (47.9% of the total volume) with pore size of
4.89 A, and MIL-100(In) has pores with free inner diameters of
about 20 and 26 A, which are desirable for postmodification
and oxygen sensing.”*** In CPM-5, all carboxylate acids of
H;BTC ligand are deprotonated and (CH,),NH," serves as the
movable charge-balancing cation in pores. In MIL-100(In), it is
expected that there might be extra trimesic acid which has
strong interaction with the In;O trimer through the CO-In
monodendate coordination and serves as one of the terminal
molecules of the In;O trimer, which also occurs in MIL-
100(Al1).>* 7" The morphology of the CPM-5 and MIL-
100(In) films is studied by scanning electron microscopy
(SEM) (Figure S2 in the Supporting Information). The MOF
crystals pack tightly to each other, and good adhesion between
the continuous MOF layers and the ITO surface is seen. The
MOF films do not break off from the substrates after the
ultrasonic washing in the water or ethanol for 30 min. Based on
our previous studies,”” the indium(III) oxide on the substrate is
essential to the growth of continuous films, which can improve
the homogeneous nucleation and growth. Sufficient nucleation
precursors on substrate surfaces are provided by the two
indium sources in the solution and on the ITO glass during the
formation of small MOF crystals. The CPM-5 and MIL-
100(In) films prepared in the solvothermal solutions with 12.5
mmol-L™" of In(NO;); or InCly and 12.5 mmol-L™" of H;BTC
have the same thickness of about 2.5 um. It should be noted
that the film thickness can also be adjusted easily by varying the
reactant concentration (Figures S3 and S4 in the Supporting
Information).

Luminescent CPM-52Tb* and MIL-100(In) DTb>* films are
prepared by immersing indium—organic framework films in 3
mL DMF solutions with 0.2 mol-L™" of Tb(NO;);-6H,0. The
X-ray diffraction patterns (Figure S1 in the Supporting
Information) and SEM images (Figure 1) of CPM-SDTb*"
and MIL-100(In)DTb* films confirm that the modifications of
indium—organic frameworks barely change the structures and
the morphology of the MOF films. The Tb 4d XPS core level
spectra were recorded to study the chemical state of terbium
ion in CPM-5DTb*" and MIL-100(In)D>Tb*" films (Figure SS

Figure 1. SEM images of CPM-5DTb*" (a, b) and MIL-100(In) DTb*
(¢, d) films.

in the Supporting Information). The Tb 4d peak of CPM-
5DTb* is close to the peak of Th(NOj;),, indicating that the
terbium ions of CPM-5DTb** and Tb(NO,); have similar
binding energy and electron density. It is suggested that the
terbium ion in CPM-SDTb*" serves as the charge-balancing
Tb*" in the pores, which is commonly observed on other
lanthanide ions, cationic chromophores, and metal ions in
anionic MOFs.*'*** The Tb 4d XPS spectrum of MIL-
100(In)DTb* is similar to that of Tb(NO;);. However, its
peak position at 151.4 eV is lower by about 1.2 eV than that of
Tb(NO;); at 152.6 eV, which can be ascribed to the coordinate
covalent bond of Tb—O between Tb** and carboxylate acid in
the MOFs, leading to an increase in the electron density of
terbium ion while a decrease in the binding energy.”> The
coordination environments of Tb** in both Tb@CPM-5 and
Tb@MIL-100(In) are further confirmed by X-ray absorption
fine structure (XAFS, Figure S6 in the Supporting Informa-
tion), and the possible schematic illustration of terbium ions in
the MOFs is presented in Figure S7 in the Supporting
Information.

The luminescent properties of postfunctionalized MOF films
were studied (Figure S8 in the Supporting Information). Broad
excitation bands peaking at 285 nm are observed in the
excitation spectra of CPM-50Tb*" (4., = 544 nm) and MIL-
100(In)DTb* (A, = 546 nm), indicating the presence of
energy transfer from the BTC ligand to Tb’". Both the
characteristic emission bands of Tb>* and the emission of the
BTC ligand peaking at 368 nm are found in the luminescence
spectrum of the as-prepared CPM-SDTb** film, suggesting
relatively low energy transfer efficiency from the BTC ligand to
Tb**. For the MIL-100(In)>Tb* film, the emission of Tb>*
becomes much more prominent while the emission of the BTC
ligand can be ignored. The luminescence lifetime and quantum
yields of CPM-SOTb* and MIL-100(In)D>Tb** were also
measured (Table S3 in the Supporting Information). The
quantum yield of MIL-100(In)DTb*" film is about 16.8%,
much higher than that of CPM-5DTb*" (1.1%). The much
higher energy transfer efficiency of MIL-100(In)DTb* in
comparison with that of CPM-5DTb* is in good accordance
with the presence status of terbium ions in two MOFs. The
Tb** in MIL-100(In)DTb** is sensitized by the intramolecular
energy transfer process while that in CPM-SDTb?" is sensitized
intermolecularly. Thus, the higher energy transfer efficiency of
MIL-100(In)DTb* can be ascribed to its shorter donor—
accep;(‘)r distance, according to Dexter’s exchange mecha-
nism.

To demonstrate the feasibility for oxygen sensing, emission
spectra of activated CPM-5DTb*" and MIL-100(In)>Tb**
films with the thickness of about 2.5 ym (as shown in Figure
1) were in situ recorded under oxygen gases with defined
oxygen partial pressure Po, in nitrogen, 0, 1/6, 1/3, 1/2, 2/3,
5/6, and 1 atm (Figure 2). The emission intensities of activated
films decrease gradually with the increase in Po,. Because of the
small energy gap between the first triplet state of BT'C and the
’D, of Tb*, thermally activated back energy transfer from the
’D, energy level of Tb>" to the triplet state of BTC occurs at
ambient temperature, leading to the establishment of a
photoequilibrium which extends the triplet-state lifetime of
the BTC.'"*** When the oxygen molecule diffuses into the
MOF pores, the triplet state of BTC may be deactivated
subsequently by the triplet oxygen via bimolecular collisions,"
resulting in the gradually quenched luminescence of activated
films with the increasing Po,. At 1 atm of O,, the quenching
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Figure 2. Emission spectra of activated (a) CPM-5DTb* and (b)
MIL-100(In)>Tb*" films under different oxygen partial pressure Po,.

efficiencies of activated CPM-5DTb*" and MIL-100(In) D> Tb**
films are about 47% and 88%, respectively. Thus, luminescent
sensing capabilities of oxygen gas are expected for these two
MOF films.

Oxygen quenching is diffusion-limited and can be described
by the linear Stern—Volmer relation in homogeneous micro-
environment materials.">*"** Good linearity can be seen from
the Stern—Volmer plots (I/I vs Po,) of the activated CPM-
5DTbH*" and MIL-100(In)DTb* films prepared using 0.2 mol-
L™" Tb(NO;);-6H,0 solution, as shown in Figure 3, suggesting
that the Tb** within each MOF is distributed homogeneously.
The oxygen sensing properties of the two films are summarized
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Figure 3. Stern—Volmer plots showing I,/ vs oxygen partial pressure
Po, for the activated MOF films.
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in Table S4 in the Supporting Information. The Stern—Volmer
quenching constant Kgy of CPM-$DTb* and MIL-100-
(In)D>Tb* films are estimated to be 0.78 and 7.59 respectively.
For CPM-5DTb* and MIL-100(In)D>Tb*" films, the I,/I;q
values are larger than the reported Yb**-incorporated MOFs.”
The MIL-100(In)DTb*" film shows promising Ksv or I/I o
values that are much larger than those of many other MOF
powders based on the phosphorescence of organic ligand."” >
The sensitivity of MIL-100(In)D>Tb** film is also lar§er than
the polymeric matrixes doped with Eu complexes.” It is
exhibited that the oxygen sensitivity of the activated MIL-
100(In)>Tb* film is almost 1 order magnitude higher than
that of the CPM-5DTb*" counterpart. It can be pronounced
that luminescent lanthanide-centered MOFs with intramolec-
ular energy transfer exhibit higher oxygen sensitivities than the
MOFs with intermolecular energy transfer when the lanthanide
ions are sensitized by the same organic ligand. Also, the
detection limits for CPM-52Tb*" and MIL-100(In)>Tb* films
are about 1.7% and 0.4%, respectively.

The luminescence intensities of activated MOF films within
alternating cycles of 1 atm of O, and 1 atm of N, indicate that
activated MOF films have reversible oxygen quenching and
nitrogen recovering properties (Figure 4). At the excitation
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Figure 4. Reversible luminescence quenching of (a) CPM-5OTb*
film and (b) MIL-100(In)D>Tb** film upon alternating exposure to 1
atm of O, and N,.

wavelength of 285 nm, emission intensities of CPM-5DTb**
and MIL-100(In)D>Tb*" films at 544 and 548 nm respectively
are monitored with the elapse of time. Because of the high
porosity of MOFs, the diffusion of oxygen is fast in the MOF
films. In the case of the CPM-5DTb’" films, it takes about 90
and 60 s respectively to accomplish 95% of the overall
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luminescent intensity variation from 100% N, to 100% O, and
vice versa, while in the case of the MIL-100(In)>Tb* films, it
takes only about 6 and 53 s respectively under the same
experimental conditions. The short response and recovery time
of MOF films toward oxygen allows for reversible and rapid
detection of O, molecules.

In summary, two luminescent MOF films based on Tb** have
been constructed by postfunctionalization of indium—organic
framework films, CPM-S and MIL-100(In). The luminescent
MOF films with high porosity exhibit fast and reversible
detection of oxygen. The energy transfer efficiency of MIL-
100(In)DTb* is much higher via the binding interaction
between the extra carboxylate acid and incorporated terbium
ion in MOF pores than that of CPM-SDTb*" in which the
terbium ion serves as the mobile charge-balancing cation. The
MIL-100(In) DTb* film shows higher oxygen sensitivity (Kgy =
7.59) and shorter response/recovery time (6 and 53 s) than
those of CPM-5DTb* film. It is believed that the porous
luminescent MOF films will provide great potential in
applications for sensing gases or vapors with high sensitivity.
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