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interactions is of significance for the development of metal-

ABSTRACT: A series of novel lanthanide metal—organic sensing systems.

frameworks were synthesized using a ligand featuring three Our MOF, formulated as [Eu(BTPCA)(H,0)]-2DMF-3H,0
carboxylate groups stationed on a triazinyl central motif. [1; H;BTPCA = 1,1',1”-(benzene-1,3,5-triyl)tripiperidine-4-
The readily accessible multiple Lewis basic triazinyl N carboxylic acid;'® DMF = dimethylformamide], was synthesized
atoms allow for complexation of incoming metal ions. by keeping a mixture of LnCl; and H;BTPCA in DMF/H,0 at
Such interactions have been established quantitatively. 65 °C. Isostructural MOFs containing trivalent Ce, Pr, and Nd

(2—4) were also obtained under otherwise identical reaction
conditions (Table S1 in the Supporting Information, SI).
l\ /I etal—organic framework (MOF) solids are a family of Thermal treatment of 1 removed the aqua ligand and the

porous materials constructed by the assembly of metal- solvent molecules of crystallization, affording 1a, putatively the
containing units with appropriate organic linking groups. The activated form of the porous solid. The powder X-ray diffraction
ability to tune the pore size and to incorporate various functions (XRD) pattern of 1a is nearly identical with that of 1, indicating
into the framework structure offers great promise for the that the structural integrity of the framework is maintained
development of materials that are useful for such diverse (Figure S4 in the SI). As expected, resolvation of 1a in water and
applications as recognition,1 separation,” and storage of guest DMF afforded respectively 1la-nH,O and la-nDMF, both
molecules of interest,” sensing,* drug delivery,® and catalysis.%” producing the same XRD patterns as 1 and 1a. None of these
Among the large number of MOFs,*” those displaying different forms is soluble in water or common organic solvents.
interesting luminescence properties,">'! inherent or triggered The structure of 1, shown in Figure 1, was determined by
by interactions with guest species, are receiving increasing single-crystal X-ray diffraction studies. The electrically neutral

current attention because they are useful for the development of
sensing technologies among other applications.*'*™'7 Of
particular note are lanthanide-containing luminescent MOFs
because of the propitious luminescence properties originating
from the unique f electronic configurations of these elements.
These include extremely sharp emissions and therefore high
optical purity, high quantum yields when sensitized by effective
ligand-to-metal energy transfer (also known as the “antenna
effect”), and structural and compositional optimization of the
ligands without affecting the emission characteristics of a chosen
lanthanide. More significantly, because of the unique mechanism
by which the emissive state of the lanthanide ion is populated,

changes of lanthanide luminescence can be effected by a number Figure 1. (a) Linking of the BTPCA ligand to six different Ln’* centers
of means. In this contribution, we report the synthesis, structure in the title complexes. (b) Chain with nonacoordination for the Ln**
determination, and luminescence properties of an Eu’'- coordination environment in the title complexes. (c) Packing of 1 as
containing red-emitting MOF. It has been found that the red viewed slightly off the ¢ axis. The coordinated water molecules, free

luminescence of the framework can be significantly enhanced or solvate molecules, and H atoms were omitted for clarity.

essentially completely quenched depending on the metal ions
that the MOF was in contact with. The study of the relationship Received: January 6, 2013
between such luminescence changes and the guest—MOF Published: March 4, 2013
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framework is constructed by Eu®* ions bridged by BTPCA
ligands. Each BTPCA ligand coordinates six Eu®* ions using
exclusively its carboxylate groups, two of which are bridging/
chelating and the third is bridging with each of its two O atoms
coordinating one Ln" ion in a monodentate fashion (Figure 1a).
The coordinatively identical Eu** ions are each nonacoordinate
and are situated in a coordination sphere composed of nine O
atoms from one aqua ligand and six different BTPCA ligands.
The bridging interactions are responsible for organization of the
metal atoms into a chain structure (Figure 1b) with microporous
channels along the crystallographic ¢ axis (Figures 1c and S$ and
S6 in the SI).

The luminescence spectra of H;BTPCA, the as-synthesized 1,
the thermally activated form 1la, and the rehydrated form
la-nH,0 were recorded (Figures S7—S9 in the SI). Upon
excitation at 395 nm, 1 luminesces at 590, 618, 650, and 702 nm,
characteristic of the Eu** ion and assignable to its "D, — 'F, (n =
1—4) transitions. The ligand-based emission at 445 nm was not
observed, indicating that BTPCA is an excellent chromophore
for sensitization of the Eu** ion. Thermal treatment of 1 removed
the luminescence-quenching aqua ligand and hence the
noticeable enhancement in the luminescence of la. Not
unexpectedly, rehydration of 1a to la-nH,O caused significant
luminescence quenching. These observations are consistent with
the well-established fact that lanthanide luminescence can be
effectively quenched through nonradiative decay due to vibronic
couplln% to high-energy vibrational states of the O—H and N—H
bonds."

The Lewis basic triazinyl N atoms of the ligand, directed into
the channels of the framework and thus exposed, are supposedly
available for interactions with Lewis acidic analytes. Such
interactions are expected to alter the electronic structure of the
BTPCA ligand that dictates the ligand-to-Eu’* energy transfer
and determines the overall effectiveness of sensitization of the
emissive lanthanide ion. Indeed, the samples M**-1b obtained by
immersing 1a in DMF solutions containing various metal ions
displayed markedly different luminescence. As shown in Figure 2,
when in contact with Fe*, the red luminescence of 1a-nDMF,
monitored at 618 nm for the D, — F, transition, was essentially
completely quenched. In stark contrast, the interaction with Zn**
drastically enhanced the luminescence intensity, with a
maximum of more than 3.5 times as much as that of the parent
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Figure 2. Comparison of the luminescence intensity of the D, — F,
transition of M**-1b versus 1la-nDMF (A, = 344 nm). The inset shows
the photographs of M**-1b under light and UV-light irradiation.
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MOF. The rest of the metal ions (K*, AI*, Cr**, Mn>*, Co®*,
Ni**, and Cu**) tested did not cause any significant change to the
intensity of the luminescence (Figures S10—S16 in the SI). Of
particular relevance to the present work is [Eu-
(PDC), s(DMF)]-0.5DMF-0.5H,0 (PDC = pyridine-3,5-dicar-
boxylate), a luminescent MOF reported by Chen and co-
workers.'” The addition of Cu?* led to reduction of the Eu’*-
originated luminescence to about 50% of its original intensity.
The authors speculated that binding of Cu** by the pyridyl N
atom of the PDC ligand is responsible because of a compromised
antenna effect.

With the hopes of unambiguously establishing the interactions
between the metal-ion guests and the MOF host, a series of
titration-like experiments were carried out in which the
luminescence intensity of the sample obtained by immersing a
fixed amount of 1a in a DMF solution of a specific concentration
of Fe*" or Zn*" was measured. As illustrated by Figure 3a, the
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Figure 3. (a) Excitation (4, = 618 nm) and emission (4., = 344 nm)
spectra of the solid samples of Fe**-1b obtained by immersing 1a in
DMF solutions with different concentrations of FeCl;. (b) Lumines-
cence intensity of Fe®**-1b monitored at 618 nm versus the
concentration of Fe’*.

luminescence intensity decreases as the concentration of Fe®
increases. Quantitatively, the luminescence was essentially
completely quenched when a 3:1 Fe**/1a molar ratio is reached
(Figure 3b), clearly suggesting complexation of the lumines-
cence-quenching Fe®* with the three triazinyl N atoms of the
BTPCA ligand; an increase in the amount of Fe*" beyond the
equivalence point does not lead to any further changes. The same
metal-to-1a stoichiometry of 3:1 was obtained by measuring the
enhancement of luminescence upon the addition of Zn>*
(Figures S17 and S18 in the SI), providing further support to
the aforementioned of M**—N(triazinyl) coordination.

The putative sensitization of the Eu** ion for luminescence via
energy transfer mediated by the BTPCA ligand is illustrated in
Figure 4. The process starts with excitation of the ligand,
followed by energy transfer to the emissive states of the Eu** ion.
Complexation following the introduction of metal-ion guests
into the MOF channels is expected to perturb the electronic
structure of the ligand; both the singlet and triplet excited states
may be affected. These changes, in turn, will affect how effectively
the emissive states of the Eu®" ion are sensitized and hence the
observed changes in the luminescence intensity.

The diffuse-reflectance UV—visible spectra of 1la-nDMF and
M**-1b (Figures S19 and S20 in the SI) suggest that the strong
absorption of Fe**-1b at the excitation wavelength (344 nm) is
possibly responsible for the observed quenching of lumines-
cence, which effectively suppresses transfer of the excitation
energy to Eu** and therefore population of the emissive states,
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Figure 4. Pictorial description of energy-transfer processes, leading to
ligand-sensitized Eu** luminescence in the Eu*" organic framework 1a.
Legend: green polyhedra, [EuOg]; gray spheres, C atoms; blue spheres,

N atoms.

corroborating the shortest luminescence lifetime of Fe**-1b
(Figure S2S in the SI). Because the lanthanide-originated
luminescence is typically in the micro- to millisecond range,
the nanosecond lifetime of the luminescence of Fe*-1b clearly
indicates that the emissive state of the Eu®" ion is essentially
unpopulated. In other words, the energy-transfer pathway from
the ligand to the emissive center is blocked. In contrast,
consistent with the observed significant enhancement of
luminescence, Zn**-1b displays the weakest absorption at the
same wavelength (Table S2 in the SI) and the longest
luminescence lifetime (Figure $26 in the SI). As a representative
for the other metal ions that do not show significant influence on
the luminescence intensity, the decay profile of Cu**-1b is shown
in Figure S24 in the SI. Not surprisingly, it is very similar to those
of 1, 1a, and la-nDMF (Figures S21—S23 in the SI).
Additionally, the quantum yields for la-nDMF and Zn-1b are
16% and 49%, respectively.

In summary, a luminescent MOF composed of a Eu** ion and a
tricarboxylate ligand was synthesized and structurally charac-
terized. Effective sensitization of the metal ion by the ligand is
demonstrated. The readily accessible Lewis basic N atoms of the
ligand allow for metal—ligand complexation with incoming
metal-ion guests. Depending on the nature of the interaction and
the resulting perturbation to the electronic structure of the
ligand, the efficiency of ligand-to-lanthanide energy transfer is
affected, leading to compromised or enhanced population of the
lanthanide emissive states and, ultimately, the quenching or
enhancement of Eu®*" luminescence. The essentially complete
quenching and drastic enhancement of Eu’* luminescence upon
the respective incorporation of Fe** and Zn* ions suggest
specifically the potential use of the MOF for metal-ion sensing.
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