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A Miniaturized Linear pH Sensor Based on a Highly Photoluminescent
Self-Assembled Europium(IIl) Metal-Organic Framework™**
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Luis D. Carlos, and Jodo Rocha*

The field of lanthanide-based metal-organic frameworks
(LnMOFs) with two- or three-dimensional structures!'™ is
rapidly growing because of the discovery of new crystalline
structures that exhibit interesting properties and have poten-
tial applications in catalysis,""® sensors'*™! contrast
agents,”” non-linear optics,*? displays,® and electrolumi-
nescent devices.” For photoluminescence applications, it is
necessary to prepare lanthanide-containing materials with
high quantum efficiencies, in order to achieve the required
miniaturization and reduce energy losses from undesirable
quenching processes.””! Moreover, it is highly desirable to
combine the properties of ligands and antennae in one
organic moiety. A well-known powerful sensitizing ligand for
Eu ions in solution is 1,10-phenanthroline-2,9-dicarboxylic
acid (H,PhenDCA), in which both carboxylic and phenan-
throline moieties may coordinate to the metal center.?®?” The
proximity between the coordinative parts means that this
chelating agent has the tendency to form zero-dimensional
(molecular) complexes that are useful in some solution-based
analytical applications, but cannot be applied as solid sensors
or light-emitting materials. Thus, it is of interest to obtain the
two- or three-dimensional insoluble counterparts of these
zero-dimensional water-soluble complexes. To achieve this
goal, we have used hydrothermal synthesis, which is a
powerful technique for the preparation of metastable com-
pounds that may not be accessible by using conventional
methods.”®?! Hydrothermal synthesis also allows the use of
chelating agents that are sparingly soluble in water at
temperatures below 373 K, thus enhancing the lanthanide-
coordinating ability of the ligand.

Herein, we report the synthesis, structure, and sensing
properties of a new Eu'" metal-organic framework
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ITOMOF-3-Eu (ITQOMOF =Instituto de Tecnologia Qui-
mica Metal Organic Framework) that contains the ligand
1,10-phenanthroline-2,9-dicarboxylic acid. The excellent bal-
ance between absorption, energy transfer, and emission rate
of the Eu*" ITOQMOF-3 (ITQMOF-3-Eu) allowed the fabri-
cation of a miniaturized pH sensor prototype that functions in
the biologically interesting range (5-7.5). By combining this
material and an optical fiber, a linear photoluminescence
response, which also allows the self-calibration of the emitting
signal within this pH range, was achieved. The ITQMOF-3-
Eu material was obtained by reacting the H,PhenDCA ligand
and the Eu’" salt or oxide under hydrothermal conditions (see
the Supporting Information). The crystal has a strong red
luminescence under ultraviolet light (see Figure 1a). Chem-
ical and elemental analyses showed that the formula of the
material is [Euy(C,,H¢N,O,),(OH)(H,0),]-2H,0.

Figure 1. a) Optical microscopy image of ITQMOF-3-Eu under UV
light. b) Eu2 coordination environment. c) Eul coordination environ-
ment. C gray, H white—gray, N blue, Eu green, O red.

The structure of ITQMOF-3-Eu was determined from
single-crystal X-Ray diffraction datal® (collected at Beam-
line BM16 at ESRF) using SHELXS-975! and refined with
SHELXL-97.”% The structure was indexed using an ortho-
rhombic unit cell with a=15.625A, b=31237A, c=
10.847 A; the space group Ccc2 (no.37) was assigned
according to the systematic extinctions in the diffraction
patterns.

ITQMOF-3 can be described as a layered compound with
two well-defined and very different sheets, A and B. Each
sheet contains one type of Eu*" ion (either Eul or Eu2) in a
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different crystallographic position (Figures 1 and 2). Sheet A,
which contains Eul, has an ML, stoichiometry (M = lantha-
nide and L=1ligand PhenDCA) and is negatively charged.

Figure 2. Structure of ITQMOF-3 showing the lamellar packing.
a) viewed along the ¢ axis. b) viewed along the a axis. C gray, H white-
gray, N blue, Eu green, O red.

Each Eu’" ion is coordinated by two different ligand
molecules to form isolated EuL, entities. The L molecule
acts as a tetradentate ligand and coordinates the central metal
atom through the two N atoms and two O atoms of each
carboxylic group. The two ligand molecules connected to the
same Eu*" ion lie on 80° planes. Each Eu*" ion is octacoordi-
nated and isolated from the other Eu’' ions in the structure
(dpin Eu-Eu=9.51 A). The ML, group interacts with the
neighboring groups in the sheet through multiple n—mx
interactions of the aromatic rings (distance 3.5 A) to create
a two-dimensional self-assembled layer™ (see Figure S2 in
the Supporting Information).

Sheet B contains Eu2 with stoichiometry [M,L,(OH)-
(OH,),], and is thus positively charged. In this case, the sheet
is formed by isolated planar chains along the c axis. The M
atoms form pairs of Eu*" ions connected through an OH
group (Eu-O-Eu; dg, 5, =4.61 A), which also stack along the
c axis. Each Eu atom is also coordinated by one L molecule
that acts as a tetradentate ligand through the two N and two O
atoms, one L molecule that coordinates through one O atom
while also tetracoordinating an Eu** ion of a neighboring Eu—
O-Eu pair, one OH group that links the Eu*" ions in a couple,
and two water molecules. As a result, the Eu2 is also
octacoordinated, although in a very different environment
from that of Eul, and are situated close to the neighboring
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Eu’' ions. The distance between Eu*" ions of different pairs
connected through a carboxylic Eu—-O-C-O-Eu bridge is
6.49 A. The linkage between adjacent A and B sheets take
place mainly through electrostatic interactions because of
their respective negative and positive charges. Last, an
additional water molecule that originates from the solvent
has been found close to the B sheets.

The ITQMOF-3 material has good thermal stability up to
573 K in air (see Figure S1 in the Supporting Information). In
the range 423-500 K, the TGA curve exhibits an initial weight
loss of 6.6%, which corresponds approximately to four
coordinated water molecules and two free water molecules
in the interstitial zone. The material starts to decompose at
around 573 K (weight loss 61.5%), as confirmed by variable-
temperature powder X-ray diffraction. The transformation
continues up to 873 K, where the corresponding lanthanide
oxide is the final product.

The excitation spectra of ITQMOF-3-Eu recorded at both
room temperature and 12 K (Figure 3a) display a series of
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Figure 3. a) Excitation spectra of ITQMOF-3-Eu crystals recorded at
300 K and 12 K with the emission monitored at 612.3 nm. b) Emission
spectra of ITQMOF-3-Eu recorded at 300 K and 12 K under 350 nm
excitation. The inset shows an expansion of the Eu** °D,—’F, emission
region.

sharp lines assigned to the 'F,—°D,_, and °L, Eu’* intra-4f°
transitions. Moreover, the spectra exhibit several intense and
broad bands in the UV region, with a maximum at around
350 nm, which is attributed to ligand excited states.

The sharp lines in the emission spectra (Figure 3b) are
assigned to transitions between the first excited non-degen-
erate °D, state and the 'F,_, levels of the fundamental Eu**
septet. The presence of two different Eu®" environments,
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which is in agreement with the crystal structure results, is
indicated by two lines at approximately 579.0 nm
(17272 cm™") and 580.7 nm (17221 cm™") in the 300 K spec-
trum (which are attributed to sites Eu2 and Eul, respectively)
for the nondegenerate *Dy,—’F, transition (inset in Fig-
ure 3b), and the local-field splitting of the ’F; level into six
Stark components (Figure 3b). The photoluminescence fea-
tures of each site may be rationalized in terms of the
relationship between the covalency of the Eu-(O,N) bonds
and the nephelauxetic effect that influences the energy of the
*Dy—'F, transition:®* a site with more covalent Eu—(O,N)
bonds has a *D,—’F, transition at lower energy and a longer
emission lifetime. Surprisingly, in contrast with the behavior
of site Eul, the D,—F, transition intensity of site Eu2
increases with temperature, (Figure 3b, inset). This behavior
is unexpected because a temperature increase promotes the
nonradiative processes that quench the emission. The dom-
inant mechanism of the ’Dy—’F, line (forbidden by electric-
dipole and magnetic-dipole rules) is generally attributed to
the borrowing of intensity from the hypersensitive *D,—'F,
transition through crystal-field-induced J mixing.>3? Tt is
well known that the intensity of the hypersensitive *Dy—F,
transition varies considerably with the chemical environ-
ment.” Hence, the increase of the *D,—’F, transition
intensity of Eu2 with temperature is likely to arise from
changes induced in the local site geometry of the dimers,
which is clearly evidenced by the blue shift of the *D,—F,
energy with temperature in the range 12-300 K (Figure 3b,
inset). To better understand the different behavior of the two
Eu’" sites, we recorded the °D, decay curves detected on the
two different "Dy—’F, transitions at temperatures in the
range 12-300 K. At all temperatures, the decay curves
obtained by monitoring the Eul emission (ca. 580.7 nm) are
monoexponential with °D, lifetimes in the range (1.03+
0.01) ms (12K) and (0.53+0.01) ms (300 K; see Figure S3
in the Supporting Information). The curves obtained by
monitoring the Eu2 emission (ca. 579.0 nm) exhibit a differ-
ent behavior: 1) at 12 K, the decay curve is monoexponential
(with a lifetime of (0.28 +0.01) ms); 2) in the range 50-100 K,
the curves are biexponential, with one of the lifetimes equal
to the lifetime measured by monitoring the Eul emission;
3)in the range 150-300 K, the curves are monoexponential
and show the lifetime of the Eul emission (the *D, lifetime of
the Eu2 emission is below the detection limit of our equip-
ment, 0.03 ms). These observations indicate the occurrence of
thermally activated energy migration from Eul to Eu2, with a
rate larger than the lifetime of the Eu2 emission. Clearly, the
shorter lifetime of the Eu2 emission is ascribed to the
presence of two water molecules and a hydroxy group, which
strongly quench the radiative emission, in the first coordina-
tion sphere of this site.

The absolute emission quantum yield () of ITQMOF-3-
Eu is very high, with a maximum value of 0.56 at an excitation
wavelength of 350 nm. This excellent value supports the good
balance between absorption, energy transfer, and emission
rates mentioned above, and affords the material real potential
for use in sensor miniaturization.

Our preliminary results on the use of ITOMOF-3-Eu as a
pH sensor are very encouraging. The sensor has a linear
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response in the pH range 5-7.5, which is required for work
with biological fluids such as blood and culture cell media. At
a pH value lower than 4, the protonation of the carboxylic
groups takes place followed by irreversible changes in the
MOF structure. In contrast, for pH values above 8, europium
hydroxide is formed as a result of the competition for the
metal coordination sites between the hydroxide groups and
the carboxylic groups of the ligand. However, the ITOMOF-
3-Eu structure is stable at pH 5-7.5 and the observed changes
in the photoluminescence are fully reversible. Most interest-
ingly, this sensor requires no calibration because only one of
the two Eu®" emitting sites is affected by the pH variation in
the range 5 to 7.5. By following the intensity ratio (Z,) of the
’D,-"F, emissions of the two Eu*" types (Eul 580.7 nm; Eu2
579.0 nm, Figure 4 a), it is possible to determine the pH of the
solution to be analyzed. In this pH range, the relation between
the Eu2/Eul (579.0 nm/580.5 nm) peak intensities 7, and the
pH value present a good linearity (R=0.9997). By taking
advantage of the two main properties of ITQMOF-3-Eu (i.e.,
high emission quantum efficiency and pH-sensing capability)
it was possible to design a new miniaturized pH sensor
prototype by combining the material with a commercial fiber
optic 1.5 mm in diameter. By using this device, we were able
to continuously measure the pH in the range 5-7.5 with a
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Figure 4. a) Intensity variation of the Eu2 *D,—’F, transition from high
(pH 7.5) to low (pH 5) pH values; the inset shows the linear variation
of I, with the pH value. b) Time variation of I, with the pH change
from 5 to 7.5 in ramping mode (measured with a glass electrode).
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rapid response between the photoluminescence and the pH
variation (Figure 4b).

In conclusion, the careful choice of the ligand and
synthesis parameters has enabled the synthesis of a new
LnMOF. This material exhibits a high emission quantum yield
that made the fabrication of a miniaturized pH sensor viable.
The sensor does not require external calibration for the pH
range 5-7.5, which is the common range for the study of
biological fluids. The same ITQMOF-3 type structure was
obtained when other lanthanide ions or mixtures of lantha-
nide ions were used. The results presented here open new
possibilities for the use of these materials as bimodal imaging
nanoprobes (MRI contrast agents and luminescent indica-
tors) in biomedical applications.
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