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We report a new ratiometric fluorescent pH sensor based on
nanoscale postsynthetic modified MOF-253. Two types of
Eu** with different characteristic excitation wavelength are
realized in MOF-253 by postsynthetic method (PSM). The pH
sensor requires no calibration because only one of the two types
of Eu™" is affected by the pH variation.

Metal-organic frameworks (MOFs) have received enormous
attention in the last two decades.' The research of luminescent
properties of MOFs is a domain that has only recently been initiated
but which is crucial role for luminescent sensors or probes.” The
luminescent properties of MOFs are very sensitive to their structural
characteristics, coordination environment, pore surfaces and their
interactions with guest species. This endows MOFs to inherent
advantage in luminescent sensing, especially for the lanthanide-
based MOFs.> When these materials are scaled down to the nano-
regime to afford nanoscale metal-organic frameworks (nMOFs), they
have been explored in the biomedical applications.*

One of the main concerns in luminescent sensing is to detect the pH
of aqueous solution, especially for monitoring small pH change in
biological environments and living cell.’ Only three pH-MOF
sensors have been reported: two of them realize the sensing pH by
Zr-base MOF (PCN-225 and UiO-66-NH,) and fluorescent pH-
dependent ligand, and the other one is a Eu** pH-MOF based on n—n
stacking.® But some flaws is still existed: the pH-MOFs based on
Zr** and pH-dependent ligand have not linear relationship between
pH value and fluorescent intensity; the stability of the MOFs based
on m—m stacking is not excellent because m—m stacking is weak
interaction. Meantime, this field also leaves much to be desired: the
nanoscale size is important for assembling device and biological
applications;’ the sensitivity and accuracy could be effectively
improved by utilizing a ratiometric pattern because a dual emission
system can effectively minimize measurement errors.®

Actually, the self-assembly of Eu** ion with p-diketonate or Lewis
bases is driven by pH of aqueous solution.” Moreover, the self-
assembly driven by pH could significant impact on the Eu**
characteristic luminescence.'’ Recently, we have reported the
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sensor based on

frameworks (MOFs)

assembling lanthanide complex with p-diketonate to MOF-253
through postsynthetic method (PSM).!! Moreover, we also reported
nanoscale MOF-253 could be applied in intracellular sensing.'> So,
this intrigues our interest in combining the self-assembly driven by
pH and the inherent advantage of MOFs (porous structure and
adsorption capacity for small molecule) to build a nanoscale pH-
dependent fluorescent MOFs. Herein, we reported a new ratiometric
pH sensor based on nanoscale postsynthetic modified MOF-253. By
PSM, two types of Eu* with different characteristic excitation
wavelength are realized in MOF-253 simultaneously (Figure 1), and
then one of them is insensitive to pH, another one is sensitive to pH.

Figure 1. Schematic diagram of MOF-253 modified by Eu®* complex with
TTA, there are two types of Eu** with different ligand in the modified MOF-
253 (Eul and Eu2), Eul could emit Eu’** characteristic light under the
excitation at 330 nm and Eu2 could emit Eu** characteristic light under the
excitation at 375 nm.

MOF-253 is an ideal platform to carry lanthanide complex
because that bipyridine in the ligend could fix and sensitize
lanthanide ion simultaneously.'' The representative structure of
MOF-253 has been isolated by PXRD and a Pawley refinement in
the reported work.'> MOF-253-Eu-TTA is prepared through PSM,
which Eu** ion is introduced to MOF-253 firstly (record as MOF-
253-Eu), the deprotonated TTA (TTA = 2-thenoyltrifluoroacetone)
is used to further sensitize Eu** ion (The details see ESI). Bipyridine
is a neutral molecule, so NO? in the MOFs is used as counter ion.'*
The deprotonated TTA could construct a six-member chelate ring
with Eu**ion."> In PSM, the amount of Eu** ion is 4 times of TTA
(according to feed ratio) for building two different coordination
environments of Eu™ ion, one of them is only linked by bipyridine,
named as Eul, the other one has two ligand (bipyridine and TTA),
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named as Eu2. The molar ratio of AP*/Eu** ion in MOF-253-Eu is
checked by inductively coupled plasma (ICP) analysis.

As-synthesized materials based on MOF-253 are confirmed by
PXRD (Figure S1), nitrogen adsorption/desorption isotherms (Figure
S2) and FT-IR spectroscopy (Figure S3). The size of MOF-253-Eu-
TTA is almost less than 100 nm according to the image of
transmission electron microscopy (TEM) and scanning electron
microscope (SEM) (Figure S4). After introducing Eu** ion or TTA,
the crystallization degree of MOF-253-based hybrid material is
slightly weakened, but the framework is still integrated from PXRD
(Figure S1) and FT-IR spectroscopy (Figure S3). Meantime, the
characteristic absorbance of NO5™ (1377 cm™') observed in the FT-IR
spectroscopy of MOF-253-Eu and MOF-253-Eu-TTA explains the
existence of NO; the absorbance at 1717 cm” in MOF-253-Eu-
TTA is ascribed to the absorption of C=0 of TTA.

The emission of MOF-253-Eu exhibit the Eu®* characteristic
transitions at 579, 593, 614, 648 and 687 nm under the excitation at
330 nm, which are ascribed to the *Dy—’F, (J = 0-4) transitions
(Figure S5). The excitation spectrum of MOF-253-Eu is obtained by
monitoring the emission wavelength at 614 nm, which is dominated
by a broad band centered at about 330 nm and two sharp lines,
assigned to the "F,—°D, (at 463 nm) and "Fy—"Ls (at 394 nm). The
intensity ration of SDy—"F, to *Dy—"F, is 7.0.
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——A,=330nm

_— Kex= 375 nm

Relative Intenstiy (a.u.)

575 580 585 590 595 60
Wavelength (nm)

Relative Intenstiy (a.u.)

200 250 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 2. The excitation spectrum (Aem = 614 nm) of MOF-253-Eu-TTA
(black) and the emission spectra of MOF-253-Eu-TTA, A = 330 nm (red)
and Aex = 375 nm (blue), which is record under 298 k.

Generally, the excitation wavelength of trivalent lanthanide ion
greatly depends on the ligands, which is so call “antenna effect”.'s
The excitation spectrum (298 k) of MOF-253-Eu-TTA is obtained
by monitoring the emission at 614 nm, which is dominated by two
broad bands centered at about 330 nm and 375 nm (Figure 2). In
comparison with the excitation spectrum of MOF-253-Eu (Figure
S5), the broad band at 330 nm could be chiefly assigned to excitation
of Eul. And then, the broad band at 375 nm should mostly belong to
the excitation of Eu2 for the energy absorb of TTA. Although the
emission spectra (298 k) all display the Eu* characteristic emission
and their wavelength of transition *Dy—'F, (J = 0-4) is basically
same (which are obtained by excitation at 330 nm and 375 nm),
some tiny difference could still be indicated, such as the different
intensity ration of *Dy—'F, to *Dy—’F;, the intensity ration of
*Dy—F; to *Dy—F, for Eul is 7.1 (Aex= 330 nm) and that for Eu2
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is 10.3 (Aex= 375 nm). According to Judd-Ofelt theory, the intensity
ration of *Dy—'F, to “Dy—'F, depend on symmetry of Eu** ion."”
The intensity ration of *Dy—’F, to *Dy—F, for Eul is similar to that
for MOF-253-Eu. This proves the broad band at 330 nm is chiefly
assigned to excitation of Eul again. Due to the energy transfer from
TTA, the lifetime (298 k) of Eu2 (A= 375 nm) is 422.60 ps, which
is obviously shorter than the lifetime of Eul, 517.99 ps (A = 375
nm) (Figure S6). The quantum yields of MOF-253-Eu-TTA are
about 15% (Aex =330 nm) and 18% (A., = 375 nm).

Under 77 K, the intensity of the board band at 375 nm (Eu2) in the
excitation spectrum is obviously enhanced (Figure S7). This is
because that the rigid framework of bipyridine could effectively
reduce the effect from thermovibration of molecule.”” For the
luminescence from framework (Figure S8), the basic line of the
emission line obtained under excitation at 375 nm is slightly higher
than that obtained under excitation at 330 nm (Figure S7). The
lifetime (77 k) under excitation wavelength at 375 nm is 694.52 ps,
increased by 271.92 ps in comparison with the data record under 298
k (Figure S9), meantime, the lifetime under excitation wavelength at
330 nm is only enhanced by 203.16 ps, which is 721.17 ps (77 k). In
the view of the overlap of the two board bands in excitation spectra
(77 k), the actual increase in lifetime of Eul should be much less.
Those all prove that the two types of Eu™ with different
coordination environment and excitation wavelength are actually
existed in the modified MOF-253.
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Figure 3. The emission spectra of MOF-253-Eu-TTA in different pH
aqueous solution, A = 330 nm for (a) and A = 375 nm for (b); (c) the
excitation spectra of MOF-253-Eu-TTA in different pH aqueous solution (A
= 614 nm); (d) the linear variation of the *Dy—F, emission intensity ratio (1)
of the two Eu®* type with different excitation wavelength, Eul (A = 330
nm)/ Eu2 (Aex =375 nm).

Our preliminary results on the use of MOF-253-Eu-TTA as a pH
sensor are very encouraging. The sensor has a linear response in the
pH range 5.0-7.2, which is required for work with biological fluids
such as blood and culture cell media. Acid or alkali could react with
AP** jon to ruin the framework because that aluminum is amphoteric
metal. At a pH = 4 buffered solution, the sensor is directly dissolved
and can not be centrifuged even if under 13000 rpm for 10 min.
Meantime, for pH value above 8, europium hydroxide would be
formed as a result of the competition for the metal coordination sites
between the hydroxide groups and the ligand. Hence, it is different
to achieve the accurate pK, according to the reported measurement.”
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For MOF-253-Eu-TTA, there should be two different pK,, one for
TTA and the other one for bipyridine. The pK, about deprotonation
of the Lewis bases (phenanthroline) ligand is about 3.6, and Eu®*
characteristic luminescent intensity is almost unchanged at pH 5-7.%°
Meantime, the pK, about deprotonation of the a-proton of TTA is
about 5.3 according to the reported work, although different system
would have some slightly difference in accurate pK,.'”™ So, the
MOF-253-Eu-TTA requires no calibration because only one of the
two types of Eu** is affected by the pH variation in the range 5 to
7.2. The MOF-253-Eu-TTA structure is stable at pH 5.0-7.7 which is
checked by PXRD (Figure S1). The emission intensity of Eul (A, =
330 nm) remains almost unchanged in different pH solution (Figure
3a). Meanwhile, the emission intensity of Eu2 (A, = 375 nm)
weakens with the decrease of the value of pH for the protonation of
the a-proton of TTA (Figure 3b). The change on emission intensity
is correspond to the results of excitation spectra, which obtained by
monitoring the emission wavelength at 614 nm (Figure 3c). By
following the *Dy—’F, emission intensity ratio (I,) of the two Eu®*
type (Eul/Eu2), the pH of the solution could be determined. In pH
range of 5.0-7.2, the relation of SDy—"F, emission intensity ratio (/)
and the pH value present a good linearity (R = 0.9991) (Figure 3d).

Figure 4. Schematic representation of the pH sensor based on MOF-253, H*
proton could impair the sensitization of TTA to Eu®* through breaking the
six-member chelate ring, and the thriethylamine could recover the
sensitization; the insets are the photograph of MOF-253-Eu-TTA in pH =5

aqueous solution (right) and in pH = 7.2 aqueous solution (lift) (Aex= 375 nm).

The framework play two irreplaceable role in this system: the first
is to realize two types of Eu**, which have been discussed at above;
the second is to hold TTA small molecule in the pore. The pH-
sensing mechanism of Eu** complex with TTA is that the H" proton
could break the six-member chelate ring (built by TTA and Eu®* ion)
to impair the sensitization of p-diketonate to Eu’*, as a result, the
Eu®* characteristics luminescence intensity would be quenched
instantaneously.'® For the single Eu** complex with TTA, the free
TTA would be disappeared into the solution after the broken of six-
member chelate ring. However, when the Eu** complex is assembled
into MOFs, some difference is occurred. The free TTA would be still
in the pore after the broken of the six-member chelate ring because
MOFs have the adsorption capacity to hold those molecules (TTA).
As a consequence, the sensitization from TTA is still existence, but
the effect is lessened. More importantly, the weakened sensitization
could keep the excitation wavelength of Eu2 is still at 375 nm and
not changed to 330 nm, even if the six-member chelate ring is
broken (Figure 4). This is why the luminescent intensity of Eul is
not enhanced after the broken of six-member chelate ring, and the
luminescent intensity of Eu2 is only weakened, not vanished.

For proving this, a comparison experiment has been made. MOF-
253-Eu@TTA is prepared by the same way to MOF-253-Eu-TTA
except for no triethylamine added in the process. After adding MOF-
253-Eu, the intensity of TTA in UV-Vis spectrum is significantly
decreased (Figure S10) (The details of measurement see ESI). This
indicates almost of TTA in the solution is absorbed by MOF-253-Eu
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even if no triethylamine added. Meanwhile, the broad band at 375
nm in excitation spectra of MOF-253-Eu@TTA could prove the
existence of sensitization from TTA to Eu®*, but the intensity of the
broad band at 375 nm is obviously weaker than the broad band at
330 nm (Figure S11). Comparison with the luminescent spectra of
MOF-253-Eu-TTA, the sensitization effect of TTA to Eu®** is
obviously enhanced after adding triethylamine to form the six-
member chelate ring. The form of six-member chelate ring could
also be detected by the change of the intensity ratio of *Dy—'F, to
SDy—"F}, the intensity ration of ’Dy—F, to *Dy—F, for MOF-253-
Eu@TTA (A= 375 nm) is 8.1, and that for MOF-253-Eu-TTA (A
=375 nm) is 10.3. Moreover, the result is correspond to the change
trend of the intensity ration of *Dy—’F, to “Dy—'F, for MOF-253-
Eu-TTA (Aex = 375 nm) in different pH aqueous solution, which have
been listed in Table S1. This also proves the sensing pH of MOF-
253-Eu-TTA is actually due to the protonation of TTA. Moreover,
the example about using undeprotonated P-diketonate to sensitize
lanthanide ion is numerous in porous materials.'®

For further proving the free TTA is in the pore, triethylanmine is
used to recover the luminescent intensity (Ae, = 375 nm) of MOF-
253-Eu-TTA which have been soaked in pH = 5 aqueous solution
(Figure 4). (The details of the recover experiment see ESI). The
luminescent spectra of MOF-253-Eu-TTA during recover
experiment are similar with the original MOF-253-Eu-TTA (Figure
S12). The results indicate the self-assembly driven by pH is
reversible in the MOFs, which is corresponded to the reported work
about the self-assembly of Eu®* ion with p-diketonate.'"® The
regeneration is an important topic for luminescent probes because
that the regeneration is useful for the research of sensing
19 MOF-253-Eu-TTA, though the
experiment was a success, we can not ensure the pH sensor based on
MOF-253 can be ‘switched’ on-off over several cycles because that
the stability of MOFs is not very outstanding in the inorganic
materials and the framework of MOFs maybe degraded after too
many cycles. But this would not be affect the application of MOF-
253-Eu-TTA in pH sensing because that most of luminescent sensor
is irreversible, especially for those used in biomedicine.”

In conclusion, we present a new ratiometric pH sensor based on
nanoscale postsynthetic modified MOF-253. The sensor does not
require external calibration for the pH range 5.0-7.2, which is the
common range for the study of biological fluids. We hope this work
could open new possibilities for the use of designing luminescent
hybrid biomaterial in biomedical applications.

mechanism. For recover
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