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pH dependent sensitization of europium in a
hydrogen bonded three-dimensional metal-
organic compound with (4°6°),(4*62); topology:
luminescence titration and time-resolved studiesf

a
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A rare-earth-based metal-organic compound (MOC), [Y,(pydc)e(Hopip)sl-20H,O (pydc = 2,6-pyridine
dicarboxylate, Hppip = diprotonated piperazine), (1), was prepared by a hydrothermal technique using
2,6-pyridine dicarboxylic acid, piperazine, and Y(u) ions. Applying the same procedure, an isomorphous
rare-earth-based MOC, [Y1gEug4(pydc)s(Hopip)sl-20H,O (la) was
prepared. Single-crystal X-ray diffraction analysis of 1 indicated a three-dimensional hydrogen bonded
binodal structure with (4°6°),(4%62)5 topology. Upon excitation at 280 nm, 1a showed an intense red
emission, which resulted from the efficient energy flow from the excited pydc ligand to the Eu center.

compound of europium-doped

The efficiency of energy flow has been tuned by changing the pH of the medium. With the increase in
pH, sensitization becomes more and more efficient. Compound 1a remains stable in the wide pH range
2-11, and the Eu-centered luminescence turn-on showed a linear increase from pH 2 to 7. The steady-
state pH-dependent luminescence response and the lifetime decay analysis of both the ligand and
metal-centered emission were performed to understand the mechanism of sensitization and its pH
dependence. The stepwise deprotonation of the carboxylate oxygen was found to be responsible for the
linear increase of luminescence intensity. A huge increase of the luminescence intensity at pH 11 was
observed due to the breaking of the Eu—oxygen bond, which facilitated the sensitization of the Eu center
via the Eu—N bond with the pydc ligand and that probably provided highly favorable geometry for
excited state energy flow.

characteristic and sharp emission, large Stokes shift, high

quantum yield, long-lived emission, and high color purity.>**"

Metal-organic compounds (MOCs), constructed by the self-
assembly of metal ions or clusters and functionalized ligands,
are a rapid research topic in a wide area.' MOCs possess
excellent inbuilt properties, including active site, designable
structure, high thermal and chemical stability.® MOCs are
widely applied in catalysis,™® gas storage and separation,®
adsorption,” light-emitting devices,® drug-delivery,” proton
conductivity,"®"" magnetism,'* and sensing.'>"*™'®* MOCs exhi-
bit fascinating optical properties, and based on the intense
photoluminescent property, lanthanide MOCs (LnMOCs) stand
out in a leading role for their numerous advantages such as
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LnMOCs are prepared to focus on the organic ligands as they act
as a photosensitizer to overcome the low absorption efficiency of
forbidden f-f transition.”’** Nowadays, rare-earth metals with
doped lanthanide ions serve as a versatile tool to generate
enhanced luminescent features. Based on these luminescent
LnMOCs, the sensing of specific analytes has gained enormous
priority in the last years.>***

pH is one of the most fundamental parameters of an
aqueous solution for the analysis of the quality of water and
is widely used in industrial, agricultural, environmental, and
2526 A minor fluctuation in pH can destroy
many plants and animals, thus causing an adverse effect in the
environment. It also causes severe damage to biological cells
and gives rise to cancer, hypertension, diabetes, stroke, etc.?”
pH is also a good signal of cell metabolism.'®**?° The general
instrument for the measurement of pH is the pH meter.*°
Various traditional techniques have been applied for the
determination of pH, namely, voltammetry, potentiometry,

biomedical fields.
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proton-permeable microelectrodes, amperometry, and so on.*"*>
But, these methods have some disadvantages such as tedious
sample preparation, shortage of high impedance, less accurate
data, long response-time, and complicated devices.*® Excluding the
electrochemical methods, the luminescence detection method is
one of the finest methods for pH sensing as it maintains superior
selectivity and sensitivity, quick response time, easy manipulation,
exact outcome, etc.>**°

To date, MOC nanocomposites,*® carbon dot encapsulated
MOCs,*” core-shell silica nanoparticles,*® graphene quantum
dots,*® silver nanoclusters,*® and MOCs have been reported for
sensing of pH."®*'"*> As pure LnMOCs undergo self-quenching,
it is still challenging to detect pH through the naked eye.
Recognition of pH is considered a thought-provoking research
topic for luminescent materials, and the prior interest is to
figure out the specific mechanism. It is very much demanding
to determine the detailed mechanism behind the pH sensing of
MOGCs in variable ranges considering their structures. In this
contribution, we have synthesized a rare-earth-based MOC,
[Y2(pydc)s(H,pip);]-20H,0, 1 by employing 2,6-pyridine dicar-
boxylic acid and piperazine as organic ligands by a hydro-
thermal procedure. Single-crystal X-ray diffraction analysis of
1 showed three-dimensional hydrogen bonded binodal struc-
ture comprising trigonal prism and square planar nodes with
(4°6°),(4"6%); topology. An isomorphous compound, [Y; ¢Eug 4
(pydc)s(H,pip)s]-20H,0, 1a was also prepared by doping 20%
of europium ion into 1 for the visible detection of pH where
the self-quenching is minimized by increasing the distance
between emitting centers. Compound 1a is soluble in water.
The ligand sensitized metal-centered red emission of 1a was
utilized for the recognition of pH dependent sensitization
efficiency resulting in strong luminescence and the color
change. The synthesis procedure, structural description, char-
acterization, and the pH sensing ability of 1a with mechanism
was explored in detail using both steady-state luminescence
and excited state lifetime data.

Experimental
Materials

All the chemicals are commercially available and used as
received without further purification. 2,6-Pyridine dicarboxylic
acid (H,pydc) (Alfa Aesar, 98%), piperazine (pip) (Spectrochem,
98%), Y(NO;),-6H,O (Sigma Aldrich, 99.8%), and Eu(NO;),-6H,O
(Alfa Aesar, 99.9%) were used for the synthesis. Doubly distilled
water was utilized throughout the entire experiment.

Synthesis procedure of 1

Single-crystal of 1 suitable for X-ray analysis was prepared by
hydrothermal technique. A mixture of Y(NO;),-6H,O (0.3 mmol,
0.1151 g), 2,6-pyridine dicarboxylic acid (0.9 mmol, 0.1503 g),
piperazine (0.9 mmol, 0.0791 g), and distilled water (5 mL) was
stirred well at room temperature for 1 h. This solution mixture
was sealed in a 15 mL Teflon-lined stainless-steel reactor and
heated at 170 °C for 72 h. Subsequently, the mixture was cooled
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to room temperature, and the obtained yellowish-brown crystals
were collected, filtered, washed with distilled water several times,
and air-dried.

Synthesis procedure of 1a

An isomorphous europium-doped compound was prepared
from a mixture of 2,6-pyridine dicarboxylic acid (0.9 mmol,
0.1503 g), piperazine (0.9 mmol, 0.0791 g), Y(NOj3),-6H,O
(0.24 mmol, 0.0921 g), Eu(NO3),-6H,0 (0.06 mmol, 0.0267 g),
and distilled water (5 mL). The mixture was stirred well at room
temperature for 1 h and then sealed in a 15 mL Teflon-lined
stainless-steel reactor and heated at 170 °C for 72 h. After that,
the mixture was cooled to room temperature, and the obtained
yellowish-brown crystals were collected, filtered, washed with
distilled water several times, and air-dried.

Instrumentation and characterization techniques

Initial characterizations were performed using single-crystal
X-ray diffraction, powder X-ray diffraction (PXRD), thermo-
gravimetric analysis (TGA), Fourier transform infrared spectro-
scopy (FTIR), scanning electron microscopy (SEM), energy
dispersive X-ray analysis (EDX), and elemental mapping analysis.
Bruker AXS smart Apex CCD diffractometer was utilized for the
single-crystal X-ray diffraction analysis. Powder X-ray diffraction
patterns were recorded at room temperature on a Rigaku
SmartLab X-ray diffractometer equipped with Cu Ko radiation
(/. = 1.5406 A). Thermogravimetric analysis (TGA) was depicted on
a TA Discovery SDT 650 DSC/TGA instrument in a nitrogen
atmosphere (flow rate = 20 mL min~") at a heating rate of
20 °C min~ " at a temperature range of 40 to 900 °C. FTIR spectra
were collected in the range of 4000-600 cm ' involving an
IRAffinity-1S Fourier transform infrared spectrophotometer,
Shimadzu. Field emission scanning electron microscopy (FE-SEM)
and energy dispersive analysis of X-rays (EDX) were executed on
Zeiss GeminiSEM 450 field emission scanning electron microscope.
UV-Vis spectra were measured on a Shimadzu UV 3101PC spectro-
photometer. Hitachi F-7100 spectrofluorimeter was utilized for
recording the photoluminescence spectra using a Xenon lamp as
an excitation source. The spectra of the sample solution were taken
with excitation and emission slit width of 5 nm and photomultiplier
voltage of 700 V. The cut-off filter was set at 420 nm to exclude the
ligand center luminescence.

Crystallographic study

The crystal data of 1 were collected at room temperature by
using Bruker AXS smart Apex CCD diffractometer with graphite-
monochromatic Mo Ka radiation (4 = 0.71073 A). A good-quality
single-crystal was selected under a polarising microscope and
glued to thin glass fibre. The crystal data were obtained using
scan width of 0.3°. A total of 606 frames were collected in three
different settings of ¢ (0, 90, 180°) by keeping the sample-to-
detector distance fixed at 6.03 cm and the detector position (20)
fixed at —25°. The data were reduced using SAINTPLUS,*®
and semi-empirical absorption corrections were applied using
SADABS.*” The structure was solved by direct methods and
refined using the SHELXS-97*% program present in the WinGx
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Table 1 Crystal

data and
[Y2(pydc)e(Hopip)]-20H,0, (pydc
diprotonated piperazine), 1

refinement parameters for

2,6-pyridine dicarboxylate, Hopip =

Empirical formula CoHoN,05 33Y0.33
Formula weight 292.15

Crystal system Trigonal

Space group P3 (no. 147)
a(A) 14.8692(13)

b (A) 14.8692(13)
c(A) 10.1692(9)

o (deg) 90

p (deg) 90

y (deg) 120

Volume (A% 1947.1(4)

zZ 6

T (K) 273(2)

Pealc (g Cm73) 1.495

u (mm™1) 1.588

0 range (deg) 2.552 to 27.109
/. (Mo K,,) (A) 0.71073

R indices [I > 2a(I)]
R indices (all data)

R; = 0.0430, wR,, = 0.1412
R, = 0.0458, WR,, = 0.1432

Ry = Y|Fo| — |Fell/1Fol; WRy = {3 [w(Fy* — Fcz)ZJ/Z[W(FOZ)Z]}1/2~
w = 1/[c*(Fo)* + (aP)* + bP], P = [max(F,’, 0) + 2(F.)*)/3, where a =
0.0789 and b = 1.6303.

suite of programs (Version1.63.04a).*® All the hydrogen atoms
of the carboxylic acids and the bound water molecules were
initially located in the difference Fourier maps, and for the final
refinement, the hydrogen atoms were placed in geometrically
ideal positions and held in the riding mode. Final refinement
included atomic positions for all the atoms, anisotropic ther-
mal parameters for all the non-hydrogen atoms, and isotropic
thermal parameters for all the hydrogen atoms. Full matrix
least-squares refinement against |F*| was performed using the
WinGx package of programs. Due to the presence of disordered
oxygen atoms, the hydrogen atoms of water molecules have not
been located. Details of the crystal parameter data collection
and structure refinement parameters are summarized in Table 1.
CCDC 2091656 contains the crystallographic data for 1.}

Preparation of the sample solution

The crystals of 1a were ground into a powdered form using a
mortar and pestle. The sample solution was prepared by taking
1.5 mg of 1a in 3 mL double-distilled water and ultra-sonicated
for 5 min. The luminescence titration experiments were per-
formed at room temperature using 50 pL of the above stock
solution taken in 2 mL of water into a quartz cuvette.

Luminescence lifetime decay measurements

HORIBA Jobin Yvon instrument was used to monitor the time-
correlated single-photon counting (TCSPC) measurements. The
experiments were carried out at room temperature involving
a nanosecond pulse lamp as the excitation source, and
Hamamatsu MCP photomultiplier (R3809) was utilized as a
detector. The excitation wavelength was set at 280 nm, and the
emission decay curve was recorded at 420 nm and 375 nm.
All the decays were deconvoluted and fitted with a bi-
exponential function using Igor software.
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Results and discussion
Description of the crystal structure

The single-crystal X-ray analysis reveals that 1 crystallizes in the
trigonal system with space group P3. The asymmetric unit of 1
consists of one-third Y** ion, one 2,6-pyridine dicarboxylate
(pydc), half diprotonated piperazine, and three and one-third
lattice water molecules (see Fig. S1, ESIf). The Y** ion is
tricapped trigonal prismatically coordinated by six carboxylate
oxygen atoms of pydc and three nitrogen atoms of pyridine
rings of pydc ligands (Fig. 1a). Both the carboxylate groups of
pydc are monodentate with respect to their connectivity
with the Y** ion. The Y-O bonds have average lengths of
2.402 A, and the Y-N bond has a length of 2.484 A. The O/N-
Y-O/N bond angles are in the range of 64.41(7)-147.64(8)°. The
selected bond lengths and bond angles are listed in Tables S1
and S2 (ESIt), respectively. The Y*" ions are connected by
three pydec ligands to form a [Y(pydc);]*~ molecular structure
(Fig. 1b).

The hydrogen atoms of protonated piperazine (N-H) formed
strong N-H- - -O hydrogen bonds with free oxygen atoms [O(4)
and O(2)] of the carboxylate groups of pydc ligands. The H- - -A
and D-H---A distances and D-H---A angles are 1.96 A,
2.77 A, and 152° for N(2)-H(2A)- - -O(4), respectively, and 1.97 A,
2.80 A and 154° for N(2)-H(2B)- - -O(2), respectively (where H =
hydrogen, D = donor, A = accepter). Through these hydrogen
bonded interactions, each protonated piperazine connects four
[Y(pydc)s]>~ molecular units (Fig. 2).

The hydrogen bonded three-dimensional network is formed
through the connectivity between the [Y(pydc);]*” molecular
unit and protonated piperazine molecules. Topological analysis
of this network shows the presence of two different types of
nodes. The [Y(pydc)s;]>~ molecular unit acts as a 6-connected
trigonal prismatic node, and the protonated piperazine unit
acts as a 4-connected square planar node in the binodal
structure. The connectivity between the two different types of
nodes generated the (4°6%),(4"6%); topology (Fig. 3a).>° Brouca-
Cabarrecq et al. reported a negatively charged complex,
(CaN,H;5)1 5[Ce(C;H3NO,)3]- 7H,0, in which the dipicolinic group
is totally unprotonated, and the charge balance is ensured by the
presence of piperazinium ions.>! Three-dimensional arrangement
in the ab plane shows the presence of one-dimensional water-
filled (lattice water molecules) channel along the c¢ axis (Fig. 3b).

(b) i
¥ ]
b\/a

-

Fig. 1 (a) The tricapped trigonal prismatic geometry around Y** ions in
[Y2(pydc)s(Hopip)sl-20H,0 (pydc = 2,6-pyridine dicarboxylate, Hppip =
diprotonated piperazine), 1. (b) The connectivity between Y** ions and
pydc ligands to form a molecular structure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Hydrogen bonded interactions between [Y(pydc)s]*~ units and
protonated piperazine molecules in [Y,(pydc)e(Hopip)s]-20H,O (pydc =
2,6-pyridine dicarboxylate, H,pip = diprotonated piperazine), 1. The dotted
lines indicate hydrogen bonds.

Fig. 3 (a) The connectivity through hydrogen bonds between 6-connected
trigonal prismatic nodes (green sphere) and 4-connected square planar
nodes (purple sphere) to form the (4°6%),(4%6%)s topology in [Y2(pydc)e-
(Hpip)s]-20H,0 (pydc = 2,6-pyridine dicarboxylate, Hopip = diprotonated
piperazine), 1. (b) Three-dimensional arrangement in the ab plane showing
the presence of water-filled channel. Hydrogen atoms in the water molecules
have not been located.

The position of all the water molecules can be observed from the
arrangement in the bc plane (see Fig. S2, ESIt).

Characterizations

To verify the phase purity and structural consistency of 1,
powder X-ray diffraction (PXRD) patterns of 1 were recorded
on well-crushed single-crystals within the 20 range of 5-50° and
compared with the simulated PXRD pattern calculated using
single-crystal X-ray diffraction data. The experimental PXRD
pattern of the as-synthesized 1 matches well with the simulated
one (see Fig. S3, ESIf). The PXRD pattern of la was also
consistent with the simulated pattern (see Fig. S3, ESIf). The
FTIR spectra of 1 and 1a are shown in Fig. S4 and S5 (see ESIt),
respectively. Some of the main peaks of the functional groups
of the compounds are presented in Table S3 (ESIt). TGA was
carried out to depict the thermal stability of 1 (Fig. S6, ESIT).
TGA for 1a was also performed, and the TGA curve was almost
identical with 1 (Fig. S6, ESIT). The TGA curve of 1 predicts that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) SEM image of compound 1a and the corresponding elemental
mapping images of compound 1a for (b) Y L, (c) Eu L, (d) C K (e) N K, and
(f) O K.

the thermal decomposition process of 1 takes place as follows.
The first weight loss of 18.46% (calculated 20.00%) up to 160 °C
corresponds to the elimination of twenty lattice water mole-
cules. The weight loss above 260 °C is attributed to the decom-
position of the structure. SEM image was collected to examine
the size and morphology of 1a, and the image is presented in
Fig. S7 (see ESIT). The EDX analysis was also performed on a
well-ground powdered sample of 1a, which revealed that Eu
and Y are present in a molar ratio of ~1:4, as depicted in
Fig. S8 (see ESIt). The EDX elemental mapping analysis of 1a is
presented in Fig. 4, and it confirms the presence of elements
in 1a.

Photoluminescent properties

The photoluminescence spectra of 1a were studied in an
aqueous media at room temperature. Compound 1a exhibits
bright visible red emission at an excitation wavelength of
280 nm. The observed five emission bands with characteristic
peaks located at 579, 593, 616, 653, and 694 nm should be
attributed to the D, — “Fy, Dy — 'Fy, Doy — 'F,, °Dy — Fs,
and °D, — ’F, transitions of Eu’* ions, respectively. These
bands are based on the 2,6-pyridine dicarboxylate sensitized
Eu®" centered emission. In other words, 2,6-pyridine dicarbox-
ylate acts as an antenna to efficiently sensitize the Eu®" ion.
Compound 1a exhibits ligand-centered blue and broad emis-
sion band at 406 nm at 4., = 280 nm. The absorption spectra
and the ligand-centered emission spectra of 1a are shown in
Fig. S9 (see ESIt). The excitation spectra of 1a were taken by
keeping the emission wavelength fixed at 616 nm, and metal-
centered emission spectra were taken upon excitation at
280 nm (see Fig. S10, ESIt).

PH response of compound 1a

The pH response of compound 1a was examined in both acidic
and alkaline media. The luminescence behavior of 1a in the
case of the metal-center was analyzed at different pH values.
With increasing pH values from 2 to 7, the luminescence
intensity increased steadily. In the alkaline region, the lumi-
nescence intensity slightly decreased as we moved from pH 7 to
10. At pH 11, the luminescence intensity increased sharply.
After that, the intensity declined at pH 12 and became almost

Mater. Adv,, 2022, 3,1182-1190 | 1185
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Fig. 5 Metal-centered luminescence spectra of 1a in an agueous solution
at different pH values (Jex = 280 nm).

zero at pH 13. The change in luminescence intensity in the
entire pH range is addressed in Fig. 5.

From Fig. 5, we can say that compound 1a has a very good
luminescence response in the pH region 2 to 7. The ligand-
centered emission spectra were also recorded at various pH
values. As we moved from pH 2 to 7, the luminescence intensity
decreased to some extent, and as we moved towards basic pH
viz. 9, a slight increase in the luminescence intensity was
observed. A blue shift of about 23 nm in emission peak along
with a decrease in luminescence intensity was noticed at pH 11,
which arises due to the detachment of the carboxylate oxygen of
the pydc ligand from the metal center. At pH 12 and 13, the
luminescence intensity at the new emission peak (383 nm)
increased largely. The large blue shift occurs because at a very
high pH, the bonds between the Eu and the pydc ligands get
ruptured step by step, and it produces a deprotonated pydc
ligand that gives an emission peak at ~385 nm. So, the ligand
center emission at high pH resembles that of the free ligand.
The changes in ligand-centered emission at various pH values
are shown in Fig. 6.

So, the luminescence intensity of both metal-centered and
ligand-centered emissions is interesting, and the results are
mirror images of each other in terms of the luminescence
intensity at a wide range of pH (Fig. 7). The upper portion of
Fig. 7 shows the luminescence response of metal-centered
emission of 1a (based on the emission peak at 616 nm) and
the lower portion shows the luminescence response of ligand-
centered emission of 1a (based on the peak position) at
different pH values.

We have also checked the reversible response of pH in the
acidic region. Initially, the luminescence spectra at pH 7 were
collected, and the pH value was tuned in several steps with the
addition of HCI solution until it reached pH 2. The lumines-
cence intensity was recorded at each successive step. Afterward,
the pH value was again increased to 7 with the addition of
NaOH solution, and the luminescence response was monitored
at every step in between them. The result from this experiment

186 | Mater. Adv, 2022, 3,1182-1190
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Fig. 6 Ligand-centered luminescence spectra of la in an aqueous
solution at different pH values (J¢x = 280 nm).
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luminescence intensity of 1a of metal-centered (observed at 616 nm) and
ligand-centered (observed at peak position) emissions, respectively, at
different pH values.
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shows that compound 1a was partially reversible in the acidic
range (pH 2 to 7) (Fig. S11, ESI).

Some of the luminescence-based pH sensors in a particular
range and their relationship with luminescence intensity are
summarized in Table 2.

Luminescence lifetime decay experiments

To investigate the pH sensing mechanism, we have performed
the luminescence lifetime decay measurements at different pH
values. The excitation wavelength was fixed at 280 nm, and the
luminescence lifetime decay curves were measured at the
metal-centered emission ie., at A, = 616 nm. The average
lifetime of 1a was found to be 1.43 ms at pH 7. As the pH value
reaches 2, the lifetime value decreases to 0.31 ms (Fig. S12,
ESIT). As the pH values changes from 7 to 10, the lifetime values
remain almost the same. At pH 11, the value increased slightly

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of various luminescence-based pH sensors
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Excitation Emission Relationship between
wavelength ~ wavelength luminescence intensity

S.no.  Compound (nm) (nm) Range of pH  and pH Ref.
1 [(UO,)(H,DTATC)] 373 430 9.4-11.5 Turn on, linear 52
2 UiO-66-N—N-ind,, 350 428 1-12 Exponential 42
3 UiO-66-N—=N-ind;}, 350 428 1-12 Exponential 42
4 Zr(1*-0),(1*-OH),(ITTC), 350 448 10.2-11.08 Linear 53
5 Al-MIL-101-NH, 396 451 4.0-7.7 Turn on, linear 18
6 Eu,, Th, ,,(fum),(ox)(H,0), 340 616, 545 3.0-7.0 Turn on, linear 54
7 [H;O][Eus(HBPTC),(BPTC)(H,0),]-4DMA 331 617 7.5-10.0 Turn on, linear 55
8 MOF-253-Eu-TTA 330, 375 614 5-7.2 Turn on, linear 56
9 UiO-67-bpy-Eu-BTA 365 612 1.05-9.85 Turn on, exponential 26
10 {[Eu(PPTA), 5(NO3)(DMF),]- H,0}, 300 390, 480 2-7 Iigo/Iz00, turn-off, linear 44

7-10.5 I50/1300, turn-on, linear
11 Tb-MOF 336 542 2-7 Turn-on, linear 57
12 ITQMOF-3-Eu 350 579, 580.5 5-7.5 Is7o/Tsg0.5, turn-on, linear 43
13 [Eu,Tb; _,(D-cam)(Himdc),(H,0),] 277 545, 613 5-9 I545/1613, turn-on, exponential 58

6.8-8.0 Is45/I643, turn-on, linear
14 Eu**@UiO-67-bpydc 335 615 1.06-10.99 Turn-on, linear 59
15 [Euy(pydcH)s]-3H,0 280 612 2-6 Turn-on 60
16 [Y1.6Tbg »(CAM)3(H,0),]-2H,0 280 545 7-9 Linear, turn-on 61
17 [Y1.6Eug.4(pydc)s(Hapip)s]-20H,O 280 616 2-7 Linear, turn-on This work

406 2-7 Linear, turn-off

Table 3 Luminescence lifetime data of metal-centered emission of 1a at
Aex = 280 nm at different pH

pH Lifetime (ms)
2 0.31
3 0.47
4 1.33
5 1.41
6 1.42
7 1.43
8-10 1.42
11 1.46
12 1.33
13 0.26

and at pH 13, the lifetime value drastically reduced to 0.26 ms
(Fig. S12, ESIt). The average lifetime values are summarized in
Table 3. The data reflects a good correlation between lumines-
cence intensity change and the lifetime values.

To get a deeper insight into the sensing mechanism of pH,
the luminescence lifetime decay measurements for the ligand-
centered emission were also performed. The luminescence
decay curve, along with its bi-exponential fitted lines at
different pH values were interpreted, as shown in Fig. 8. The
fitting results of lifetime values are summarized in Table 4.
The average lifetime of 1a at pH 2 was found to be 4.20 ns.
As we move to pH 7, the average lifetime reduces to 2.30 ns.
Upon increasing the pH towards 9, the lifetime value increases
to 3.20 ns. From Fig. 6, we noticed that the luminescence
intensity of ligand-centered emission observed at 406 nm
decreases along with a blue shift of about 23 nm, which
indicates the breaking of the metal-oxygen bond, thus creat-
ing a favorable geometry for energy flow from the ligand to the
metal center. At the basic region, viz. pH 11, after the blue
shift occurs, the average lifetime ultimately reduces to 1.00 ns
(Zem = 375 nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry

—— prompt

—— fitted line

— pH=2 (A, =420 Nm)

—— pH=T (A =420 nm)
pH=9 (A¢r, =420 nm)

—— pH=11 (A¢p, =375 nm)

Aex =280 nm

Count

Time (ns)

Fig. 8 Luminescence lifetime decay curve of 1a observed at pH = 2, 7,
and 9 monitored at ley, = 420 nm and pH = 11 at ey = 375 nm. Here, Aoy
was set at 280 nm during the experiment.

Stability of 1a in the pH range 2-11

The stability of 1a was well understood from the UV-Vis
absorption spectra. The absorption spectra of 1a were com-
pared with the pydc ligand at different pH values, and a clear
view of this comparison is presented in Fig. 9. This figure
depicts that the stability of compound 1a was lost at pH 1 and
13. So, the absorption spectra of 1a resemble the absorption
spectra of pydc ligands. In other words, the spectra of 1a at pH
7 were not matching with the spectra at pH 1 and 13, as shown
in the upper and lower panels. In the middle one, the absorp-
tion spectra of 1a were maintained from pH 2 to 11, while it
differs from that of pydc ligands, suggesting the remarkable
stability of 1a in this range.

Mechanism of pH sensing

The pH of the medium has a strong impact on the lumines-
cence intensity of 1a. The ligands efficiently absorb the UV light
(280 nm) and get promoted to the electronic excited state and

Mater. Adv,, 2022, 3, 1182-1190 | 1187
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Table 4 Luminescence lifetime data of 1a at different pH values

S.no. pHvalues Ae (NM) Aeyy (nm) a3 a1y T,

(z) (ns)

1 pH=2 280 420 0.67 0.33 5.73 1.10 4.20
2 pH=7 280 420 0.37 0.63 4.82 0.86 2.30
3 pH=9 280 420 0.51 0.49 5.20 1.03 3.20
4 pH=11 280 375 0.17 0.83 4.63 0.41 1.00
0.15
E 1a@pH=1
0.10- — pydc@pH=1
0.05 -
m 0.00
2 —— 1a@pH=2
8 0.10 1a@pH=7
'5 _ 1a@pH=11
2 0.05- —— pyde@pH=7
< |
0.00
1 — 1a@pH=13
0.10 —— pydc@pH=13
1 R e e B A
000 T T T T T T T T !
240 260 280 300 320 340

Wavelength (nm)

Fig. 9 UV-Visible absorption spectra of compound 1a and pydc ligand at
different pH values.

then transfer a part of the energy to the Eu*" ion, resulting in a
characteristic metal-centered emission. It is expected that the
protonation of the ligand affects the energy flow from the

.0
=0 §o)

123 4 56 7 8 9 1011 12 13 14
H

[Eu(OH),]"*
pH=13

pl

Fig. 10 Schematic representation of the mechanistic pathway of pH
sensing. Here, a single metal and a single ligand unit of compound 1a
are shown for simplicity. The inset figure depicts the change in lumines-
cence intensity of metal-centered emission vs. pH value and the visible
color change of 1a at various pH values.
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ligand to the metal ion. In acidic conditions, the carboxylate
oxygen remain protonated, and consequently, the sensitization
process gets hampered since the protonation can destabilize
the n-electron conjugated system of the pydc ligand. As a result,
the Eu center of 1a showed weak luminescence. An increase in
pH leads to stepwise deprotonation and eventually, the increase
in luminescence intensity occurred (Fig. 10). The huge enhance-
ment in luminescence intensity at pH 11 and a 23 nm blue shift in
the ligand center emission indicate the breaking of the Eu-O
bond that creates a favorable geometry for energy flow from pydc
to Eu center via the Eu-N bond. At pH > 11, the MOC structure
gets ruptured, which results in no metal center emission and
huge ligand emission. The observations were also supported by
the change in lifetime values. A possible sensing mechanism is
represented in Fig. 10.

Conclusions

In summary, we have successfully synthesized a yttrium-based
MOC, [Y,(pydc)s(H,pip)s]-20H,0 (1) with binodal (4°6°),(46%);
topology and an isomorphous europium-doped yttrium-based
MOC, [Y;.6Euo.4(pydc)s(Hypip);]-20H,O (1a) employing 2,6-
pyridine dicarboxylic acid and piperazine by hydrothermal
technique. Compound 1a exhibited pydc ligand sensitized
Eu centered bright red emission upon excitation at 280 nm.
It showed a good pH response over a wide pH range (2-11)
covering both acidic and alkaline regions. Compound 1a can be
used as a luminescent probe for pH sensing, and the color
change can be visualized by varying the pH. The luminescence
intensity of the metal center increased monotonically when the
pH was gradually changed from 2 to 7. After that, the intensity
values slightly decreased up to pH 10. A sharp rise in intensity
was observed at pH 11. The intensity value subsequently
decreased at pH 12 and became nil at pH 13. The lumines-
cence lifetime also reflected the changes observed in intensity
for both ligand center and metal center emission. The UV-
Visible spectra suggest that compound 1a remains stable in
the pH range 2 to 11. The stepwise deprotonation of the
carboxylate oxygen of the pydc ligand was found to be respon-
sible for the enhancement of sensitization efficiency and the
increase of metal-center emission. At pH 11, the Eu-O bond
broke down, resulting 23 nm blue shift in ligand center
emission and a huge increase in sensitization efficiency and
metal center emission.
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