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Luminescent Lanthanide-Based Sensor for H,O
Detection in Aprotic Solvents and D,O

Victoria E. Gontcharenko, Alexey M. Lunev, Ilya V. Taydakov, Vladislav M. Korshunov,

Andrey A. Drozdov, and Yury A. Belousov

Abstract— Applied methods for detecting water impurities in
organic solvents, such as Fischer titration, include wayward
equipment and toxic reagents. This method is inapplicable for
detecting H>O in D0, but suitable techniques like NMR-, IR-,
and mass-spectrometry are costly. We report a low-cost, novel
luminescent sensor material based on terbium-europium 3D
MOF compound developed for facile, portable, and disposable
monitoring of water quantities. Our sensor is able to determine
water traces in DO and aprotic organic solvents. Treating the
material to solvent leads to the change in intensities ratio of
terbium and europium bands in emission spectra depending of
water content and nature of solvent. For D,O calibrating plot
Igu/ITp — %H30 is linear whereas for dioxane and acetonitrile
the dependence becomes linear in the coordinates Ig,/Itp -
In(%H30). The results reveal the potential application of devel-
oped sensor for ratiometric quantitation of HyO admixtures in
D, 0, organic solvents, transformer oil, etc.

Index Terms— Chemical and biological sensors, optical sensors,
luminescent devices.

I. INTRODUCTION

ETERMINATION of H;O concentration in organic
solvents, D,O and specific media of high practical
importance represents a sophisticated problem [1]. The most
commonly used Fischer titration method [2] is not able to
distinguish HO and D>O molecules. Besides, this method

uses corrosive and toxic reagents.
Due to the unique luminescent properties of lanthanide
complexes, hybrid materials and inorganic compounds are
widely used for various applications such as OLED devices
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[3]-[5], bioimaging [6]-[8], banknote anti-counterfeiting
protection [9], luminescent thermometers [10]-[12] and sensor
materials [13]-[15]. All these tasks are based on com-
mon principles but require a specific approach in each
case [16]-[18].

A material for liquid sensors should meet a number of
requirements: chemical and thermal stability, solvent resis-
tance, well-developed porous structure, intense luminescence,
and a “switch on” response [19]. The best way to get a
porous sensory material is to create a MOF structure [17],
[20], [21]. Azole-containing ligands - derivatives of pyra-
zole [5], [22], [23], pyrazolone [24]-[26], imidazole [27], [28],
triazole [29]-[31] and tetrazole [32], [33] - are known as
convenient ’building blocks’ in the design of effective lumi-
nescent lanthanide coordination compounds. It is due to high
stability of such heterocycles, additional coordination of rare
earth metals (REE) by nitrogen atoms and suitable positions
of triplet levels of ligands. 1,2,3-Triazole-4,5-dicarboxylic
acid H3TDA usually forms highly stable neutral complexes
with MOF structure with transition metals [34]. Previously,
3d-4f heterometallic [35]-[39] and pure REE [29], [30], [40]
triazolecarboxylates were described. It was shown that a
three-dimensional polymer required hydrothermal conditions
while a 1D-polymer could be obtained under mild con-
ditions [41], [42]. The deprotonated TDA3~ ion does not
contain luminescence quenchers such as C-H, N-H or O-H
bonds.

Europium and terbium ions are the most effective emit-
ters among lanthanides [8], [43]. They demonstrate red and
green luminescence, respectively, with the strongest bands at
~615 and ~545 nm. Emission of coordination compounds
generally occurs due to energy transfer from an organic ligand,
i.e., by the “antenna effect” [43]. The excitation transfer
between lanthanides is also possible [44], [45]. In lumines-
cence spectra of heterometallic and mixed-metal complexes,
bands related to all constituent REEs can be observed. This
property was used in creating white light sources [46] and
luminescent thermometers [10]-[12], [47].

The use of the intensity ratio of different bands in lumi-
nescence spectra as a sensory response was used earlier [48],
including the development of a molecular oxygen sensor [49]
and polymer sensors for the determination of water [50] and
methanol [51].

In this paper we present a novel, inexpensive, reusable and
sensitive material which has been tested as a luminescent
sensor for quantitative detection of H,O in D,O and aprotic
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solvents (dioxane and acetonitrile). It represents a mixed-metal
3D MOF based on europium (III), terbium (III) and H3TDA,
namely [Eug.1Tbg.o(TDA)].

II. EXPERIMENTAL
A. Apparatus

The CHN composition was estimated with a Vario Macro
CHN/CHNS apparatus (Elementar Analysensysteme).XRD
patterns were recorded on a D/MAX 2500 diffractometer
(Rigaku) in the reflection mode with CuKal(4A = 1.5406;\)
radiation and a curved graphite [002] monochromator placed
in the reflected beam.

DTA were performed on a Diamond Pyris TG/DTA
2002 tool in air, heating rate 10°/min.

Scanning electron microscopic (SEM) and energy-dispersive
X-ray spectroscopic (EDX) studies were carried out on a Leo-
Supra SOVP microscope equipped with an Oxford Instruments
XMax detector using a 15 kV accelerating voltage and a
working distance of 7 nm in a low vacuum mode (N>, 40 Pa).
A VPSE detector was applied with magnifications from 200 to
2500. EDX spectra were recorded using X-Ray microanalysis
and then assigned to the image of sample surface. The energy
resolution of the EDX detector reached 129 eV for the MnKa
line (5898.8 eV). Statistical analysis of the micrographs for
determining the composition of the complexes was performed
using Imagel software.

IR spectra were recorded in the range of 4000—
400 cm—1 in KBr pellets using a PerkinElmer system Spec-
trum One 100 FTIR spectrometer.

UV-vis spectra were recorded with a LOMO SF-2000 tool
in a quartz cell (10.0 mm optical length) relative to water.

High resolution excitation and emission spectra were
recorded on a Horiba-Jobin-Yvon Fluorolog 3-22 spectroflu-
orimeter equipped with a 450 W xenon arc lamp, a flash
xenon lamp, double-grating monochromators on both channels
and a standard R928 PMT detector. Powdered samples were
placed into 2 mm i.d. quartz cells. Life-time experiments
were performed on the same setup in a decay-by-delay mode
(Jgx = 300 nm, igm = 545 nm for Tb>* and 618 nm for
Eu’t) and subsequently analyzed in the Origin 8.6 Package
using an appropriate decay model.

Emission spectra of the material were recorded using
an Ocean Optics S2000 spectrometer. A mercury lamp
(Agx = 312 nm) was used for luminescence excitation. The
duration of signal measurement was 2000 ms and the resulting
spectrum was the arithmetic mean of 10 recorded spectra.
Then, the spectrum for each sample was treated with baseline
subtraction, smoothing with Savitzky-Golay filter and normal-
ization by area of Tb3* 5D4-Fs transition (535-555 nm).

B. Materials

1,2,3-Triazole-4,5-dicarboxylic acid was synthesized
according to a reported procedure [52] by oxidation of
1,2,3-triazole with potassium permanganate KMnOs in
an aqueous solution (pH = 7) and characterized by IR
spectroscopy, CHN and '3C NMR. A solution of K3TDA
was prepared by dissolving 15.7 mg (0.1 mmol) H3TDA
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in 10 ml of 5% KOH and dilution with water to 100 ml.
Stock solutions of 0.1 M Ln(NO3); (Ln = Eu, Tb)
were prepared by dissolving calculated amounts of
Ln(NO3)3x6H>0 in distilled water. In order to prevent
hydrolysis, 1 ml of IN nitric acid was added to the
solutions. Deuterium oxide D>O (99.5% Merck) and
sodium (Merck) were used as received. Acetonitrile and
1,4-dioxane were degassed and dried according to known
literature procedures [53] and stored over 4A molecular sieves
under Ar. Oven-dried (200 °C /12 h) glassware was used for
sensing experiments.

C. Synthesis of Hydrated Complexes

All materials were synthesized by a modified method [29]
under same conditions with different proportions of Ln(III)
nitrate stock solutions: 1,2,3-triazole-4,5-dicarboxylic acid
(78.5 mg, 0.5 mmol) was mixed with sodium hydroxide
(40 mg, 1.0 mmol). The mixture was dissolved in 3 ml of water
and mixed with 0.1 M of a Ln(III) nitrate stock solution (5 ml,
0.5 mmol). The resulting solution was heated in teflon-lined
stainless-steel autoclaves of 10 ml at 165 °C at rate of 50 °C/h,
kept at this temperature for 48 hours and cooled at a rate
of °C/h.

The {[Ln(TDA)(H,O)3]¥H>O} obtained was separated
from the solution by vacuum filtration with Buchner funnel,
washed with water, ethanol and diethyl ether and air-dried.

The Eu:Tb ratio was monitored via EDX.

1 - {[Eu(TDA)(H,0)3]*H,0}: Yield = 90%; Anal., %
Found: C, 13.0; H, 2.5; N, 10.9; C4HgOgN3Eu requires: C,
12.7; H, 2.1; N, 11.1. IR: 3700-3000 (broad), 3592, 1604,
1561, 1423, 1377, 1284, 1207, 1152, 1014, 871, 827, 799,
714, 667, 650, 527cm™".

2 - {[Tb(TDA)(H;0)3]*H,0}: Yield = 83%; Anal., %
Found: C, 12.5; H, 2.4; N, 10.6; C4HgOgN3Tbrequires: C,
12.5; H, 2.1; N, 10.9. IR: 3700-3000 (broad), 3650, 3592,
1607, 1560, 1425, 1377, 1287, 1207, 1166, 1153, 874, 837,
800, 715, 668, 530 cm™!.

3 - {[Eug.iTboo(TDA)(H>0)3]*H,0}: Yield = 82%;
Anal., % Found: C, 12.5; H, 24; N, 10.58;
C4HgOgN3Eug 1 Tbgorequires: C, 12.5; H, 2.1; N, 10.9.

Eu:Tb ratio (EDX) 1: 8.97 (Calc. 1: 9.00). IR: 3700-3000
(broad), 3596, 1607, 1559, 1423, 1287, 1207, 1166, 873, 836,
715, 668, 530 cm~!.

D. Dehydration of Complexes

Compounds 1a, 2a and 3a were obtained after vacuum-
assisted (0.1 torr) drying of 1, 2 and 3 respectively at 200 °C
for 4h.

la. [Eu(TDA)]: Anal., % Found: C, 15.8; N, 13.7;
C404N3Eurequires: C, 15.7; N, 13.7 IR: 1591, 1424, 1283,
1150, 1010, 866, 837, 817, 790, 713, 530 cm~!.

2a. [Tb(TDA)]: Anal., % Found: C, 15.6; N, 13.6;

C404N3Tbrequires: C, 15.3; N, 13.4. IR: 1585, 1422, 1278,
1149, 1012, 864, 831,818, 789, 713, 530 cm™ 1.

3a. [Eug.1 Tbp.o(TDA)]: Anal., % Found: C, 15.8; N, 13.5;
C404N3Eug 1 Tbg grequires: C, 15.4; N, 13.4. Euw:Tb ratio
(EDX) 1: 8.95 (Calc. 1: 9.00) IR: 1587, 1423, 1279, 1149,
1011, 863, 830, 818, 790, 713, 530 cm™~!.
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E. Sensor Studies

Weighted portions (10 mg) of compound 3a were
transferred to quartz test tubes with Smm i.d. containing
solutions to be analyzed and sealed with silicone septa.
Solvent mixtures were obtained by diluting stock solutions
until the necessary concentration of H,O was achieved.
Aliquots, in all cases 200 ul, were injected with a syringe
through a septum.

III. RESULTS AND DISCUSSION

A. Synthesis

Compounds 1-3 were obtained from H3TDA, NaOH and
REE nitrates under hydrothermal conditions. The use of base
allowed to increase the yield from 40-50% in [29] to 82-90%.
The effect of synthesis time was also investigated: an increase
in time above 48 hours leads to a slight decrease in yield
(up to 70%). The identity of the products obtained in [29]
is confirmed by a combination of methods of CHN, Powder-
XRD, IR-spectroscopy. According to XRD data they have the
MOF structure and are isostructural to the known europium
1,2,3-triazole-4,5-dicarboxylate [29] in comparison with pow-
der pattern simulation. Compounds 1a, 2a, 3a were obtained
by heating 1-3 in vacuo. The compositions of all compounds
were confirmed by a set of methods: elemental analysis,
IR spectroscopy and DTA. Drying results in a decrease in
crystallinity and only weak reflexes can be observed in the
XRD patterns of 1a, 2a and 3a(Fig.SI1). Nevertheless, these
weak and broadened bands correlate with the data for 1-3.
After treatment with HyO, compounds la-3a retain their
chemical composition and are identical to the original 1-3
according to IR, CHN and luminescence spectra.

B. IR Spectroscopy

Determination of water of crystallization in coordination
compounds is usually performed by analysis of intensity of
stretching and deformation vibrations of OH bonds located in
the ranges of 3800-3000 and 1700-1500 cm™!. Unfortunately,
in both cases the bands in IR spectra are not sufficiently
resolved (Figs. S2-S4). Dehydration of 1-3 leads to a decrease
in the intensity of the broad band centered at ~3200 cm™!.
At the same time, weakening of the peak at 3607 cm™!
which is related to HyO molecules engaged in hydrogen bonds
is observed. All compounds, including dry 1la-3a, contain
a weak shoulder at 3190 cm~—!, which might be related
to water sorption by the active MOF surface. Deformation
vibrations of OH bonds are represented as a weak peak at
1561 cm~! that vanishes after dehydrating 1-3 into 1a-3a.
This band overlaps with the bands of deformation vibrations
of the C=C bond and vas of the carboxyl group centered
at 1605 cm~!. The band at 1424 cm™! is related to v of
COO™ group and the difference in position with asymmetrical
oscillations (181 cm™!) proves bridging character of carboxyl
coordination. The small shift in the position of the band related
to the C=N bond from 798 cm~! in 1-3 to 789 cm~! in 1a-3a
indicates the involvement of the nitrogen atom in lanthanide
coordination after removal of water.
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C. Chemical Composition of Complexes

The chemical structure according to X-ray crystallog-
raphy as well as the corresponding composition of the
europium complex with TDA were reported previously [29].
Unfortunately, the positions of hydrogen atoms and lattice
water molecules were not defined in this work. Moreover,
the proposed chemical structure [Eup(TDA),(H>0)3]*5H,0
does not match the structure determined from X-ray data
([Eua(TDA)2(H20)6]). It was revealed that compounds 1-3
were isostructural to the reported europium complex according
based on comparison of XPD patterns. Therefore, the exact
composition of compounds 1-3 needs to be identified.

The optimal correlation between the experimental elemental
analysis data and calculated data for 1-3 corresponds to the
composition {Ln(TDA)*4H,0}. Lattice water was also studied
by DTA. DTA curves are similar to those presented in paper
[29]. According to the DTA data, compounds 1-3 lose water
in two stages. In the beginning, ~0.5-1.3 water molecules are
lost in the range of 100-180 °C. We assume that not only
lattice water, but also a fraction of coordinated water is lost.
Then, at 200 °C 2.4 molecules of coordinated water are lost.
For the second stage of weight loss, an intense endothermal
effect is observed, which confirms the coordination nature of
the molecules being lost. The compounds remain stable up
to 380 °C and then decompose into a EupO3z and TbsO7.
Thus, we assumed the composition of compounds 1-3 to be
{[Ln(TDA)(H20)3]*H,0}.

In the range of 100-350 °C, compound 1a-3a loses about
2-4% of weight which corresponds to the loss of
0.25-0.5 water molecules. This weight loss might be caused
by partial hydration of anhydrous 1a-3a in air. Then, the com-
pounds stay stable and decompose at T > 400 °C. The DTA
curves are presented in supplementary information.

Upon UV-radiation, compounds 1, 2 and 3 intensely emit
red, green and orange light respectively. The photolumines-
cence (PL) spectra of 1-3 are shown in Fig 2. Well-defined
sharp lines are related to f-f electron transitions of Eu™> and
Tb>* ions and weak ligand fluorescence can be observed
below 500nm. The spectrum of 3 contains emission bands
of both Eut and Tb3* ions. The 3Dy-’Fy transition in the
spectrum of 1 is not split at room temperature but is slightly
broadened which is characteristic of the structure that contains
two independent Eut ions with similar environment [54].
The integral intensity ratio of the hypersensitive transition
5Dy-"F, and independent magnetic dipole 5Dy-7F, transition
is 2.7, which indicates a relatively high symmetry of the
Eu’t coordination polyhedron [44]. In the emission spec-
trum of compound 2, the integral ratio of the most intense
SD4-"Fs transition (535-555nm) and the weakest SDu-’F3
(605-635) transition is about 0.03 so that the overlap with the
Eut 5Dy-’F, band is minimal in the spectrum of 3 and
allows the usage of the ratio of these bands as an analytical
signal. Drying of 1, 2 leads to compounds 1a, 2a, in which the
character of the luminescent spectra does not change, but the
lines become more broadened. The same correlations apply to
compound 3a, in which, moreover, the Eu/Tb intensity ratio
increases due to removal of HyO molecules that quench the
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Fig. 1. PL spectra of solid compounds 1-3, Agx = 394 nm for 1, 350 nm for

2 and 3. Eu3t and Tb3* transitions shown with red and green, respectively.

emission of Eu>* in 3. A summary table containing the posi-
tions, intensities and FWHM peaks is given in supplementary
information.

D. Luminescence and Sensitization

The UV-vis absorption spectrum of K3TDA (Fig. S13)
contains a broad band with a shoulder at 280 nm, and no
visible absorption above 300 nm. This behavior is preserved
in the excitation spectra of 1-3 (Fig. 2) in the form of a
broad band at 270-330 nm and is obviously related to ligand
excitation. Besides, these spectra consist of narrow bands
of direct excitation of Tb3* and Eu** ions. The excitation
spectrum of 1 contains peaks related to Eu* only and a
wide band corresponding to # — z* transitions in the
ligand. Moreover, the effectiveness of Eu’t excitation through
SLg < "Fy and 5Dy <« "F; transitions is higher than through
the ligand. Conversely, in the excitation spectrum of 2 direct
excitation of Tb>* is less effective through D4 < ’Fg and
5G5 « 7Fg transitions than excitation through the ligand,
which indicates decent antenna properties of the H3TDA
ligand for the Tb3* ion. The excitation spectra of 3 recorded
relative to the luminescence of Tb3* and Eu®* ions in the
mixed-metal coordination compound insignificantly differ in
the intensity of the bands that correspond to direct excitation of
the Eu3t ion. Weak SLg < "Fy, Dy < "Fy and °Dy < 'F;
transitions which are observed at Agppm = 545 nm in the
excitation spectrum of 3 might indicate the existence of a
weak energy transfer from Eu’t to Tb3* either directly or
through the ligand. The reverse process of sensitization of
Eu’t luminescence by Tb>T is substantially more effective,
as indicated by the bands at Agx = 615nm that correspond to
5Dy <« 7Fg, 5G5 <« TFg and other transitions of Tb3* in the
excitation spectrum of 3.

Sensitization of Eu* luminescence by Tb>* is also con-
firmed by the decay curves recorded for these ions (Table 1).
The determination of lifetimes for the 3 and 3a is complicated
due Tb-to-Eu energy transfer. Only for compounds 1 and 1a

IEEE SENSORS JOURNAL, VOL. 19, NO. 17, SEPTEMBER 1, 2019

TABLE I
Tos OF EUROPIUM AND TERBIUM CENTERED EMISSION, MKS

EU (618 NM) TB (545 NM)
COMPOUND

1(Eu) or 2(Tb) 292(1) 475(2)

la(Eu) or 2a (Tb) 388(1) 366(3)

la(Eu) or 2a (Tb) + 296(3) 460(3)

H,O

la(Eu) or 2a (Tb) + 712(6) 529(3)

D,O

3 n/a 141(1)

3a n/a 32.2(2)
3a+H,0 n/a 60(3); 220(21)
3a+D,0 n/a 55.4(7)

that do not contain Tb>*, Eu* decay curves have an expo-
nential character, which allows the determination of lifetimes.
la has a slightly higher lifetime than 1 due to removal of
OH-quenching during dehydration. Introduction of Tb3* to
the system (compounds 3 and 3a) results in a change in the
curve character. Moreover, in the initial period at the start
of the curve, a rise in the luminescence intensity is observed
(Fig.3), which is a direct evidence of the presence of energy
transfer in the system [55].

Besides, the zops of Tb3T in 3 and 3a is several times lower
than in 2 and 2a. Introduction of H,O and DO molecules dif-
ferently influences the Tb>+ and Eu’* luminescence, though
the emission intensity is higher in both cases. According to
the formulae [16],

1 1
gFlt =12 x - —0.25| =207
t(H,0) 7 (D20)
1 1
g™ =5x% - —0.06|=1.12
t(H20) 7 (D20)

the number of H»O molecules coordinated to europium and
terbium ions less than 3. In the crystal structure reported
at [29] hydration number is 3. The difference between these
data may be related to particular hydratation of 1 and 2 in
H,0 and D,0. The luminescence of Eu3t compared with
Tb>* is quenched by H,O molecules considerably more
strongly [16], [54]. The intricacy of determining the radiative
lifetime of the europium ion caused by the excitation transfer
interferes with the use of the lifetime as an analytical signal.

E. Sensory Signal Measurement and Processing

Several characteristics of luminescence can be chosen as
a sensory signal, such as quantum yields, lifetimes and ratio
of emission intensities. Measurement of quantum yields is the
most complicated among the parameters mentioned above due
to difficulties in achieving reproducible results (the determi-
nation error is generally higher than 10% [56]). Measuring
the luminescence lifetimes is less sophisticated, though in
the current work this method can lead to ambiguous results
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because in compound 3 a non-monoexponential decay curve
of EuT emission is observed, unlike in compound 1.

F. Lifetimes

As a result, the ratio of integral intensities of the main
transition of Eu* and Tb>* was chosen as an analytic signal
in sensory studies. The area of Eu* emission was measured
in the range of 605-625 nm (°Dy-"F; transition) and the area
of Tb3T emission — in the range of 535-555 nm (°D4-Fs
transition).
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Fig. 4. Dependence of S on media for suspension of solid 3a with different
solvents.

It is to be noted that at 625 nm, the Dy4-'F3 transition of Th3T
takes place. Nevertheless, its integral intensity constitutes
about 3% of the main transition (°D4-’Fs) of the terbium
ion. The intensity of emission of 5D4—7F5 transition of Tb3+
was used as the internal standard as its luminescence is
insignificantly affected by -OH quenching [16].

Using different excitation wavelengths (250-390 nm) results
in insignificant changes in the ratio of integral intensities of
Eu’* and Tb>*+ luminescence (Fig.S17). When the compound
is exposed to the light source with a wavelength of less
than 250 nm, strong ligand fluorescence is observed, while
subjecting the material to light of more than 390 nm leads
to a cease of Thb>T energy sensitization. The highest S can
be achieved by excitation with 290 and 350 nm, though
choosing the latter wavelength leads to a low overall intensity
of the compound. Thus, the sensory material was exposed to
excitation at 312 nm wavelength, as this available source of
light is the closest to 290 nm.

Introducing different solvents to 3a leads to a change in
the ratio of Eu’* and Tb’T centered emission intensities
(Fig. 4 and Fig. S21). The highest decrease in S is observed
for polar and coordinating solvents, such as water, ethanol,
acetone, and acetonitrile. Replacing water with D,O leads to
a significant increase in S, so its value for this media is hardly
different from S for dry 3a. For CHCI3-CDCIl3 no difference
is observed due to the aprotic character of these solvents. For a
3% H,0, solution a drastic decrease in luminescence intensity
is observed. S for HyO» is higher than for HoO which may
be related to more effective quenching of Tb>* emission by
peroxide ion or by molecular oxygen.

Studies of the dependence of sensory response on the time
after solvent addition show that S reaches a plateau after
~2.5 hours (Fig. S8). Such a long time is probably related
to the hydration of all ions in a bulky sample rather than to
the duration of diffusion. After reaching the plateau, S remains
constant after 6, 12, 24, and 48 hours.

For the H>O-D,O mixture, the calibration dependence
is linear in the S— w(H;O) coordinates in the range
of 0.5-100% H,O (Fig.5). Studying the sensory signal in
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o (H,0), %

Fig. 5. Calibration charts for the HyO-D,O (red squares), HyO-dioxane
(green circles) and HoO-CH3CN (blue triangles) systems.

7,6 -
72 E $=(-0.71£0.03)w(H,0)+(7.29£0.05)
ey R=0.991
6,8 - %
9 6,4
6,0 | %‘
5.6 S
T T T T T T T T T T T 1
0,0 0,5 1,0 1,5 2,0 25
o(H,0), %
Fig. 6. Calibration chart for determination of HoO in D>O by the method

of standard additions.

solutions with smaller H,O concentrations is impossible
because higher purity D,O (>99.5%) is not available. How-
ever, in [50] the calibration dependence is linear from 0 to 12%
H>O. The high linearity of the calibration curve is caused by
the chemical similarity of HyO and DO molecules; their small
size allows them to enter and exchange in the coordination
spheres of all lanthanides. The luminescence color of the
sensory material changes gradually from red to yellow with
an increase in HoO concentration, which makes it possible to
distinguish them visually.

For H>O-dioxane and HyO-CH3CN media, the calibration
plots become linear in logarithmic coordinates S — In(w(H>0))
in the range of 0-100% H>O in acetonitrile and 0-60% H,O
in dioxane (Fig. 5).

Moreover, the method of standard additions was used for
the determination of H>O concentration in the commercially
available product — D>O (Sigma Aldrich) that was unsealed a
long time ago and was used for NMR spectroscopy. Prepara-
tion of the sample was conducted in a glove box in order to
avoid introducing atmospheric moisture into the sample and
distorting the result. The concentration of H>O in the added
standard solutions was in range of 0.5-2.5 % as the real content
of HoO was expected to be about 0.5 % (the documented
isotopic purity of DO studied was 99.8 % D). The calculated
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resulting concentration of H»O turned out to be about
2.3% (Fig. 6). An independent analysis by IR spectroscopy
gave 2.5%.

IV. CONCLUSIONS

In summary, we developed a new sensory material —
a mixed-metal 1,2,3-triazole-4,5-dicarboxylate of europium
and terbium that can be easily synthesized. The compound
obtained is thermally stable up to 380°C, insoluble in water
and organic solvents and demonstrates intense simultaneous
emission of Eu’t and Tb3* ions. The compound displays a
luminescent sensory response S caused by the change in the
ratio of emission bands of terbium (°D4-’Fs transition) and
europium (°Dy-"F, transition) ions relative to water mole-
cules. For the HyO-D>O medium, S is linear in the range of
0-100% H,O (R* = 0.998), while for the H,O-CH3CN and
H,0O-dioxane media S becomes linear in the S-In(w(H,0))
coordinates (R> = 0.978 and 0.965, respectively). This sen-
sory response is caused by selective quenching of europium
luminescence by oscillation of OH bonds and a change in
efficiency of excitation transfer in the TDA-Tb-Eu system.
A determination of H>O concentration in commercial D,O by
the method of standard additions correlates excellently with
the result obtained by IR spectroscopy. Thus, the suggested
material is promising for the creation of devices for rapid,
cheap and reliable quantitative determination of water in
organic solvents and D,O. Moreover, the suggested material
can easily be recovered and reused.

APPENDIX

Supplementary data contain IR, SEM, EDX, DTA, decay
curves, and luminescence spectra.
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