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Abstract — Monomolecular layer of tetraphenylporphyrin mixed with stearic acid transferred onto
modified quartz plates is shown to exhibit fluorescent properties sensitive to the presence of
europium(111) cations in aqueous media. A principal possibility of producing a sensor element for
quantitative determination of europium in water is proposed, and its performance parameters are
determined.
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INTRODUCTION

Macrocyclic tetrapyrrole compounds and their numerous metal complexes are
widely used in a variety of applications related to ensuring chemical safety and
environment protection issues. Thus, metal complexes of porphyrins and
phthalocyanines are known to induce reactive oxygen species and can effectively
deactivate pathogenic microorganisms due to the relevant catalytic [1-3] and
photocatalytic [4] activity. In addition, intense absorption bands in the electronic
spectra of porphyrins make it possible to use these compounds for sensitive analysis
of various chemical and biological species [5]. Since fluorescent properties of
tetrapyrroles are able to change significantly in the presence of specific compounds,
they can be potentially used for developing sensor elements based on fluorescence
based detection principle [6, 7].

It is well known that fluorescence of many dyes is quenched by rare-earth
element (REE) ions, including ions of certain lanthanides, both in solutions and solid
media [8]. In that regard, it would be interesting to find out the extent of sensitivity of
fluorescence parameters of tetrapyrroles to the presence of various lanthanides ions.

It bears mentioning that toxicity issues of lanthanide compounds have not been
adequately studied, although there are available literature data allowing us to classify
REE compounds as low toxic substances [9-13]. Nevertheless, monitoring the
circulation of lanthanides in the environment is of great importance, since the list of
applications of these metals is rather long [14-17], it involves not only their use in
technologies for manufacturing optical and luminescent items, but also developing
materials applied as magnets, catalysts, alloys, components of medical devices,
nanomaterials, etc.

In this work, we are considering an effect of quantitative response of
lanthanide cations in aqueous solutions to the fluorescence of zinc complex of
tetraphenylporphyrin immobilized in nanosized films on a solid surface with the aim
of potential using this effect in sensor devices for control the content of lanthanide
cations in an aqueous medium.

EXPERIMENTAL

The zinc complex of tetraphenylporphyrin (ZnTPP) of spectral purity was
synthesized at Ivanovo State University of Chemical Technology. The structure of
the complex is shown in Figure 1. The identity and purity of ZnTPP were additionally
confirmed by MALDI mass spectrometry on a Thermo DSQ Il instrument.

Nanosized films were obtained using a molecular layering unit (Joyce Loebl,
UK) [18]. The preparation of the substrates was carried out using a procedure of
modifying quartz plates 10 x 44 x 1 mm by applying monolayers of stearic acid (SA)
formed on the surface of a subphase (bidistilled water containing 0.05 M KCI, pH
6.5). To obtain a monolayer of SA, 150 ul of the 1 mM SA solution in chloroform
was applied with a microsyringe. The formed monolayers with a barrier velocity of
2.5 mm/s and a surface pressure of 30 mN/m were transferred onto the quartz plate
by vertical lifting at a speed of 0.3 mm/s according to the Langmuir-Blodgett method.
Polar or nonpolar substrates were obtained by transferring in this way 10 or 11 SA-
monolayers, respectively.
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A monolayer of ZnTPP was obtained by the procedure involving a dropwise
addition of 150 ul of the 0.5 mM solution of ZnTPP in 1 mM SA in chloroform onto
the surface of the same subphase. A monolayer was formed in the same conditions as
in the case of the preparation of SA films. Next, one monolayer of the mixture of
ZnTPP and SA was transferred by vertical lifting onto polar or nonpolar substrates,
thereby obtaining a nonpolar or polar working surface of the sensor element,
respectively. The subphase temperature was 22°C in all the experiments with the air
humidity in the installation of 50 + 5%.

Substrates with polar and nonpolar ZnTPP monolayers were immersed in 8 ml
of aqueous solutions of the LaCls, CeCls, PrCls, NdCl;, SmCl3, EuCls, GdCls, ThCls,
DyCls, HoCls, ErCls, TmCls, YbCl3, or LuCl; salts solutions (provided by colleagues
from Russian Technological University MIREA) with the concentrations in the range
of 10°-10" M in such a manner that the size of the monolayer area contacting with
the solution was 26 x 10 mm. The temperature of the solution was maintained at
25°C. After 10 min, the plates were removed from the solutions, washed with
bidistilled water, and dried in the air. After that, fluorescence spectra were recorded
for the samples in the range of 600-750 nm upon excitation at a wavelength of 430
nm, which corresponds to the maximum absorption of ZnTPP.

Fluorescence spectra were recorded on a Shimadzu RF 5000 spectrofluorimeter
(Japan) using a ZhS-16 yellow filter with cutting off scattered light. Quartz plates
with the monolayers were placed at an angle of 45° in the path of the incident light.
The spectra were processed using the Origin 6.1 computer program with measuring
the integrated intensity (S) as the area under the spectrum curve.

Fig. 1. Structure of zinc complex of tetraphenylporphyrin (ZnTPP).

RESULTS AND DISCUSSION
The molecular layering procedure applied in this study provides obtaining
multilayers in which the external molecular layer is polar or nonpolar depending on
the orientation of the stearic acid (SA) molecule. The thickness of the films obtained
by this procedure was determined by the number of the monolayers and varied in the

33



TETRAPHENYLPORPHYRINE BASED NANOSIZED FILM ELEMENTS FOR DETECTION OF EU(lII)
CATIONS IN WATER BY FLUORESCENT METHOD

range of 20-25 nm (this evaluation is relied on the fact the length of the SA molecule
Is about 2 nm).

ZnTPP molecules immobilized in the films containing SA, retain their inherent
fluorescence with a maximum of ~660 nm. At the same time, the fluorescence spectra
are independent of the orientation of the SA molecules. ZnTPP fluorescence spectra
were not affected by soaking the films of polar and nonpolar structure in water.

When polar films were maintained in EuCl; solutions, an effect of quenching
ZnTPP fluorescence was observed (Figure 2). Furthermore, we revealed that the
quenching became noticeable at the EuCls; concentration of 1.10° M with its
intensification up to the EuCl, concentration of 1:10™ M. The quenching coefficient
was estimated as S¢/S ratio, where Sy and S are the integrated intensities in the
absence and in the presence of lanthanide ions, respectively, and was found to be 2.4
(extrapolation error = 0.2). At higher concentrations of europium chloride, no more
quenching of ZnTPP fluorescence was observed.

I, a.u.

/., 1M

Fig. 2. Fluorescence spectra of ZnTPP in polar films mixed with stearic acid on
quartz plates after contact with water (red line) and with EuCl; solutions with the
concentration of 1-10°%, 5-10°, 1.107, 5-107, 1-10°, 5-10°°, 1-10”, 510", 1-10", and
1-10™* M (the color of lines changes from green to purple).

It is noteworthy that the fluorescence intensity demonstrated only a slight
decrease after contacting ZnTPP films with the aqueous solutions of the salts of other
metals of the lanthanide series. Moreover, fluorescence intensity even remained
unchanged in the cases of the solutions of cerium and dysprosium chlorides. The data
for the ZnTPP fluorescence quenching coefficients in polar films for the cases of their
interaction with chloride solutions of various lanthanides studied are shown in
Table 1 for the concentration of 1-10™ M.
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Table 1. Fluorescence quenching coefficients of ZnTPP in polar films upon contact
with lanthanide chloride solutions with the concentration of 1-10* M for 10 min

REE | La* | Pr** | Nd** | sm® | EU** | Gd* | TO** | HO* | EF¥* | TmM® | YD** | Lu®*

Se/S| 121114 |11 |24 |11 |11 |11 |11| 12 |14 | 11

Examples of the relatively high quenching ability of europium(lll) cations
(compared to the related lanthanide metals) with respect to the luminescence of a
number of fluorophores (Flu), such as anthracene, phenanthrene, and phenosafranin,
are described in the literature [8]. In [19], it was proposed that the reason for the
relatively high degree of quenching of fluorescence of aromatic compounds by Eu**
ions is the reversible electron transfer in accordance with the following mechanism:

Flu* + Eu®" — Flu* + Eu?,

where Flu* and Flu® are fluorophore excited state and its radical cation, respectively.
We suppose that the selective ability of Eu®" of quenching fluorescence of dyes is due
to the fact that the Eu®" cation has the highest electron affinity compared to that for
other ions of REEs, thus, it can be relatively easily reduced to Eu*. In the studied
cases of ZnTPP fluorescence, the europium chloride solution turned out to be the
only example among the considered systems which exhibited the significant
quenching ability. Therefore, we can conclude that it is possible to use the
investigated systems for selective determination of Eu®* cations in aqueous media.
This statement is consistent with the experimental data obtained for the aqueous
solutions containing mixtures of two to four lanthanides of different nature. In
contrast to the EuCl; solution, the effect of quenching of fluorescence of ZnTPP
changed insignificantly in these systems (Table 2).

Table 2. Fluorescence quenching coefficients of ZnTPP in polar films upon contact
with the mixtures of lanthanide chloride solutions with the concentration of 1-10™* M

for 10 min
REE | Eu’ + Sm™ | Eu®* + Dy** | Eu®* + Tb® + Gd** | Eu® + Sm** + Yb*" + Nd**
So/S 2.2 2.3 2.0 2.2

As far as nonpolar films are concerned, their contact with the solutions of
lanthanide salts produced no changes in the ZnTPP fluorescence spectrum even at
high salt concentrations, which allows us to conclude that diffusion of the cations into
the nonpolar film is not observed. In the case of polar surfaces, one can assume an
active involvement of the surface carboxyl groups of SA into the binding of metal
cations.

Thus, the detection of europium (111) salts can be performed by fluorescence
method. The data obtained in this study are of interest for the development of
portable devices for monitoring the content of europium (IlI) cation presence in
natural and waste waters. Sources of europium emissions into the environment come
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from various industrial sectors, such as metallurgy, hydrogen and nuclear energy
industries, manufacturing of laser and luminescent materials, medical industry, etc.
[20].

CONCLUSION

In summary, applying the molecular layering procedure makes it is possible to
obtain a miniature element on quartz plates that is found to be sensitive to the
presence of europium(lll) cations in water. Thus, a principle possibility is
demonstrated to create a polar contact layer containing a fluorescent dye. The
sensitivity of the obtained sensor element is 1.10® M, the detection time is 10 min.
The time for recording the fluorescence spectrum does not exceed 1 min. The
advantages of the element are its high selectivity towards the analyte, the relative
ease of its preparation, a possibility of its serial production, and availability of the
required components. Further research can be focused at studying the effect of water
quality by this analytical procedure.

ACKNOWLEDGEMENT

This work was carried out as part of the state task of the Ministry of Science
and Higher Education of the Russian Federation (project 0082-2018-0006,
registration number No. AAAA-A18-118020890097-1).

References:

1. Bannikova, D.A., Kononenko, A.B., & Lobanov, A.V. (2017). Influence of metallic and metall
complex nanoparticles on bacterial populations. Khimicheskaya Bezopasnost’ = Chemical
Safety Science, 1(2), 88 - 96 (in Russ.). https://doi.org/10.25514/CHS.2017.2.10983

2. Lobanov, A.V., Olkhov, A.A., & Popov, A.A. (2018). Bactericidal properties of fibrous
material based on polyhydroxybutyrate and metal porphyrin complexes. Khimicheskaya
Bezopasnost” = Chemical Safety Science, 22), 88 - 96 (in Russ.).
https://doi.org/10.25514/CHS.2018.2.14104

3. Fomichev, V.A., & Lobanov, A.V. (2019). Hydroxyapatite as a mineral matrix for antibacterial
substances. Khimicheskaya Bezopasnost’ = Chemical Safety Science, X2), 37 - 44 (in Russ.).
https://doi.org/10.25514/CHS.2019.2.16002

4. Lobanov, A.V., & Melnikov, M.Ya. (2019). Photocatalytic activity of immobilized metallo-
tetrapyrrole complexes in hydrogen peroxide media. Khimicheskaya Bezopasnost’ = Chemical
Safety Science, (1), 28 - 34. https://doi.org/10.25514/CHS.2019.1.15001

5. Lobanov, A.V., Gromova, G.A., Gorbunova, Yu.G., &Tsivadze, A.Yu. (2017). Lanthanide
complexes of phthalocyanines for identification of nanosized silica in water. Khimicheskaya
Bezopasnost” = Chemical Safety Science, 1(1), 54 - 61 (in Russ.).
https://doi.org/10.25514/CHS.2017.1.11431

6. Shchelkunova, A.E., Boltukhina, E.V., Rumyantseva, V.D., Shilov, I.P., & Karakotova, S.D.
(2019). Development of the synthesis of 2,4-di(a-methoxyethyl)-deuteroporphyrin 1X
ytterbium complex dipotassium salt. Macroheterocycles, 124), 382 - 388. DOI:
10.6060/mhc190658s

7. lvanovskaya, N.P., Shilov, I.P., Shchamkhalov, K.S., Markushev, V.M., Ivanov, A.V.,
Rumyantseva, V.D., & Mironov, A.F. (2015). Nanoparticles based on lexan polymer matrix
and the ytterbium complex of porphyrin: synthesis, spectral-luminescence properties and

36


https://doi.org/10.25514/CHS.2017.2.10983
https://doi.org/10.25514/CHS.2018.2.14104
https://doi.org/10.25514/CHS.2019.2.16002
https://doi.org/10.25514/CHS.2019.1.15001
https://doi.org/10.25514/CHS.2017.1.11431

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

LOBANOV et al.

prospects of using for neoplasm diagnostics. Macroheterocycles, &1), 50 - 55. DOI:
10.6060/mhc140715r

Ermolaev, V.L., Sveshnikova, E.V., & Shakhverdov, T.A. (1976). Investigation of the
formation of complexes of organic molecules and lanthanide ions in solutions by the electronic
energy transfer method. Uspekhi khimii = Russ. Chem. Rev., 45(10), 896 - 912.
https://doi.org/10.1070/RC1976v045n10ABEH002732

Goecke, F., Jerez, C.G., Zachleder, V., Figueroa, F.L., Bisova, K., Rezanka, T., & Vitova, M.
(2015). Use of lanthanides to alleviate the effects of metal ion-deficiency in Desmodesmus
guadricauda (Sphaeropleales, Chlorophyta). Frontiers in Microbiology; 6.
https://doi.org/10.3389/fmich.2015.00002

Palasz, A., & Czekaj, P. (2000). Toxicological and cytophysiological aspects of lanthanides
action. Acta Biochimica Polonica, 47(4), 1107 - 1114. https://doi.org/10.18388/abp.2000 3963
Cotruvo, J.A. (2019). The chemistry of lanthanides in biology: recent discoveries, emerging
principles, and technological applications. ACS Central Science, 5(9), 1496 -1506.
https://doi.org/10.1021/acscentsci.9b00642

Teo, R.D., Termini, J., & Gray, H.B. (2016). Lanthanides: applications in cancer diagnosis and
therapy. Journal of Medicinal Chemistry, 59(13), 6012 - 6024.
https://doi.org/10.1021/acs.jmedchem.5b01975

Zheng, Q., Dai, H., Merritt, M.E., Malloy, C., Pan, C.Y., & Li, W.-H. (2005). A new class of
macrocyclic lanthanide complexes for cell labeling and magnetic resonance imaging
applications. Journal of the American Chemical Society, 127(46), 16178 - 16188.
https://doi.org/10.1021/ja054593v

Eliseeva, S.V., & Biinzli, J.-C.G. (2011). Rare earths: jewels for functional materials of the
future. New Journal of Chemistry, 35(6), 1165 - 1176. https://doi.org/10.1039/CONJO0969E
Morin, M., Bador, R., & Dechaud, H. (1989). Detection of europium(l1l) and samarium(lll) by
chelation and laser-excited time-resolved fluorimetry. Analytica Chimica Acta, 219, 67 - 77.
https://doi.org/10.1016/S0003-2670(00)80334-7

Pagis, C., Ferbinteanu, M., Rothenberg, G., & Tanase, S. (2016). Lanthanide-based metal
organic frameworks: synthetic strategies and catalytic applications. ACS Catalysis, &9), 6063 -
6072. https://doi.org/10.1021/acscatal.6b01935

Zhu, Q., Zhang, L., Van Vliet, K., Miserez, A., & Holten-Andersen, N. (2018). White light-
emitting multistimuli-responsive hydrogels with lanthanides and carbon dots. ACS Aoplied
Materials & Interfaces, 10(12), 10409 - 10418. https://doi.org/10.1021/acsami.7b17016
Lobanov, A.V., Nagovitsyn, I.A., & Chudinova, G.K. (2018). Determination of albumin by
immunosensor technique with fluorescent type of detection. Khimicheskaya Bezopasnost’ =
Chemical Safety Science, 22), 119 - 130 (in Russ.).
https://doi.org/10.25514/CHS.2018.2.14109

Shakhverdov, T.A. (1970). Photon transfer of an electron from molecules of organic
compounds to Eu** in liquid solutions. Optika i spektroskopiya = Optics and spectroscopy,
292), 315 - 321 (in Russ.).

Greinacher, E. (1981). History of rare earth applications, rare earth market today. /naustrial
Applications of Rare Earth Elements. ACS Symposium Series, 164. Chapter 1, 3 - 17. DOI:
10.1021/bk-1981-0164.ch001

37


https://doi.org/10.1070/RC1976v045n10ABEH002732
https://doi.org/10.3389/fmicb.2015.00002
https://doi.org/10.18388/abp.2000_3963
https://doi.org/10.1021/acscentsci.9b00642
https://doi.org/10.1021/acs.jmedchem.5b01975
https://doi.org/10.1021/ja054593v
https://doi.org/10.1039/C0NJ00969E
https://doi.org/10.1016/S0003-2670(00)80334-7
https://doi.org/10.1021/acscatal.6b01935
https://doi.org/10.1021/acsami.7b17016
https://doi.org/10.25514/CHS.2018.2.14109



