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Nitrogen-rich heterocyclic systems, particularly 1,2,4-triazole derivatives, are attractive sources of functionally diverse compounds and
promising modifiers for electrochemical sensors. lonometry, as a branch of potentiometric analysis, focuses on developing highly selective
ion-selective electrodes (ISEs) capable of providing direct assessment of ion activity or ionogenic forms of analytes in solution. B-Estradiol
is a biologically important steroid hormone; its quantification is relevant for pharmaceutical analysis. Schiff bases as membrane electro-
active components represent a viable strategy to enhance sensor selectivity.

The aim of the study was to create and study the electrochemical characteristics of an ISE with a plasticized membrane based on 5-(3-fluoro-
phenyl)-4-amino-1,2,4-triazole-3-thiol with lipophilic ionogenic additives of various nature — tetraoctylammonium bromide (TOABr) and
sodium tetraphenylborate (NaB(C H,),, NaBPh).
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Materials and methods. The electroactive Schiff base was synthesized by condensation of 2-hydroxy-5-(phenyldiazenyl)benzaldehyde
with 5-(3-fluorophenyl)-4-amino-1,2,4-triazole-3-thiol in n-butanol (2 h reflux, 12 h standing), followed by purification (DMF recrystallization)
and structural confirmation by elemental analysis and 'H NMR (DMSO-d,, 400 MHz). A PVC membrane (0.2 g) was prepared containing
2 wt.% electroactive compound, 0.5 wt.% ionogenic additives (NaBPh or TOABr), polyvinyl chloride (PVC; one-third of the mass), and
nitrophenyloctyl ether (two-thirds) as plasticizer, using tetrahydrofuran as the casting solvent. Potentiometric measurements were per-
formed at 20-25 °C (Ezodo PL-700PV) versus an Ag/AgCl reference electrode. Calibration was carried out in the 10>-10* M B-estradiol
range (1000-10 ppm) with reproducibility control every 2 h.

Results. The use of plasticized PVC membranes and a solid-contact configuration was justified to improve potential stability and minimize
drift. The presence of azo and azomethine fragments in the modifier implies a dual-pathway electroanalytical process. A mathematical
model incorporating diffusion supply and electrode surface coverage by reduction products was proposed; linear stability analysis using
the Routh—Hurwitz criterion indicated a broad parameter region where a stable steady state is attainable, enabling formation of an inter-
pretable analytical signal. The detection limit is associated with monotonic instability, whereas potential oscillatory behavior is expected
beyond the analytical working range.

Conclusions. A plasticized PVC-based ISE incorporating a triazole-derived Schiff base and ionogenic additives (NaBPh / TOABr) was
proposed for potentiometric B-estradiol determination; theoretical analysis supports its electroanalytical feasibility and controllable steady-
state operation.
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Enektpoximiuni BnactusocTi geskux noxigHux 1,2,4-tpiazony
O. A. BirgaHn, C. O. ®epnotos, A. C. louynsa

A30TOBMICHI reTepoLuKnivHi cuctemu, 3okpema noxigHi 1,2,4-tpiasony, CTaHOBNSATb 3HAYHUI iHTEPEC K Jxepeno gyHKUioOHanbHO pis-
HOMaHITHUX CMONYK i NEPCNEKTUBHNX MOANMIKATOPIB €NEeKTPOXIMIYHMX CEHCOPIB. |OHOMETPIS AK CknagoBa NOTEHLOMETPUYHOIO aHanidy
OpieHTOBaHa Ha CTBOPEHHS1 BUCOKOCENEKTUBHUX iOH-cenekTuBHuX enektpoais (ICE), 3aaTHux 3abeanedyBaTi Npsme OLiHIOBaHHS aKTUBHOCTI
iOHiB / ioHOreHHUX hopm aHaniTy B po3umHax. 3-EcTpagion — 6ionoriyHo 3HauyLLWii CTEPOISHMIA TOPMOH, KOHTPOIb BMICTY SIKOTO aKTyanb-
HUM ANs hapMaueBTUYHOMO aHanidy; 3acToCyBaHHS LUMGIOBMX OCHOB SIK €NEKTPOL-aKTUBHWUX KOMMOHEHTIB MeMOpaH € NepcnekTMBHUM
MiAX0A0M A0 NiABULLEHHS CENEKTUBHOCTI CEHCOPHUX CUCTEM.

MeTa poGoTtu — CTBOpWUTM Ta JOCNIANTY enekTpoxiMivHi xapaktepuctuku ICE 3 nnactudikoBaHow MeMbBpaHo Ha OCHOBI 5-(3-dhTopde-
Hin)-4-amiHo-1,2,4-Tpiazon-3-Tiony 3 NinoginbHUMK iIOHOreHHMMM fo6aBKamm pi3HOi NpUpoan — TeTpaokTMnaMmoHin 6pomigom (TOABT) i
Harpin TeTpacdpeHinGopatom (NaB(C H,),, NaBPh).
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Martepianu i meTogu. Enektpop-akTvBHY WncOBY OCHOBY CMHTE30BaHO KOHAEHCaLiet 2-rinpokcu-5-(peninaiaseHin)beHsanbaeriay 3
5-(3-cbTopdpeHin)-4-amiHo-1,2,4-Tpiason-3-Tionom y H-6yTaHoni (HarpiBaHHs 2 rof, BUTPUMYBaHHS 12 roal) 3 noganbLUM OYULLEHHAM
(nepexpuctanisauia 3 AM®) i nigTeepmxeHHAM 6ynoBn faHnMmu enemeHTHoro aHanisy ta 'H AMP (DMSO-d,, 400 MI'u). Mem6paty Ha
ocHosi nonisininxnopuay (MBX; 0,2 r) hopmysanu 3 2 mac.% enekTpoa-akTusHoi cnonyku, 0,5 mac.% ioHoreHHux gobasok (NaBPh abo
TOABr), MBX (1/3 macu) Ta HiTpoeHINoKT1NoBoro eTepy (2/3 Macu) 3 BUKOPUCTaHHAM TeTparigpodypaHy sik po3dnHHuKa. [MoTeHuiome-
TPWYHI BUMiptoBaHHS 3aiicHumv npu 20-25 °C (Ezodo PL-700PV) BigHocHo Ag/AgCI; kanibpyBaHHs BukoHanu B gianasoHi 10%-10* M
B-ectpagiony (1000-10 M. 4.) 3 NEPIOANYHNM KOHTPOMEM BifTBOPIOBAHOCTI (KOXHI 2 rog).

Pesynisratn. O6rpyHTOBaHO AOLINBHICTL NNacTudikoBaxmx MBX-membpaH i koHCTpyKuii solid-contact ans minimisauii apendy noteHujiany.
BcTaHoBNEHO, L0 HasiBHICTb y MoaudikaTopi a30- Ta a30METUHOBOTO (hparMeHTIB 3yMOBIHOE MOXIUBICTb ABOKaHaNbHOro nepebiry enek-
TpoaHaniTMyHoro npouecy. 3anponoHoBaHO MaTeMaTUyHy MOAENb, L0 BpaxoBye AndY3iiHWA NiaBIA aHaNITy i aacopOLiiHe NOKpUTTS
enekTpoAa NpoayKTamMu BiAHOBMEHHS; aHani3 MiHikHOI CTIKOCTI (kpuTepii Payca—TypBiua) nigTBepamB HasiBHICTb LUMPOKOI obnacTi na-
pameTpiB 3i cTabiNbHUM CTaLiOHaPHUM PEXMMOM, L0 CNIPUSTAMBWIA Anst hOPMYBaHHS iHTEPNPETOBaAHOMO aHaniT4Horo curHany. Mexa
BUSIBINEHHS MOB'S3aHa 3 MOHOTOHHO HECTINKICTIO, @ MOXIMBI OCLMIALIT OYiKyOTbCSA 3a Mexamu poboyoro fiana3oHy.

BucHoBku. 3anponoHoBaHo ICE 3 nnacTtudikoBaHoto NBX-mem6paHoto Ha 0CHOBI Tpia3osibHOT LWMGOBOT OCHOBM Ta iOHOrEHHMX 406aBOK
NaBPh / TOABr ons noTeHUioMETPUYHOrO BU3HaYeHHs [3-ecTpagiony. TeOpeTWyHi pesynstati NiaTBEpIAXYOTb eNekTpoaHaniTnyHumn

noTeHLian CMCTEMM Ta KEPOBAHICTb CTaLiOHAPHOIO PEXUMY.

KntouoBi cnosa: noxigHi 1,2,4-tpia3ony, ioOHOMETPIs, iOHCENEKTUBHUIN eNeKTPOA.
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The need to introduce new highly effective and low-toxic
drugs into practice is constantly growing in the modern world.
As aresult, the creation of new original molecules is an actual
task of native pharmaceutical science. Analyzing the litera-
ture, it is necessary to note the special role of nitrogen-rich
heterocyclic systems, which are widely represented [1,2]. A
separate large group of substances belongs to 1,2,4-triazole
derivatives, which for many years have attracted scientists
of various directions [3,4]. The modern trend remains the
possibility of combining 1,2,4-triazole with various phar-
macophoric substituents, which can be oriented according
to different positions of this heterocycle [5,6].

Ionometry is a modern, constantly developing direction of
the potentiometric method of analysis. The main task of the
method is the development, study and application of various
ion-selective electrodes (ISE), reversible and selective for
various cations and anions. lon-selective electrodes provide
direct information about the activity of ions in the solution of
the analyzed object and function according to the mechanism
of ion transport, and the sufficiently high selectivity of the
electrode ensures the permeability of the membrane for one
or a limited number of ions due to the introduction of an elec-
trode-active compound [7,8]. Due to the different sizes and
shapes of anions, the task of creating selective potentiometric
sensors for their determination is very urgent.

A successful solution can be the use of heterocyclic
compounds as active components of the membrane, such
as 1,2,4-triazoles, 1,3,4-oxadiazoles, metalloporphyrins,
porphyrazines, phthalocyanines, etc. [9].

There are many 1,2,4-triazole derivatives that are used
as corrosion inhibitors to inhibit the corrosion of steel and
copper [7,8]. In some of our publications, we theoretically
described the possibility of using 1,2,4-triazole derivatives
as electrode active compounds [10,11,12]. Triazoles can be
in different tautomeric forms, the influence of such tautomer-
ic forms on electrochemical properties can be significant.
The use of 1,2,4-triazole derivatives as an electrode-active
component of ISE membranes is a new and promising
task [13,14,15].

B-Estradiol is an estrogenic steroid hormone and the main
female sex hormone. It is involved in the regulation of the
estrous and menstrual female reproductive cycle. Estradiol
is responsible for the development of secondary sex charac-
teristics in women, such as breasts, enlarged hips, and the fe-
male-associated pattern of fat distribution. It is also important
in the development and maintenance of female reproductive
tissues such as the breast, uterus, and vagina during puberty,
adulthood, and pregnancy. It also has important effects on
many other tissues, including bone, fat, skin, liver and brain.

At the moment, some methods of electrochemical deter-
mination of steroid hormones have already been developed.
Moreover, its chemical composition suggests that it could be
determined by electrodes using Schiff bases and their com-
plexes, which are very popular in electroanalysis.

Aim

Thus, the aim of our work was to create and study the electro-
chemical characteristics of an ion-selective electrode with a
plasticized membrane based on 5-(3-fluorophenyl)-4-amino-
1,2,4-triazole-3-thiol with lipophilic ionogenic additives of
various nature — tetraoctylammonium bromide (TOABr) and
sodium tetraphenylborate (NaB(C,H,),, NaBPh).

Materials and methods
5-(3-Fluorophenyl)-4-amino-1,2,4-triazole-3-thiol was
synthesized by us earlier and its physicochemical proper-
ties were described earlier [14], other reagents, including
2-hydroxy-5-(phenyldiazenyl)benzaldehyde, B-estradiol
(E8875-250MG) were purchased from Sigma Aldrich
(Germany) and used without further purification. *H NMR
spectra were recorded at Enamine (Kyiv, Ukraine) on a
Varian Mercury 400 spectrometer (400 MHz) in DMSO-d..
Research drug — “Guna-beta-estradiol” drops or. 30 ml each
in a bottle cap. (Odesa, Ukraine), was purchased in a retail
pharmacy chain.

A mixture of 0.57 g (0.0025 mol) of 2-hydroxy-5-(phe-
nyldiazenyl)benzaldehyde with 0.53 g (0.0025 mol) of
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Fig. 1. Obtaining the Schiff base by the condensation method.

5-(3-fluorophenyl)-4-amino-1,2,4-triazole-3-thiol in 20 ml of
butan-1-ol is refluxed for 2 hours. The reaction mixture was
kept at room temperature for 12 hours (Fig. 1). The precipi-
tate was filtered off and washed with diethyl ether, obtaining
0.43 g of Schiff’s base (MP >250 °C, crystallized from DMF).
Found: C: 60.56 %, H: 3.43 %; N: 20.04 %; C,,H .FN,OS.

21" 15

Calculated: C: 60.42 %, H: 3.38 %; N: 20.13 %.

Results

Liquid membranes are a solution of an electrode-active
component in an organic solvent immiscible with water, held
by a porous partition. Unlike solid membranes, where active
centers are fixed in space by the forces of chemical bonding,
in liquid membranes organophilic active components are
mobile in the membrane phase.

Close to liquid are plasticized membranes obtained as a re-
sult of the introduction of active components into an inert, for
example, polyvinyl chloride matrix. Its elasticity and mechan-
ical strength is caused by the presence of plasticizers — esters
of phthalic, phosphoric, sebacic and other acids. The use of a
plasticized membrane allows you to completely abandon the
internal liquid reference electrode. In this case, the platinum,
silver or copper wire is covered with a film of polyvinyl chlo-
ride containing AK membranes and a plasticizer. The liquid
active phase can also be fixed on the graphite surface. ISEs
obtained in this way, in the design of which there is no liquid
system of the reference electrode, are called solid-contact. An
important role in forming the potential of such electrodes is
played by the material of the current collector.

The use of a fundamentally new electrode modifier
requires a priori mechanistic theoretical analysis of the
electroanalytical system. This will help us solve problems
such as: instability in the interaction of the electrode with
the analyte and its role in the electroanalytical system; the
possibility of electrochemical instabilities in similar systems
with electrooxidation of various organic molecules, including
electrochemical polymerization.

Theoretical research makes it possible to solve the men-
tioned problems in the development of an ion-selective elec-
trode. The research includes the development and analysis
of a mathematical model capable of adequately describing
the electroanalytical system. Since the compound contains
two electrochemical centers — a diazo group and a “Schiff
bond”, the electroanalytical process can occur according

to two parallel mechanisms using an azo group (Fig. 2), in
which “Estr” means an oxidized fragment of p-estradiol or
through an azomethine fragment (Fig. 3).

In both cases, the original Schiff base is restored at the
electrochemical stage. So, considering the above statements,
in order to theoretically describe the behavior of the system,
we introduce three variables: ¢ — concentration of estradiol
in the pre-surface layer; 64 is the degree of anode coverage
by the reduction product in Fig. 2; 05 is the degree of anode
coverage by the reduction product in Fig. 3.

To simplify the simulation, let’s assume that the reactor is
intensively stirred, so the convection flow can be neglected.
We also assume that the background electrolyte is in excess,
so the migration flow can be neglected. The thickness of the
pre-surface layer is assumed to be constant, equal to 6, and
the analyte and alkali concentration profile is linear. It can
be shown that the behavior of the system will be described
by the following tripartite system:

- T51)

de 2( (co—c)—m

dt
d64 1
dar G — (141 — 742)
d95 1
dt G — (151 — 752)

where c, is the molar concentration of estradiol; A is the
diffusion coefficient; 64 and 05 are maximum concentrations
of reduction products; r are the rates of the corresponding
chemical and electrochemical stages associated with Fig. 1-3,
which can be described as follows:

41 = kg16(1 — 6, — 65)
sy = ks1¢(1 — 60, — 65)

2F¢@
Ty = k4294exp( RT0>

Ts2 = kszesexP( ?0),

where k — are the corresponding rate constants; F — is the
Faraday number; ¢, — is the slope of the potential associated
with the potential of zero charge; R — is the universal gas
constant; T — is absolute temperature.

Although compared to the simple case, the behavior in this
electroanalytical process will be efficient. To investigate the
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Fig. 2. Scheme of the electroanalytical process involving the azo group.
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Fig. 3. Scheme of the electroanalytical process involving the azomethine fragment.

behavior of the electroanalytical process for the determination
of estradiol using the new Schiff basis, we analyze a set of
equations using the theory of linear stability. The members
of the Jacobi functional matrix in the steady state will be
described as follows:

2 A
Ay = E(‘E— ka1 (1 =64 — 05) —ksyc(1— 0, — 95))

2
Ay = E(knc + ks10)
2
a3 = 3(’5415 + ks10)
1
a1 = G_4(k41(1 — 6, — 95))
Considering the expressions, it can be seen that the main

diagonal of the Jacobi matrix contains two elements that can
be positive and, as a result, describe a positive callback. This

distinguishes this system from similar ones for which only
one positive element can be possible.

The stationary stability criterion for dynamic systems is the
so-called Raut-Hurwitz criterion. Opening the straight brack-
ets of the determinant, applying to it the inequality resulting
from the criterion, and considering that V + W =TI, we can
obtain the condition for the stability of the stationary mode:

—1, (QW + VK + 0K) — E(QW + QK — WK) —
—A(VK + 0K — V) <0,

which is guaranteed to be satisfied if the parameters j and v
are positive (which is realized in most cases). Therefore, the
steady state is stable in a relatively large topological range of
parameters, which from an electroanalytical point of view will
mean that the system is electroanalytically efficient, since the
relationship between the electrochemical parameter (in this
case, the current) and the concentration of estradiol is linear,
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and the analytical signal is easy to interpret. The electroan-
alytical process in this case is mostly controlled kinetically,
being diffusion controlled with the help of relatively large
working electrodes.

The detection limit is determined by the realization of the
monotonic instability, the corresponding saddle-node bifurca-
tion, which separates stable steady states and unstable states.
The condition of its appearance:

-1 (QW + VK + QK) — E(QW + QK — WK) —
—A(VK + 0K —0V) = 0.

The behavior of this system will be much less dynamic if
the Schiff base is introduced into the conducting polymer as
part of the macromolecule. Thus, both reduced forms will be
present in the reduced macromolecules, which will reduce
the number of variables to two.

The theoretical analysis of the electrochemical determi-
nation of estradiol using the new Schiff basis allows us to
conclude that:

— it can be an excellent electrode modifier for estradiol
quantification. The system is electroanalytically efficient
because steady-state stability is easy to obtain and maintain;

— the electroanalytical process is mostly reaction-driven,
being diffusion-driven if the working electrode is relatively
large;

— possible oscillatory behavior in this system caused by
the effect of two electrochemical steps on the electric double
layer;

—the implementation of oscillatory behavior occurs beyond
the limit of detection.

Development and preparation of the electrode. The total
weight of the plasticized membrane was 0.2 g, the content
of the electrode-active component (2-(((3-(3-fluorophenyl)-
5-mercapto-4H-1,2,4-triazol-4-yl)imino)methyl)-4-(phe-
nyldiazenyl)phenol) accounted for 2 wt.%, ionic additives
— 0.5 wt.%, 1/3 of the total weight was the amount of poly-
vinyl chloride (PVC) and 2/3 — nitrophenyloctyl ether in the
role plasticizer.

The membrane component was dissolved in tetrahy-
drofuran with constant stirring and left until the solvent
completely evaporated. As an ionogenic additive — an ion
exchanger, the anionic additive sodium tetraphenylborate,
as well as a cationic additive — ionic liquid tetraoctylammo-
nium bromide, were introduced into the membrane compo-
sition. The obtained membrane was fixed with the help of a
special tip and a union nut to the cylindrical Teflon body of
the electrode (Fig. 4). The working surface of the membrane
was approximately 0.5 cm? Potentiometric measurements
were carried out at a temperature of 20-25 °C on an Ezodo
PL-700PV laboratory device, relative to a silver chloride
electrode. The potentiometric cell had the following form:
Ag/AgCl/KCl sat./ads.pH//membrane//vnutr.p-n/AgCIl/Ag.
The internal solution was a mixture of 10~ mol/l for analyte
and 1 mol/l for KCI.

An aliquot (5-50 ml) of a diluted (10°-10* mol/l) ana-
lyte solution was placed in a potentiometric cell equipped
with an ion-selective electrode, a reference electrode, and

a magnetic stirrer, and with constant stirring, 10~ (or 10?)
mol/l titrant solution (2-((3-(3-fluorophenyl)-5-mercapto-4H-
1,2,4-triazol-4-yl)imino)methyl)-4-(phenyldiazenyl)phenol)
(in portions of 0.2—0.5 ml continuously with an adjustable
speed) with simultaneous automatic recording of the EMF
of the cell using a computer. The schematic diagram of the
experimental setup for research is shown in Fig. 5. The pH
of the solutions was measured with a glass pH electrode.

Sequence of work with an experimental ion-selective
electrode:

1. With the help of serial dilution from the ready-made
reference solution with a concentration of 0.1 M or 1000 ppm,
we prepare three reference solutions. Reference solutions of
B-estradiol should have concentrations of 102 M, 10 M and
10“*M or 1000, 100 and 10 ppm.

2. Pour the most diluted solution (10 M or 10 ppm) into a
beaker with a volume of 150 ml, place it on a magnetic stirrer
and start stirring at a constant speed. Having made sure that
the EZODO PL-700PV laboratory device is working, we
lower the tip of the electrode into the solution. When the
readings are set, we record the voltage value displayed on the
digital display. We repeat similar manipulations with other
concentrations of B-estradiol solution.

3. We construct a graph of the dependence of the voltage
values displayed on the digital display (on the linear axis) on
the concentration (on the logarithmic axis). It is necessary to
check the calibration curve every 2 hours.

Discussion

The discussion of the obtained results indicates that the
proposed membrane system constitutes a methodologically
sound platform for the potentiometric determination of B-es-
tradiol. The concept of this approach is based on combining
the “liquid-like”” mobility of the electroactive component with
the mechanical stability of a plasticized PVC matrix, thereby
ensuring both measurement reproducibility and technological
suitability of the sensing element.

A decisive factor governing the functional properties of the
membrane is the plasticizer, which generates an organophilic
microenvironment of sufficient polarity. This microenvi-
ronment lowers the membrane resistance, accelerates the
establishment of interfacial equilibria, and consequently
improves the stability of potential generation. In contrast to
solid membranes with immobilized active sites, plasticized
PVC membranes maintain mobility of the electroactive spe-
cies within the membrane phase, enhancing mass transport
and promoting a stable distribution of the analyte at the mem-
brane/solution interface. Moreover, this architecture provides
a rationale for transitioning to solid-contact configurations
without an internal liquid electrode, where the long-term
potential stability may be substantially influenced by the
current collector material.

The mechanistic features of the system are dictated by the
nature of the modifier, i. e., the Schiff base, which contains
two electrochemical centers (an azo group and an azomethine
fragment). As a result, the interaction with B-estradiol may
proceed via two parallel pathways, leading to the formation of
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Fig. 4. Scheme of the structure of the liquid electrode.

5

Signal (mV)
Cell

Silver wire
Teflon body

Standard solution

Cap nut

Teflon tip

Plasticized membrane

EZODO
PL-700PV

PC

Time (s)

Kinetic curve in electronic format

Fig. 5. Hardware design scheme.

two reduced surface forms. Competition between these forms
for active electrode sites complicates the process dynamics;
therefore, an adequate description requires accounting for
both the analyte concentration in the near-surface layer and
the surface coverage by the reduction products associated
with each pathway.

The theoretical analysis was conducted under assumptions
typical for potentiometric measurements: intensive mixing,
an excess of supporting electrolyte, a constant diffusion-layer
thickness, and a linear concentration profile. These conditions
allow the contributions of diffusive analyte supply and the
kinetics of surface stages to be separated and, accordingly,
enable a formal stability analysis of the stationary regime.
The Jacobian-matrix analysis suggests that the system may
exhibit nonlinear effects due to the possible occurrence
of two positive diagonal elements, which corresponds to
positive feedback. In principle, this provides prerequisites
for oscillatory regimes associated with the influence of two
electrochemical stages on the electrical double layer.

Nevertheless, application of the Routh—-Hurwitz criterion
demonstrates that the stationary regime remains stable over

a broad range of parameters. Therefore, under operating
conditions one may expect a linear relationship between
the analytical signal (EMF / current) and the B-estradiol
concentration, along with an unambiguous interpretation of
the results. In general, the process is predominantly reac-
tion—kinetically controlled; however, with increased working
surface area or under certain hydrodynamic conditions it
may approach diffusion control. Within the framework of
the model, the detection limit is associated with a monotonic
saddle-node instability separating stable and unstable states,
which reflects a loss of uniqueness or stability of the response
as critical concentrations or parameters are approached. At
the same time, any electrode-stage-induced oscillations are
predicted to occur beyond the detection limit and therefore
should not interfere with routine measurements within the
working concentration range.

The experimental findings are consistent with the theo-
retical concept through a rational selection of membrane
composition. A PVC / plasticizer ratio of 1:2, 2 wt.% of the
electroactive component, and 0.5 wt.% of ionic additives
correspond to conventional approaches for preparing plasti-
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cized PVC membranes. The use of sodium tetraphenylborate
as an anion exchanger and tetraoctylammonium bromide as a
cationic/ionic-liquid additive is expected to reduce membrane
resistance, stabilize interfacial potentials, improve reproduc-
ibility, and decrease drift by optimizing charge balance and
transport within the membrane phase.

An important procedural requirement is pH control and
periodic verification of the calibration characteristic every 2
hours, which is consistent with possible slow membrane-con-
ditioning processes and with the pH sensitivity of estradiol
interactions with the membrane microenvironment. Further
optimization may include standardization of preconditioning
protocols and fine-tuning of membrane additives. A promising
direction is also the immobilization of the Schiff base within
a conducting polymer, which could reduce the number of
dynamic variables and diminish the propensity of the system
to instabilities.

Overall, the combined theoretical assessment and practi-
cal design choices for electrode fabrication and calibration
support the use of the Schiff base as an effective modifier
for the quantitative determination of B-estradiol, providing
a stable stationary regime and the absence of practically
significant oscillatory phenomena within the relevant con-
centration range.

Conclusions

1. Investigating the electrochemical properties of
1,2,4-triazole derivatives, the expediency of creating an
ion-selective electrode based on 5-(3-fluorophenyl)-4-ami-
no-1,2,4-triazole-3-thiol for determining the concentration
of B-estradiol.

2. For the first time, a study of the mechanism of electro-
chemical transformations based on an ion-selective electrode
with 5-(3-fluorophenyl)-4-amino-1,2,4-triazole-3-thiol was
carried out, and the appearance of an analytical signal was
revealed, which determines the possibility of determining the
concentration of B-estradiol.
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