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1 Introduction

At present, the optical measurement methods allow
efficient registration of different heavy metals ions in
aqueous solutions [1, 2]. This is due to a number of
advantages possessed by these methods, such as short
response time, good reproducibility, wide range of
determined concentrations, and high resistance to noise
electromagnetic fields. One of the widely used ways to
organise such sensor systems is to use luminescent
indicators [3], which can change their luminescence
properties in the presence of the measured substance
(analyte). These indicators can be obtained from
different chemical compounds, e.g., dyes [4], quantum
dots [5], and rare-earth metals [6].

As a rule, the sensor response of such systems is
based on the effects of photoinduced electron transfer
(PET) and fluorescence resonance transfer (FRET) of
the excitation energy. These effects are based on the
energy exchange between chemosensitive part of
indicator (donor) to luminescence centre (acceptor) that
causes the change of acceptor luminescence properties.
In dependence of transfer kind, the energy transfer
occurs in an own specific way. In the case of PET, after
the molecule excitation, the electron is transferred from
the highest occupied molecular orbital to the lowest
unoccupied molecular orbital, giving rise to
luminescence intensity [7]. In the case of FRET, the
energy transfer from donor to acceptor can occur
without the emission of photons and due to dipole-
dipole interactions between the donor and the acceptor,
which causes the intramolecular charge transfer [8].

In the case of FRET-based sensors, it is possible to
detect the ions Zn?*", Cu®**, AP*, Cd*" in an aqueous
solution using different luminescent indicators based on
pyrene, coumarin, anthracene, etc. [9,10]. To detect the
Fe** ions can be used the PET-effect in the rhodamine B
luminophore, with achieved detection limit equal to
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10 M/I [11]. Using the same luminophore, one can
detect the Pb** ions in the acetonitrile medium [12], and
the Cr*" ions in the aqueous solution with the detection
limit 103 M/1[13].

Basing on the above methods it is possible to obtain
chemosensor systems possessing good selectivity, e.g.,
using the indicator based on the hydroxynaphthalene
(naphthol), one can detect AI’" ions with sufficient
accuracy even in the presence of other metal ions [14].
The other one chemosensor based on the methyl
pyrazinylketone benzoyl hydrazone (MPBH) indicator
is able to detect the AI** ions with the concentration as
low as 107 M/1[15].

At the same time, the determination of metal ion
concentrations in aqueous medium by direct use of
luminescent indicators in most cases is limited to
laboratory conditions studies and is hardly adaptable to
the measurements in real environment. Thus, the
development of new sensor system that will combine
the sensitivity of analytical methods with the possibility
to perform measurements under the real conditions is
very important.

Here, we report the synthesis and optical and sensor
characteristics studies of a new ion-sensitive indicator
based on rhodamine 6G. A sensitive element for the
luminescent detectors of nickel ions in aqueous
solutions based on modification of a thin hydrophilic
polymer film with the obtained indicator was developed.

To date there are a very few publications on the
development of optical sensors for direct detection of
nickel in aqueous media. The detection of nickel ions is
mainly implemented in buffer solutions of organic
compounds (acetonitrile or dimethylformamide), which
are enhancing the efficiency of the analyte ion chelation
by the chemosensitive receptor. Thus, the authors of
Ref. [16] wuse the chemosensor based on
2-(1-H-benzo[d]imidazol-2yl)-N-phenyl hydrazine
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carbothioamide to detect nickel ions in the buffer
solution of acetonitrile with the detection limit of
7.9x10® M. The method proposed in [16] is simple,
possesses good sensitivity and selectivity. Although the
studies were carried out in buffer solution, the authors
declare the possibility of using this sensor for detecting
Ni*" ions in wastewater samples. In Ref. [17], the 2-
amino-1-cyclopentene-dithiocarboxylic acid formed the
sensitive element of the chemosensor intended for
nickel ion detection; the range of determined
concentration was from 3.1x10%to 8.0x10° M. In Ref
[18] was developed the chemosensor based on the
2-{6-(3-methyl-3-mesitylcyclobutyl)-thiazolo[3,2-

b][1,2,4]triazol-2-yl}-phenol ~ with the range of
determined concentrations from 1.0x10” to 4.4x10™ M.
Both in Ref. [17] and in Ref. [18] the studies of the
sensor response were performed in the acetonitrile
buffer. In Ref. [19] sensing studies for nickel detection
were performed in dimethylformamide buffer solution,
obtained limit of detection was equal to 0.01 pM/1.

In contrast to the papers mentioned above, here we
perform sensing measurements in simple sodium acetate
buffer making no significant influence on the metal ions
chelation process and serving only for stabilising the
working solution pH level.

2 Materials and methods

Fig. 1 illustrates the process of the rhodamine 6G ion-
sensitive derivatives synthesis, which consists in the
replacement of the functional O-CH; group with a
nitrogen-containing ligand. The bonding of this group
(N-ligand, Fig. 1) leads to the occurrence of
photoinduced electron transfer, that quench the
luminescence of the synthesised compound. However,
in the case of chelating the metal ion by this group, the
photoinduced transfer of electron does not occur, and
the synthesised complex becomes luminescent.

®
HoN o NH, HoN o NH,
N—Ligand N==Ligand
1Y®)
% o)

non-fluorescent fluorescent

Fig. 1 The general principle of the sensor response
formation by the synthesised indicator.

The synthesis of ion-sensitive indicator was
performed in two steps. At the first step, we obtained
the rhodamine 6G lactam. At the second stage
rhodamine 6G lactam was modified with acetylacetone
ligand.

To form the high-sensitivity sensor structures, we
used 1% aqueous solution of high-molecular chitosan
(Sigma) (the deacetylation degree 80%, the molecular
mass ~10° Da) in 1% acetic acid. The coatings were
deposited on glass substrates with the dimensions
2.5%2.5 cm by solution spin-coating on the Laurell WS-
400B-6NPP-LITE device at the angular velocities 1000
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revolutions per minute. The coating thickness measured
by optical reflectometry technique (on Sentech
SES500adv) was about 500 nm. After the deposition,
chitosan coatings were annealed during 10 minutes at
150 °C, deprotonated in the 3% ammonia solution, and
dried in air. For doping with the indicator, the coatings
were immersed in the solution with the component
content 0.05 % for 30 minutes. After the sorption, the
substrates were carefully washed with deionised water
and dried in air.

To study the sensor characteristics of the obtained
ion To study the sensor characteristics of the obtained
ion-sensitive indicator, we prepared aqueous solutions
of salts of different two- and three-valence metals with
the concentration 1+0.2 pM. Since the metal salts
dissipation in the aqueous medium increased its acidity
(lowering the pH level), the measurements in distilled
water is related to essential increase of the measurement
error. To equalise the experimental conditions in the
studies of the sensor response for different metal ions,
we prepared the sodium acetate buffer with the
pH = 5.6. The sodium acetate buffer (0.2 M) was
prepared by mixing 91 ml of the sodium acetate
aqueous solution (with the concentration of NaOAc 0.2
M) and 9 ml of the acetic acid aqueous solution with the
similar concentration.

The absorption spectra were recorded using
spectrophotometer Varian Cary 5000i with 2 nm
scanning step and 0.1 s averaging time. The sample was
placed perpendicular to the incident light beam.

Fig. 2 Block diagram of the spectrofluorimeter Horiba
Fluorolog 3 with the designed measurement chamber:

1 — radiation source unit, 2 — exciting radiation
monochromator, 3 — unit of focusing the exciting
radiation and the luminescence, 4 — measurement

section, 5 — hermetic chamber with the fixed sample,
6 — peristaltic pump, 7 — vessel with the analysed
aqueous solution, 8§ — emission monochromator, 9 —
detector.
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The fluorescence spectra were recorded using
spectrofluorimeter Horiba Fluorolog 3 with 1 nm step
and 0.1 s averaging time. The sample was placed at 45°
with the exciting radiation beam to provide the maximal
signal level.

To perform the measurements under the conditions
close to the real ones, we designed and constructed a
sealed chamber compatible with the measurement unit
of the spectrofluorimeter (Fig. 2). As a radiation source
(1) we used the continuous-wave broadband 450 W
xenon lamp.

3 Results and discussion

Fig. 3 presents the absorption spectra of the initial
rhodamine 6G and ion-sensitive indicator based on it.
One can see that after the modification the optical
density (directly proportional to the absorption
coefficient of substance) and the intensity of
luminescence are reduced, which is an evidence of
photoinduced transfer of electron from the base part of
the rhodamine molecule to the ligand. Rhodamine 6G
lactam demonstrates the domination of the absorption
peak near 500 nm compared to initial rhodamine peak at
532 nm. Moreover, the rhodamine 6G lactam
luminescence spectrum is red-shifted towards by at least
30 nm.
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Fig. 3 Spectral characteristics of rhodamine 6G and the
ion-sensitive indicator based on it. The dashed and solid
lines correspond to the absorption and luminescence,
respectively.

Fig. 4 shows the rhodamine 6G lactam luminescence
spectra in the presence of various metal ions. One can
see that the maximal luminescence intensity increase is
observed for nickel ions. Some increase of the
luminescence intensity occurs also in the presence of
copper and silver, but in this case the luminescence
intensity increase is much weaker. This might be due to
formation of weak chemical bond between
acetylacetone and silver and copper ions which has
much lower stability compared to the acetylacetone-
nickel complex.
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Fig. 4 Intensity of luminescence of rhodamine 6G
lactam affected by different metal ions.

The rhodamine 6G lactam luminescence intensity
enhancement is proportional to the analyte
concentration (Fig. 5). But, one can notice some specific
features of the sensor response formation. In the initial
state, the rhodamine 6G lactam luminescence is
essentially lower than the intensity of luminescence of
rhodamine 6G (Fig. 3). The sensor response of the
rhodamine 6G lactam is characterised by practically
linear growth of the luminescence intensity under the
increase of the analyte concentration. This is confirmed
by the logarithmic approximation of the dependence of
the luminescence intensity on the logarithm of the
analyte concentration with the coefficient of
determination (R?) close to unity (Fig. 5(b)). At the
same time, the increase of the analyte concentration
leads to some changes in the luminescence spectrum of
the indicator. Thus, at the analyte concentrations above
1 uM the maximum of luminescence demonstrates
AL = 5 nm blue-shift. Such behaviour can be due to
exceeding the ratio 1:1 for the chelated metal ions to
chelating groups.

In other words, at low concentrations of metal ions
each chemosensitive receptor binds only one analyte
ion. Increasing of nickel ions concentration leads to the
binding of an additional analyte ion by the chelating
centre, which results in occurrence of additional
changes of the electron transfer in the indicator
molecule. An evidence of this process is also the fact
that even at high analyte concentrations (100 uM and
higher) no saturation of the sensor response was
observed.

The studies of the kinetics of sensor response
formation were carried out with the analyte
concentration equal to 1 uM (the maximum allowable
concentration for nickel amounts to 1.7 uM in the
drinking water). Luminescence spectra were recorded
every 15 minutes until the luminescence saturation had
been achieved. Between the measurements, the studied
solution was kept in darkness in order to avoid the
possible photodegradation of the luminophore.
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Fig. 5 Sensor characteristics of rthodamine 6G lactam
for different analyte concentrations: the luminescence
spectra (a) and the sensor response (b).

From the data presented in Fig. 6, one can see that
the time of the sensor response formation for rhodamine
6G lactam amounts to about 110 minutes. During this
time one can observe sufficiently strong deviations of
the luminescence intensity function from the linear
dependence (the value of R* for the approximation by a
linear function differs from unity rather strongly). This
effect is, apparently, one more evidence of the process
of binding of several analyte ions by one chelating
centre.

Alongside with the change of Iuminescence
characteristics during sensor response formation, the
changes of the absorption spectra also occur. Thus,
increasing of optical absorption at the wavelength of
rhodamine 6G excitation (A =~ 532 nm) under the
increase of the analyte concentration (Fig. 7) is clearly
observable. Considering this fact, we can conclude that
the luminescence intensity is increasing during the
sensor response formation occurs due to greater
excitation energy absorption directly by the luminescing
part of the rhodamine 6G lactam. This confirms that
sensor response formation related to electron transfer
changes in the ion-sensitive indicator molecule during
the process of analyte chelation.
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Fig. 6 Time dependence of the luminescence intensity in
the rhodamine 6G derivative affected by 1 pM analyte.
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Fig. 7 Optical absorption of the rthodamine 6G lactam
affected by different analyte concentrations.

At low analyte concentrations (of the order of
0.1 uM) the uniform increase of the absorption occurs
while the initial spectral features of rhodamine 6G
absorption (dominance of the absorption band at A = 500
nm over band at A = 532 nm) remains unchanged. For
the analyte concentrations above 1 pM, the absorption
at A = 532 nm become higher than at A = 500 nm. That
change can determine the rhodamine 6G lactam
luminescence spectral changes at high analyte
concentrations (Fig. 5 (a)).

4 Conclusion

A new ion-sensitive indicator based on rhodamine 6G
chemical modification was obtained. This indicator
selectively responds to the presence of nickel ions in the
aqueous environment. The sensor response formation
occurs due to changes of electronic transfer in
rhodamine-derivate molecule under the interaction with
nickel ions. The detection limit for the nickel ions is
equal to 0.1 pM, which is sufficient for detecting the
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