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Highly selective and sensitive fluorescence optode membrane for uranyl ion
based on 5-(9-anthracenylmethyl)-5-aza-2,8-dithia[9],(2,9)-1,10-
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A highly sensitive and selective fluorimetric optode membrane based on the enhancement in
fluorescence emission of 5-(9-anthracenylmethyl)-5-aza-2,8-dithia[9],(2,9)-1,10-
phenanthrolinophane (L) at 425 nm (Aex = 366 nm) for subnanomolar detection of uranyl ion is
described is presented.
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A highly selective and sensitive fluorescent sensor for the determination of uranyl ion is
developed. The sensing membrane was prepared by incorporating 5-(9-
anthracenylmethyl)-5-aza-2,8-dithia[9],(2,9)-1,10-phenanthrolinophane as fluoroionophore
in the plasticized poly(vinyl chloride) membrane containing 2-nitrophenyloctylether as
plasticizer. The proposed sensor displays a wide linear response range of 1.0 x 10 *°~1.0 x
103 M with a low limit of detection of 2.7 x 10 M in solution at pH 4.0. This sensor has
a relatively fast response time of less than three min. In addition to high stability and
reproducibility, it shows a unique selectivity towards uranyl ion with respect to common
coexisting cations. The sensor can be regenerated by exposure to a solution of ethylene
diamine tetraacetic acid. The proposed sensor was then applied to the determination of

uranyl in water samples with satisfactory results.
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Introduction

Uranium is highly radioactive and is extensively used in the nuclear industry, and is well
known as a chemical toxin.* In nature, hexavalent uranium is commonly associated with
oxygen in the uranyl ion, UO,*". The UO,** is among those ions for which a search for a
suitable sensor continues owing to its importance in various geochemical, physiological,
medical and industrial processes.?* It is present in low quantities (10> to 10~ M) in wash
streams coming out from nuclear reactors both in aqueous and nonagueous media and, as
such, constant monitoring of these streams for the presence of uranium in high activity
content is essential.®

Many methods have been developed for the determination of uranium, based on
different techniques, such as ion selective electrodes,* nuclear techniques,® inductively

9-11 12,13 and

coupled plasma-mass  spectrometry,”®  electrochemistry, fluorimetry
spectrophotometry.***® These methods are either time consuming, involving multiple
sample manipulations or too expensive for most analytical laboratories. It is worth
mentioning that the development of optical sensors has now become a rapidly expanding
area of analytical chemistry, because they offer the advantages of simple preparation,
reasonable selectivity and sensitivity and no need for separate reference devices.!”?
Compared to ion-selective electrodes, optical sensors based on absorbance or fluorescence
have additional feature possibilities in that they may take advantage of spectral properties
associated with the analyte or analyte specific indicator.'”?*?* Fluorescence is particularly
a suitable optical sensing method for designing these optical sensors. This is mainly due to
its inherent sensitivity, almost complete inertness to turbidity and flexibility with respect to
geometric arrangements.*’

In the past two decades, much work has been directed to the development of
fluorescent sensors for different metal ions, which offer distinct advantages in terms of
sensitivity, selectivity, response time and remote control.?*?® The theoretical basis of such
optical membranes based on plasticized PVC has also been well established.?*?*% |n
developing such fluorescent ionic sensors, in addition to high selectivity towards the ion of
interest, a large change in fluorescence intensity in the presence of the ion and/or a spectral

change is required to ensure the sensitivity of the sensing process.?*® Thus, in the case of
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such fluorescence sensors, the key point is the design of a fluorescence sensing element
which usually consists of a fluorophore (signaling moiety) linked to an ionophore
(recognition moiety), called as fluoroionophore.®**? The recognition process by
fluoroionophores takes place by their ionophore part which is then converted to a change in
the fluorophore’s signal, brought about by the perturbation of such photoinduced processes
as energy transfer, charge transfer, electron transfer, formation or disappearance of eximers
and exciplexes.?** In most of the reported sensing systems, the metal ions quench the
fluorescence via different mechanisms.**** However, there are only few examples in which
the complexation of cations result in fluorescence enhancement (usually called as metal-
induced fluorescence).***

In the present study the suitability of 5-(9-anthracenylmethyl)-5-aza-2,8-
dithia[9],(2,9)-1,10-phenanthrolinophane (L) (Fig. 1) for the preparation of uranyl PVC
optical membrane sensor has been investigated and utilized for the determination of uranyl

ion concentration in water samples with satisfactory results.

(Fig. 1)

Experimental

Reagents and apparatus

All of the chemicals were used of analytical reagent grade (Merck). Doubly distilled water
was used throughout. Dibutylphthalate (DBP), dioctylphthalate (DOP), tris(2-
ethylhexyl)phosphate (TEHP), dioctylsebasate (DOS), tetrahydrofuran (THF), sodium
tetraphenylborate (NaTPB) and high relative molecular weight poly(vinyl chloride) (PVC)
were obtained from Merck or Sigma and used without any further purification. 2-
Nitrophenyloctylether (NPOE) was purchased from Acros. The 5-(9-anthracenylmethyl)-5-
aza-2,8-dithia[9],(2,9)-1,10-phenanthrolinophane (L) was synthesized and its structure has
been approved, as reported before.®® Also, the nitrate salts of all cations used (all from

Merck) were of the highest purity available and were used without any further purification.
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All fluorescence measurements were carried out on a Varian Cary Eclipse
fluorescence spectrometer. A Metrohm 692 pH/ion meter was used for the pH

measurements.

Optode preparation

PVC-based uranyl membrane sensors were prepared by thoroughly mixing 7 mg of
fluoroionophore L, 2 mg of additive (NaTPB), 31 mg of powdered PVC and 60 mg of
plasticizer NPOE in a glass dish of 2 cm diameter. The mixture was then completely
dissolved in 2 mL of fresh THF. Glass plates (28 mm x 28 mm with 1 mm thickness) were
cut into 28 mm x 13 mm pieces to fit easily into a quartz cell (10 mm x 10 mm x 50 mm).
The plates were cleaned with THF. Then, they were rinsed with water and finally dried in
an oven at 110 °C. The membranes were cast by placing 0.2 mL of the homogenized
membrane solution onto the glass slide, and spread quickly using spin-on device (2600
rpm rotation frequency). After a spinning time of about 15 s, the glass support plate with
sensing membrane was removed and allowed to stand in ambient air for 1 h before use. As
is quite usual in the case of optode membrane systems [32,34], in this work, the membrane
thickness (T) was estimated from calculations based on the coated membrane area (A = 28
mm x 13 mm) and volume (V) and density (D) of the membrane solution introduced and
uniformly spread on the glass plates. The thickness of dry membrane thus obtained found
to be approximately (400 + 25) um. The polymer films were placed in diagonal position in
the cell containing 2.0 mL acetate buffer solution of pH 4.0, and a membrane (without
fluoroionophore) at the same conditions was used as a blank membrane. The film was first
soaked for more than 20 min until the membrane revealed a stable fluorescence value
before the first uranyl ion measurement was made. During titration, the fluorescence
intensity at an excitation wavelength of 366 nm was measured at 425 nm. Then the sample
was titrated with standardized uranyl ion solutions and the fluorescence intensity of the

system was measured after ~3 min, required to reach the equilibrium.

Water solubility and partition coefficient of L
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The water solubility of L was examined as follows. Milligram amounts of L were shaken
with 50.0 mL of water overnight at 25 °C. Then the mixture was centrifuged, and the
remaining ligand was weighed after vacuum drying.

The experimental procedure for obtaining the partition coefficient of L was as
follows. A 20.0 mL portion of 1-octanol solution containing 1.0 mg of L and an equal
volume of water were introduced to a stoppered glass tube (volume of 50.0 mL) and was
shaken in a thermostated water bath at 25 °C overnight. The L concentration in organic
phase was then measured spectrophotometrically at 370 nm after separation of the two
phases. The partition coefficient was then determined using the equilibrium concentrations

of L in water and 1-octanol.

Results and discussion

5-(9-anthracenylmethyl)-5-aza-2,8-dithia[9],(2,9)-1,10-phenanthrolinophane (L)  with
phenanthroline and anthracene groups in its structure and negligible water solubility was
expected to act as a suitable ionophore in the preparation of PVC membrane sensors for
given transitional and heavy metal ions of proper size and charge. It should be noted that
the solubility of L, obtained by shaking an excess of ligand with water overnight at 25 °C
and developing the results gravimetrically, was found to be (1.1+0.2) x 10 M. Moreover,
the partition coefficient of L between water and 1-octanol was determined by using various
ligand concentrations in equal phase volumes and equilibrating for 12 h. The equilibrium
concentrations of L in both phases were determined spectrophotometrically, as described
in the Experimental section. The resulting partition coefficient value was K = [L]ag/[L]org =
(4.02+0.05) x 107, which is quite suitable for its use as ionophore in the PVC membrane
sensors with negligible leakage from the membrane phase into aqueous solutions.?*

Preliminary studies

Similarly to other anthracenylmethyl derivatives of azamacrocycles used as fluorescence

26,39-42

chemosensors for different metal ions, a 5.00x10"° M solution of L in acetonitrile

showed the typical fluorescence emission spectrum of the anthracene fragment at the

5
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excitation wavelength of 370 nm, having a maximum intensity at 421 nm (Fig. 2). The
addition of uranyl ion to the solution of L in acetonitrile results in a pronounced chelation
enhancement of fluorescence (CHEF effect),”® while both the shape and position of the
fluorescence emission spectrum remain unchanged. Such behavior is typical for
anthracenylmethyl derivatives of azamacrocycles in the presence of metal ions, and it is a
direct consequence of the coordination of the tertiary N-donor to the metal ion that reduces
the photoinduced electron transfer (PET) from the lone pair on this nitrogen to the

anthracene moiety in the excited state.”>**

(Fig. 2)

The fluorescence intensity versus M™/L molar ratio plots for the case of UO,* ion
and some potential interfering metal cations such as AI**, La**, Ce**, Pr**, sm*, Ag",
Cd**, Hg*" and Pb*" are shown in Fig. 3. For all cations examined, the observed CHEF
effect tends to level off at a M"*/L molar ratio of 0.5, indicating the formation of 2:1 L/M™
complexes in acetonitrile solution. The formation constants of the resulting complexes
were evaluated by fitting the fluorescence intensity-metal ion molar ratio data using a
nonlinear least squares curve-fitting program, as described elsewhere.** The results are
summarized in Table 1. It is interesting to note that the CHEF effect observed for L in the
presence of different metal cations decreases in the order UO,*"> APF*> La**> Ce**> Pré*>
Sm*> Ag'> Cd**> Hg*> Pb?*, which presumably reflects the order of formation
constants of the corresponding [M(L),]™" complexes and, consequently, the selectivity

order of L for these different cations.
(Fig. 3) and (Table 1)

To obtain more information about the conformational changes of L upon
complexation to the uranyl ion, the molecular structures of the free ligand and its 2:1
complex with UO?" were optimized using the DFT-B3LYP/6-31G* method.* The DFT-
B3LYP/6-31G* calculations showed for different stable forms (Fig. 4A, conformers 1-4)

with different point groups, among which the conformer-1 with a point group of Cs is the
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most stable form with 4.78, 6.88 and 10.37 kcal mol™ higher energies than the conformers
2, 3 and 4, respectively. In fact the conformer-1 possesses the largest cavity area and
volume among different forms calculated.

The uranyl ion ([UO,]*") is an oxycation of uranium in the oxidation state +6. It
has a linear and symmetrical structure (with point group D..,) possessing short U-O bonds
of 1.80 A, indicative of the presence of multiple bonds between uranium and oxygen. The
most common arrangement reported for uranyl ion complexes is a distorted octahedral
structure, in which the so-called equatorial ligands are lied in a plane perpendicular to the
0-U-O line and passing through the uranium atom.*

Molecular mechanics is presently the only practical method for calculations on
very large molecules or for conformational searching on highly flexible molecules. The
Merck Molecular Force Field method (MMFF94), in particular, has proven to be a reliable
and fast tool for conformational and structural analysis. There are no atom limits for
molecular mechanics calculations. There is in fact no Hamiltonian available to calculate
the structures of uranyl ion complexes by SCF-MO, DFT and ab-initio quantum
mechanical methods. Thus, in this work, we employed the molecular mechanics-MM
(MMPFF94) method for the structural calculation of the [UO,(L),]** complex. Fig. 4B
shows the three possible structures (structures 1-3), with different point groups, for the
complex calculated by the MMFF94 method. The calculation results clearly revealed that
the structure-1 (point group C,,) is more stable than structure-2 (point group C,) and
structure-3 (point group C;) by 3.45 and 22.95 kcal mol™, respectively. The bond angles of
0-U-0 in [UO,]* for the most stable complex was obtained as 180°. The calculated results
by the MMFF94 method showed that the amino nitrogen and two sulfur atoms of the
cavities of the two ligands participate in binding with central uranyl ion, while there is no

binding from the phenanthroline nitrogens of the ligand.

(Fig. 4)

The conformation having the lowest energy content calculated for the free ligand
(Fig. 4A) shows that the phenanthroline moiety and the anthracenyl group are well

separated from each other, with the latter pointing away from the macrocyclic cavity. This
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conformation may possibly facilitate the photoinduced electron transfer (PET) from the
amino group to the anthracene group, thus affording a relatively weakly fluorescent
system.*** However, in the optimized structure of the complex [UO,(L),]** (Fig. 4B), the
uranyl ion coordinates to the amino nitrogens and the sulfur donor atoms of the two ligand
molecules, and forces the phenanthroline and anthracene fragments of each ligand unit to
get closer in an almost stacked disposition, although no significant interactions between
them are found. Furthermore, in the complex, the macrocyclic moieties of L assumes a
folded conformation with the aliphatic portion tilted over the phenanthroline fragment as
normally found in macrocycles containing a phenanthroline subunit.® Therefore, the
formation of the complex [UO,(L)-]** not only prohibits to large extent the electron
transfer from the tertiary amino group to the fluorogenic moiety of the two ligand units,
but also significantly reduces the flexibility of the ligand. In this case, due to the
occurrence of the CHEF effect, the resulting complex is expectedly shows a sharp increase
in its fluorescence.”’

According to these preliminary results and considering the high lipophilic character
of the complex [UO,(L),]**, we expected the ligand L to act as a suitable ionophore for

uranyl ion in a PVC membrane optode.
Operation principle

The proposed membrane sensor was prepared by incorporation of the lipophilic
fluoroionophore L in plasticized PVC containing NaTPB as a lipophilic anionic additive.
The fluoroionophore possesses unique binding properties to uranyl ions and its
fluorescence is strongly and selectively enhanced as a result of the binding event. The
lipophilic anionic sites, TPB", provide the optode membrane with the necessary ion-
exchange properties, because the fluoroionophore acts as a neutral ligand and, therefore,
cannot function as an ion exchanger. Under the experimental conditions used and
considering the formation of a 2:1 L/UO,*" complex in the organic phase, the response
mechanism of the proposed optical system can be explained by the following ion-exchange

pathway; 22484
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U0, aay+ 2 Liorgy+3NaTPB(org) = [UO2* (L) (orgy + 3TPB (org)* 3Na"(ag) (1)

The fluorescence excitation and emission spectra of the fluorescent optode
membrane in an acetate buffer solution of pH 4.0 and in the presence of increasing
concentrations of uranyl ion are shown in Fig. 5. As it is quite obvious, both the excitation
and emission intensities are increased upon increasing concentration of uranyl ion in the
buffer solution at pH 4. Based on the response mechanism of the optical sensor, the
theoretical principle of the optode membrane determination is proposed as follows. If the
equilibrium between uranyl ion in the aqueous solution Mg and L in the plasticized PVC
membrane phase L g form a ML, complex, the overall equilibrium can be represented as

follows:
MM+ N Lorg) =Mm Lnorg) )
K= [Mn LnJorg / [M]maq [l—]norg 3)
where m and n designate the complexing ratio between uranyl ions and L, and K is the
equilibrium constant of the overall reaction. By definition, the relative fluorescence
intensity, is the ratio of uncomplexed L in the membrane phase, [L]or to its total amount,
[LtJorg SO that:

o =[L]org/ [Lidorg and  [Mm LnJorg= [Lilorg (1 — a)/n 4)

In practice, the a value can be determined by measuring the fluorescence intensity

of the optical sensor, FI during titration with uranyl ions:
o= (FI- Flg) / (Fl; - Flo) (5)

where Flo and Fl; are the limiting fluorescence intensities of the optical sensor at o = 0 (i.e.,

uncomplexed L) and a = 1 (i.e., totally complexed L), respectively. Thus, the relationship

Page 10 of 37
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between the a-value and the concentration of uranyl ion in aqueous sample solution, [M]aq

can be obtained by combining Egs. (3) and (4), as follows:
(1 - a)/ o = nK[L]" org[M] ™aq (6)

Eq. (6) can then be used as a basis for the quantitative determination of uranyl ions, using

the proposed optical membrane.

(Fig. 5)
Effect of membrane composition

It is well known that the membrane composition may largely influence the response
characteristics and working concentration ranges of the optical sensors.?>?*% In order to
choose the best composition of the membrane solution used in membrane preparation, the
influences of the fluoroionophore and NaTPB concentrations and the plasticizer type on
the response range of the optical sensor withrespect to uranyl ion were examined. The
results of this study are summarized in Table 2. It is noteworthy that the best membrane
characteristics is reported to usually obtain at a plasticizer/PVC ratio of 1.6-2.2.3%

In addition, the nature of plasticizer is well-known to influence largely the
measuring concentration rang of the solvent polymeric sensors as well as their selectivity
coefficients.”®*! As it is immediately obvious from Table 2, under the optimal membrane
composition, the use of NPOE as plasticizer resulted in a large widening of the measuring
range of the proposed optical sensor. In bulk liquid membrane optodes, a mass transfer of
analyte from the sample solution into the membrane is required, in order to facilitate the
establishment of a thermodynamic equilibrium between the membrane and the sample.>*2
Thus, in the proposed uranyl-selective membrane sensor containing L as a neutral
fluoroionophore, the presence of a lipophilic anionic additive like NaTPB was found to be

necessary to facilitate the corresponding ion-exchange equilibrium.

10
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Table 2 shows that the presence of 7 mg of fluoroionophore L in membrane
resulted in the best response of the Uranyl selective sensor. Thus, the membrane number 1
with an optimized PVC:NPOE:NaTPB:L wt% ratio 31:60:2:7 was used for further studies.

(Table 2)

Effect of pH on the sensor response

The effect of pH of test solution on the fluorescence response of the proposed
sensor was tested in the pH range of 2-6. The fluorescence intensity measurements were
made for 1.0 x 10°® M uranyl ion at different pH values. The pH of solution was adjusted
by either NaOH or HNOgs. As it is seen from Fig. 6, the fluorescence intensity increases
with increasing pH of solution and reaches a maximum value at a pH 4.0, and then
decreases. The decreased intensity at lower pH might be due to the extraction of H* from
the aqueous sample solution into the PVC-membrane, via L molecule, leading to an
expected change in the mobility of electrons of the system. On the other hand, the reduced
optical response at pH > 4.0 could be due to a possible slight swelling of the polymeric
film under alkaline conditions, as well as the hydroxide formation of uranyl ions, resulting
in decreased concentration of free uranyl ions in sample solution. Thus, in subsequent

experiments, a solution of pH 4.0, adjusted by acetate buffer, was used for further studies.

(Fig. 6)
Response time and regeneration

The dynamic response time, as an important characteristic of any ion-selective
membrane sensor, was studied in this work. The results revealed that all response times for
reaching equilibrium between the sensing membrane and the analyte and giving a steady-
state fluorescence signal found to be about 3 min, after changing the uranyl ion
concentration from 107 to 10 M in a stepwise manner. The fluorescence signal of the

optode membrane was not completely recovered when the solution was switched from

11
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high-to-low uranyl ion concentrations. Such irreversibility is obviously a drawback for the
sensor device. However, after immersion of a used optical membrane for one minute in a
0.01 M EDTA, the fluorescence was found to be fully recovered. The regeneration of L
present in the optode membrane can be afforded by complete stripping of uranyl ion from

the membrane, as it was confirmed by getting back to the original fluorescence intensity.
Dynamic range and detection limit

The optical response of the proposed uranylselective sensor at different uranyl ion
concentrations, under optimal experimental conditions, is shown in Fig. 7. Three curves
are calculated using Eq. (6) with different m: n ratios. As it seen the curve with 1:2 uranyl-
L stoichiometric complex ratio and an appropriate K value of 5 x 10° fits best to the
experimental data. In fact, the mechanism of the response of optode is believed to be based
on complexation of L and uranyl. This curve can be suitably used as a calibration curve for
the determination of uranyl ions in a concentration range of 1.0 x 10™°to 1.0 x 10° M.
The LOD and LOQ estimated as the concentration of analyte producing an analytical
signal equal to three and ten times of the standard deviation of the blank signal (evaluated
as 0.9 x107*) respectively, were 2.7 x10™** M and 9.0 x10™** M.

(Fig. 7)
Short-term stability, repeatability, and life time

To study the short-term stability of the optode membrane, its fluorescence intensity
in contact with 1.0 x 10°° M solution of uranyl buffered at pH 4.0 was recorded over period
of 2 h. From the fluorescence intensities taken every 15 min, it was found that there was no
evidence of leakage of L from the membrane during this period. The repeatability of the
sensor membrane was evaluated by measuring uranyl concentration with a single sensor
(n=5). The relative standard deviations (RSD) of 2.0% and 2.1%, were obtained for 1.0 x
10 % and 1.0 x 10"® M uranyl, respectively. The reproducibility was examined by preparing

five different membranes with the same composition, and measuring the fluorescence

12
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intensity of each membrane in a 1.0 x 10° M uranyl (five repeated determinations) in
acetate buffer solutions of pH 4.0. The resulting coefficient of variation was found to be
+2.5%. The optode was stable over a period of 3 months when not in use (membrane was

kept in air) and the signal value of the membrane did not change.
Selectivity

The optical membrane selectivity, which reflects the response of the sensor for
primary ion over diverse ions present in solution, is perhaps the most important
characteristics of an ion selective optode. Thus, the influence of a number of common
metal ions on the fluorescence intensity of uranyl sensor was investigated. The
experiments were carried out by fixing the concentration of uranyl at 1.0 x 10™° M and
then recording the change in fluorescence intensity before (Fo) and after adding the
interfering ion at a 1.0 x 10~ M level (F) into the uranyl solution buffered at pH 4. The
results of selectivity studies are summarized in Fig. 8. As can be seen, the relative error of
several interfering ions is less than +4%, which is recognized as tolerated. As it is obvious,
the proposed optical sensor possesses good selectivity for uranyl, so that the disturbance
produced by the other cations tested in the functioning of the proposed uranyl optical

sensor is negligible.

(Fig. 8)
Analytical applications

In order to investigate the potential use of the developed optical sensor for the
determination of uranyl, it was applied to samples of tap water. Tap water samples were
used without a previous treatment, and known amounts of uranyl were spiked with
standard stock solution and determined by the proposed optical membrane. Results are
shown in Table 3. The results show that the sensor is suitable for determination of uranyl
concentrations with a good precision and accuracy. As it can be seen, all calculated

t-values at 95% confidence level are well below the tabulated value of 2.31.

13
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(Table 3)

The proposed system was also applied to the determination of uranyl content of a
spring water sample near the Khoshomi uranium mines (Yazd, Iran). The concentration of
uranyl ion obtained from triplicate measurements with fluorescent sensor (62.0 = 0.6 ppm)
was found to be in satisfactory agreement with that determined by ICP-AES (62.4 + 0.3
ppm). The satisfactory results of the corresponding recovery tests are also added in Table
4,

(Table 4)

Furthermore, the selectivity and applicability of the proposed sensor was also tested
by the determination of the uranyl content in two mixtures of containing excess amounts of
potential interfering ions and the results are summarized in Table 5. The results thus
obtained clearly indicated that the new optical sensor acts quite selective, precise and
accurate. Moreover, both calculated t-values at 95% confidence level are well below the
tabulated value of 2.31.

(Table 5)

Comparison with previous optical sensors for uranium ion

In Table 4, the main analytical characteristics (i.e., response time, dynamic range,
pH and detection limit) of the proposed fluorescent sensor were compared with the recent

145359 As it can be seen from the data summarized in Table 4, the

reported uranyl optodes.
proposed sensor is significantly improved compared to the previously reported uranyl
sensors in terms of response time, dynamic range and detection limit. Moreover, due to its
highly selective behavior, the proposed fluorescence sensor is applicable to the accurate
determination of the uranyl ion in real samples of complex matrices, as shown in the

section of analytical applications.
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(Table 4)
Conclusions

In this work, an efficient and selective fluorimetric optode membrane for uranyl ion
detection at low concentration levels is described. It is based on the enhancement of the
fluorescence  emission  of  5-(9-anthracenylmethyl)-5-aza-2,8-dithia[9],(2,9)-1,10-
phenanthrolinophane (L) at 425 nm (Ae = 366 nm), upon selective complexation with
uranyl ions. It is fully reversible and can be easily regenerated from high concentration to
low concentration. The proposed sensor revealed exellent response characteristics with
respect to stability, reproducibility, calibration range, detection limit and selectivity, so that
it can be ranked among the best optical chemical sensors reported for uranyl ion. The
performance characteristics of the proposed sensor, including its high selectivity and low
detection limit, can tentatively be explained in terms of the high formation constant of the
1:2 complex between uranyl ion and L, as measured in the organic phase. The proposed
fluorescent sensor was successfully applied to the direct determination of uranyl content in
aqueous solutions and, especially, in a spring water sample near the Khoshomi uranium

mines (Yazd, Iran).
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Figure legends

Fig.1 Structure of 5-(9-anthracenylmethyl)-5-aza-2,8-dithia[9],(2,9)-1,10-
phenanthrolinophane (L).

Fig. 2 Excitation (Ex) and emission (Em) spectra of 5.00x10> M of L in acetonitrile
solution in the presence of increasing concentration of uranyl ion: (1) 0.00, (2) 3.13x107°
M, (3) 6.25x10° M, (4) 9.38x10°® M, (5) 1.25x10° M, (6) 1.56x107> M (7), 1.88x10° M,
(8) 2.19x107° M, (9) 2.50x10°° M, (10) 2.81x10™° M, (11) 3.13x10° M, (12) 3.75x10°
M, (13) 4.38x10™> M, (14) 5.00x10™> M, (15) 7.50x10™> M, (16) 1.00x10™* M.

Fig. 3 Fluorescence intensity versus [metal]/[ligand] molar ratio plots in acetonitrile
solution: (1) UO.*", (2) AI¥*, (3) La*, (4) Ce** (5) Pr**, (6) Sm*, (7) Ag", (8) Cd**, (9)
Hg?*, (10) Pb2+.

Fig. 4 Optimized structures of free L (A) and its [UO2(L),]** complex (B).

Fig. 5 Excitation and emission spectra of the uranyl-selective optical sensor in the presence
of increasing concentrations of uranyl ion: (1) buffer solution of pH 4.0, (2) 1.0 x 10 ™* M,
(3)1.0x 10 M, (4)1.0x10°M,, (5)1.0x 10 M, (6) 1.0x 107" M, (7) 1.0 x 10°° M,
(8) 1.0 x 10> M, (9) 1.0 x 10 * M, (10) 1.0 x 10> M, (11) 1.0 x 10 2 M,

Fig. 6 Effect of pH on the response of membrane in the presence of 1.0x 10 ° M uranyl

ion.

Fig. 7 Relative fluorescence intensity (1-a) as a function of p-uranyl. The curves fitting the
experimental data were calculated from Eq. (6). Data points experimentally obtained (blue
dots), m:n = 1:1 (red line), m:n = 1:2 (blue line), m:n = 2:1 (purple line).

Fig.8 Interference of 1.0 x 10™* M of different cations on the fluorescence determination of

1.0 x 10° M uranyl ion with the proposed membrane sensor.
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Table 1 Formation constants of different 1:2 M"™:L complexes in

Acetonitrile solution

RSC Advances

Metal ion Log K¢
Uranyl 12.79+0.04
Al 8.42+0.05
La(ll1) 6.27+0.05
Ce(l11) 4.81+0.04
Pr(l1) 4.63+0.03
Sm(ll) 4.54+0.04
Ag(l) 3.96+0.04
Cd(ln 3.75+0.04
Hg(ll) 3.29+0.05
Pb(Il) 3.03+0.04
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Table 2 Optimization of membrane ingredients

No. PVC Plasticizer NaTPB L Dynamic range
(mg) (mg) (mg) (mg) (M)
1 31 60 (NPOE) 2 7 1.0x10%-1.0x10
2 31 60 (TEHP) 2 7 5.6x107-8.3x10
3 31 60 (DOS) 2 7 2.3x10°-2.4x10™
4 31 60 (DOP) 2 7 3.9x107-3.5x10™
5 31 60 (DBP) 2 7 6.2x10%-7.2x10°
6 33 60 (NPOE) 2 5 1.3x10°-8.7x10™
7 29 60 (NPOE) 2 9 7.6x10%%-2.9x10°
8 34 60 (NPOE) 1 5 9.2x107%-3.4x10°
9 32 60 (NPOE) 3 5 8.8x107%-2.7x10°
10 38 60 (NPOE) 2 0 7.5%x10°-3.1x10™
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Table 3 Determination of uranyl in water samples at the optimum conditions (n=5)

RSC Advances

Sample Added Found RSD Recovery t-test®
(M) (M) (%) (%)

1 0 <DL — — —

2 3.0x10°° (2.93+0.10)x10°° 3.41 97.67 1.56

3 6.0x10”" (6.16+0.18)x10”" 2.92 102.67 1.99

4 9.0x10°° (8.75+0.27)x10°° 3.09 97.22 2.07

*Tabulated t-value at P = 0.05 is 2.31.
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Table 4 Determination of uranyl in uranium mines samples at the optimum conditions (n=3)

Sample Added Found by ICP-AES Found by proposed sensor RSD  Recovery

(ppm) (ppm) (ppm) (%) (%)
1 0 62.4+0.3 62.0+0.6 097  99.36
2 30 93.7+0.4 94.1+0.9 096  100.43
3 60 1215+0.6 1208+1.1 091  99.42

4 90 152.2+0.7 1524 +15 0.98 100.13
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Table 5 Analysis of uranyl in mixed cation solutions by proposed sensor (n=3)

Composition Uranyl added  Uranyl found test
-1es

(%) (%) (%)

(1) Hg™, 25 ; Ag*, 25 ; Cd*", 25 ; Zn?*, 24 ; UO,*", 1 1.00 1.02+0.03  1.15

(2) AP**, 20 : La*, 20 ; Ce*, 20 ; Pr¥*, 20 ; Sm®, 19 ; UO,** 1 1.00 1.04+0.04 173

®Tabulated t-value at P = 0.05 is 2.31.
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Table 6 Comparison of the response characteristics of the proposed uranyl optode

with the previously reported optical sensors

Ref. Response time Dynamic range pH Detection
(min) (M) limit (M)
14 12 2.5x10 *-4.3x10°° 4.0 8.0x10°°
53 1.7x107°-1.9x10* 45 5.0x10°°
54 1.0x10°%-1.0x10°® 5.0 6.0x10°°
55 8 1.0x10°-1.5x10™* 5.5 8.2x10°'
56 10 4.0x10°-8.1x10°8 3.0 1.0x10°°
57 8 4.1x10°°-2.0x10™* 4.0 2.5x10°°
58 30 1.0x10%-1.1x10"" 4.7 1.0x10°8
59 30 1.5x10°-1.5x107° 7.0 1.1x10°°
This work 3 1.0x101°-1.0x10°3 4.0 2.7x10°
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