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our previously reported compounds. The interaction behaviors with Fe3* ions using UV/vis,

Keywords: fluorescence, IR, and NMR spectrometric techniques were investigated. The spectroscopic
IR characterization revealed that azo 4d showed high affinity towards Fe3* ions with associa-
NMR tion constant of 5.35 x 108 M~!. Furthermore, it showed high sensitivity towards Fe3* ions
Synthesis with detection limit of 7.05 pM. These results are almost similar to that of azo 4c. The mo-
Rhodanine lar ratio and Benesi-Hildebrand methods confirmed the formation of complexes between
Fe* sensing azo 4c,d and Fe3* with 1:2 binding stoichiometry. NMR and IR analyses confirmed the

UV/vis spectrometry coordination between Fe3* and the nitrogen atom of the NH (hydrazone) group and the

oxygen atom of the carbonyl (C=0) group. Owing to its good affinity and high sensitivity
for Fe3*, azo 4d showed excellent potential for developing efficient Fe3* chemosensors.
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1. Rational

Owing to its impact on several disciplines, developing of efficient sensors for the inspection of metal ions is one of the
most popular topics in the chemical researches [1,2]. Recently, there is a strong desire to create amenable methods for
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field testing with emphasis on rapidness, simplicity and low cost [3]. Therefore, sensor developers work aims at achieving
aforementioned characteristics. Rhodanine (2-thioxothiazolidine-4-one) and rhodanine azo derivatives play a central role as
complexing agents for a large number of transition metal ions and can also be used as analytical reagents [4,5]. Because
of these important functions, accurate determination of metal ions in biological systems is essential. Metal complexes are
well known for their biological activity [6]. It has been found that the activities of many drugs are increased when they are
administered in the form of metal complexes [7,8].

Azo compounds consist of at least one azo chromophore (-N=N-) conjugated with one or more aromatic or heterocyclic
system. In industry, these compounds are the most common colorants among the organic dyestuffs [9]. The structural, mag-
netic, and spectral properties of azo dye complexes have attracted the researchers’ interest to design, synthesize, and study
the structural characterization of these compounds [10]. As a result, these compounds have been used in many fields such
as coloring of several materials, textile fibers dyeing, organic synthesis, and biological/medical studies. In addition, they are
used in some advanced applications such as holography, optical storage, nonlinear optics and optical switching [11]. DNA
and RNA inhibition, nitrogen fixation, protein synthesis, and carcinogenesis are other applications of azo dyes and their
metal complexes as well [11]. Rhodanine based azo compounds have the ability to chelate with several metal ions forming
stable six-membered complexes. Iron ions, heavy metal ions, are one of the most important essential trace elements that
the human body needs continuously. Fe3+ is one of the components of several enzymes and proteins that acts as cofactors
for many cellular metabolism reactions [12]. Furthermore, Fe ions are involved in several physiological processes such as
transcriptional regulation, oxygen transportation, electron transfer, and oxygen metabolism [13]. In the human body, iron
ions are essential for the formation of hemoglobin, and the deficiency of iron can cause anemia [14]. However, high levels
of iron may also influence the biological functions because of its ability to catalyze the production of highly reactive oxygen
species (ROS) [15]. The production of these species may lead to cancer as well as Alzheimer and Parkinson diseases [16].
Consequently, the U.S. Environmental Protection Agency recommends 5.4 M as the maximum permitted level of Fe3+ in
drinking water [15].

Assays for determination of iron levels in the environmental and biomedical analysis remains an active issue. Many
methods are used for the detection of Fe3t, such as atomic absorption spectroscopy [17], colorimetric analysis [18], mass
spectrometry [19], electrochemical analysis [20], and fluorescence spectroscopic analysis [21]. The design of spectrophoto-
metric sensors for detecting Fe3* has attracted increasing attention owing to their simplicity, high sensitivity, and efficiency.
The most effective Fe3* fluorescent probes are limited to organic compounds [21], quantum dots [22,23], and their com-
plexes. We studied in a previous work the synthesis of novel azo rhodanine compounds using a simple and efficient method
and studied their application as a potential chemosensor for Fe3* [24]. Herein, we applied the same method to synthesize a
new azo rhodanine compound (4d). The selectivity of azo (4d) for Fe3* cations was studied and compared with compound
(4c) which showed the best sensitivity and selectivity among our previously synthesized compounds. The structure of this
compound was confirmed based on elemental analysis and IR and 1D-NMR spectral data. Furthermore, the interactions of
the synthesized compounds with Fe3*+ were investigated using UV/vis, fluorescence, IR and NMR spectrometric analyses.

2. Procedure
2.1. Chemistry

All of the reagents and chemicals were purchased from Sigma-Aldrich with high purity. The progress of reactions was
monitored using Thin Layer Chromatography (TLC). TLC analysis was conducted on silica gel glass plates coated with a fluo-
rescent indicator F,s4 (Fluka) and was visualized under a UV lamp. Column chromatography was conducted using Kieselgel
S (silica gel S, 0.063-0.1 mm). Gallenkamp apparatus was used to record the melting points which are uncorrected. Infrared
spectra were recorded using the KBr pellet technique on a Thermo Nicolet 470 FI-IR spectrophotometer. 'H-NMR spectra
were recorded using DMSO-dg as solvents and tetramethylsilane as an internal reference on 400 MHz Varian instruments.
Elemental analysis was conducted using a Leco CHN-600 elemental analyzer. UV-vis absorption spectra were obtained us-
ing 1.0 cm path length quartz cells on a Cary 50 UV-vis spectrophotometer (Varian, Austria). Fluorescence measurements
were conducted using 1.0 cm path length quartz cells on a Cary Eclipse model-3 spectrofluorometer equipped with a high-
intensity xenon flash lamp (Varian, Austria).

2.2. Synthesis of rhodanine azo

2.2.1. General procedure

First, 25 mL of aqueous solution of hydrochloric acid (12 M, 32.19 mmol) was added to the appropriate amine compounds
1 (5 mmol). Aqueous solution of sodium nitrite (5.1 mmol in 10 mL of water) was dropped over 10 min into the mixture
with stirring in ice bath. Then, a mixture of 2-thioxo-4-thiazolidinone 3 (5 mmol in 25 mL of ethanol) and sodium acetate (5
mmol) was added dropwise to the formed diazonium chloride mixture 2, over 20 min with cooling at 0-5 °C. The produced
slurry mixture was then stirred for 2 h at 5 °C. After that, the mixture was left to stand at room temperature overnight.
The dark red precipitate was filtered and washed with water several times. The crude product was recrystallized from hot
ethanol to give 4 in a good yield.
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2.2.2. (E)-5-(naphthalen-2-yldiazenyl)-2-thioxothiazolidin-4-one (4c)
was synthesized and characterized according to our previous work [24].

2.2.3. (E)-5-(Anthracen-2-yldiazenyl)-2-thioxothiazolidin-4-one (4d)

Dark brown powder; yield 82%; mp 143 °C; R; 0.50; IR (KBr, cm~!): 3432 (NH), 3049 (C-H aromatic), 2825 (C-H
aliphatic), 1716 (C=0), 1629 (C=C), 1473 (N=N), 1200, 1174 (C=S); 'H-NMR [DMSO-dg, 400 MHz] (8§, ppm): 3.71 (brs, 1H,
CH), 7.40-8.85 (m, 9H, aromatic H), 11.25 (brs, 1H, NH, exchanges with D,0); 13C-NMR [DMSO-dg, 100 MHz] (8, ppm): 108.6
(C5-rhodanine), 115.6-145.6 (anthracene carbons), 165.1 (C=0), 204.3 (S=0); Anal. Calcd for C;7H1;N30S,: C, 60.52; H, 3.29;
N, 12.45; O, 4.74; S, 19.00; Found: C, 60.92; H, 3.49; N, 12.73; S, 19.05.

2.3. Synthesis of iron (Ill) metal complex (5c¢,d)

An ethanolic solution of iron (III) perchlorate was treated with an ethanolic solution of rhodanine dye 4¢,d in a 1:2 molar
ratio and refluxed on a water bath for 1 h. The solid complexes were isolated by filtration, washed first with ethanol/acetic
acid then ether, and dried in vacuo.

2.3.1. (E)-5-(naphthalen-2-yldiazenyl)-2-thioxothiazolidin-4-one-iron(Ill) complex (5c)
Dark reddish brown; yield 94%; IR (KBr, cm~1): 3436 (NH), 3050 (C-H aromatic), 2924 (C-H aliphatic), 1624 (C=0), 1529
(C=C), 1432, 1276 (N=N), 1207, 1174 (C=S); 'H-NMR [DMSO-dg, 400 MHz] (8, ppm): 7.41-8.00 (m, 7H, aromatic H).

2.3.2. (E)-5-(Anthracen-2-yldiazenyl)-2-thioxothiazolidin-4-one-iron (Ill) complex (5d)
Dark brown; yield 93%; IR (KBr, cm~1): 3436 (NH), 3050 (C-H aromatic), 2924 (C-H aliphatic), 1624 (C=0), 1529 (C=C),
1432, 1276 (N=N), 1207, 1174 (C=S); '"H-NMR [DMSO-dg, 400 MHz] (8, ppm): 7.40-8.85 (m, 9H, aromatic H).

2.4. UV/vis and fluorescence spectral studies

The interaction between azo 4d and Fe3+ was investigated using UV/Vis and fluorescence spectrometry on Cary 50 UV/vis
spectrometer and Varian Eclipse spectrofluorometer, respectively. All experiments were performed in DMF. UV/Vis and fluo-
rescence spectra of azo 4d (3000 pL, 2.50 x 10~> M) were obtained in the absence and the presence of a four equivalents
of iron(Ill) perchlorate (200 pL, 1.50 x 103 M). The solutions were scanned after shaking and incubating for 3 min at room
temperature. UV/vis and fluorescence titrations were conducted under the same conditions. Iron(Ill) perchlorate (1.50 x 10—3
M) was used to titrate azo 4d (3000 pL, 2.50 x 10~> M). The solution was mixed well after each addition then incubated
for 3 min. The solutions were scanned at room temperature.

2.5. Determination of binding stoichiometry

The binding stoichiometry of azo 4d with Fe>* was determined using the molar ratio method [25] on a Cary 50 UV/vis
spectrophotometer. A solution iron(Ill) perchlorate (1.50 x 10~3 M) was used to titrate a solution of azo 4d (2.50 x 107> M,
3000 pL) in DME. The solution was mixed well after each addition then incubated for 3 min, followed by scanning at room
temperature. A plot was generated between [Fe3*]/[azo 4d] and the resulted absorbance at 432 nm.

2.6. Determination of association constant

The association constant, Ka, was calculated based on a modified Benesi-Hildebrand equation for 1:2 interactions [26] us-
ing UV/vis spectrometry. Iron(Ill) perchlorate (1.50 x 10-3 M) was used to titrate azo 4d solution (3000 pL, 2.50 x 10~ M)
in DMFE. The solution was mixed well after each addition and was then incubated for 3 min. The solution was scanned at
room temperature. Ka was calculated following Eq. (1):

1 1 . ]
{Ka (Amax — AO)[Fe3+]2 } (Amax — Ao)

A 7Ag (1)

Here, A, is azo 4d (the receptor) absorbance in the absence of Fe3+ (the guest), A is azo 4d absorbance in the presence
of the added guest (Fe3+), Apax is azo 4d absorbance in the presence of [Fe3*|max, and Ka is the association constant (M~1).
A plot was generated between 1/[Fe3+]2 and 1/(A — A,). Ka is calculated by intercept/slope.

2.7. Determination of limit of detection (LOD)

Limit of detection (LOD) was calculated using IUPAC 3¢ criteria on UV/vis spectrophotometer. The standard deviation of
the blank was determined by scanning the blank solution of azo 4d (3000 pL, 2.50 x 10~> M) in DMF five times. Then,
such solution was titrated with a solution of iron(Ill) perchlorate (1.50 x 10~3 M). The solution was mixed well after each
addition and was then incubated for 3 min. The solution is scanned at room temperature.
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Scheme 1. Synthesis of rhodanine-based azo dye 4c,d and their iron (III) complexes 5¢,d.

A linear calibration curve was plotted between the absorbance and the concentration of Fe3* jons. LOD was calculated
as follows:

LOD = 30 (2)
o =SD/s (3)

Here, s is the slope of the obtained calibration curve and SD is the standard deviation of azo 4d blank solution.

3. Results and discussion
3.1. Synthesis

The structure of compound 4d was identified using FT-IR, TH-NMR, and '3C-NMR spectroscopy, and elemental analysis.
In the IR spectra of compound 4d, peaks were observed near 1704 and 1716 cm~!, which are attributable C=0 bonds, and
at 1253 and 1200 cm~!, which are attributable to C=S bond stretching. Additionally, the appearance of new bands in the
region of 1487 and 1473 cm~!, which are attributable to azo N=N bond stretching, confirmed the successful formation of
compound 4d. The TH-NMR spectrum of compound 4d showed a signal at § = 11.25 ppm, corresponding to the exchange
between D,0 and the amino group. The broad singlet at § = 3.71 ppm, integrated as one proton, corresponded to H5-
rhodanine. In the 3C-NMR spectrum, rhodanine C5 resonated at § = 108.6 ppm, the carbonyl group appeared at § = 165.1
ppm, and the C=S group resonated at § = 204.3 ppm Scheme 1.

3.2. Spectroscopic analysis

3.2.1. Response time of azo 4d

The response time of azo 4d towards Fe3* metal ion in solution was determined in order to evaluate its sensitivity
towards Fe3*. A mixture of azo 4d (2.5 x 10~ M) and four equivalents of Fe3*+ in DMF was prepared. The absorbance
and fluorescence intensity change of azo 4d was recorded over time. The absorbance and fluorescence intensities of azo 4d
reached maximum values and stabilized after 3 min. Therefore, the incubation time was fixed by 3 min in all experiments
to ensure sufficient time for chelation of Fe3* with azo 4d. The obtained response time of azo 4d was exactly similar to that
of azo 4c towards Fe3+,

3.2.2. UV)vis and fluorescence studies

The interactions between azo 4c,d and Fe3* in DMF were studied using UV/vis and fluorescence spectrometric tech-
niques. As mentioned in our previous work, azo 4c¢ showed an absorbance band at 403 nm (¢ = 9360 M~! cm~1), which
is attributed to the w-7* transition. Similarly, azo 4d showed an absorbance band at 432 nm (13440 M~! cm1) attributed
to w-m* transition while n-7r* transitions in both compounds were not easy to identify. However, azobenzene compounds
shows a band with high intensity at ca 350 nm and a low intense band at ca 440 nm (is not easy to identify) attributed to
m-m* and n-7r* transitions respectively [27]. The bathochromic shift observed for azo 4d is attributed to extended conjuga-
tion resulting from the additional benzene ring in anthracene. Upon the addition of four equivalents of Fe3+, the absorbances
of these bands for both compounds increased without any shift in the peak position and without an obvious change of the
peak shape, as shown in Fig. 1, indicating that Fe3+* interacts with azos 4c and 4d. These changes of absorption spectra indi-
cated the direct binding of Fe3* to azos 4¢ and 4d without affecting their structure. Furthermore, the interactions between
azo 4c,d and Fe3+ were studied using fluorescence spectrometry. Upon excitation of azo 4c at 395 nm, two significant
bands were observed in the emission spectrum at 374 and 423 nm. In contrast, upon excitation of azo 4d at 350 nm, a
single emission band was observed at 369 nm (Fig. 2). Upon addition of Fe3*, the fluorescence intensities of azos 4c and
4d were quenched without a shift in the peak position. In general, paramagnetic ions such as Cu?t, Co2*, Ni2*, and Fe3+
may induce the quenching of the fluorescence intensity of a fluorophore attached to them through two different mecha-
nisms, photoinduced metal-to-fluorophore electron transfer or electronic energy transfer [28,29]. The fluorescence intensity
of azos 4c¢ and 4d was quenched with addition of Fe3* indicated that the added Fe3* interacted with the azos 4¢ and 4d
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Fig. 1. UV/vis absorption spectra of (a) azo 4c¢ (2.5 x 10~> M) and (b) azo 4d (2.5 x 10> M) before and after addition of 4 equiv. of Fe3* in DMF.
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Fig. 2. Fluorescence spectra of (a) azo 4¢ (2.5 x 10~> M) and (b) azo 4d (2.5 x 10~5 M) before and after addition of 4 equiv. of Fe3* in DMF.

which confirmed the results obtained from UV-vis spectroscopy. It has been reported that the fluorescence quenching mech-
anism of Fe3* occurs via electron or energy transfer [30]. Azos 4c¢ and 4d possess amino and carboxyl function groups and
Fe3+ have shown preferentially binding with nitrogen and oxygen atoms of imino and carbonyl groups respectively [21,31].
Therefore, we speculated that nitrogen atom of imino group and oxygen atom of carbonyl group in the azos 4c¢ and 4d
molecules might donate electrons to Fe3+ ions. Other azos 4¢ and 4d molecules may occupy the other interaction sites of
the six-coordinated Fe3* ion. Consequently, the produced coordination interactions induced intra-particles cross links which
resulted in the fluorescence quenching [32] as shown in Fig. 8.

3.2.3. Binding stoichiometry

The binding stoichiometry between azo 4d and Fe3* was estimated using the molar ratio method. Azo 4d in DMF was
titrated with Fe3* and plots of [Fe3*]/[azo 4d] versus absorbance were generated using its absorbance at 432 nm. As shown
in Fig. 3, the stoichiometry between azo 4d and Fe3t was 1:2, indicating that both azo 4d formed a (M,L) complex structure.
Azos 4c¢ and 4d have the same stoichiometry with Fe3+ because they have the same number of binding sites as shown in
Fig. 8.

3.2.4. Association constant

To elucidate the binding strength between azo 4d and Fe3*, the binding affinity of Fe3* towards azo 4d was determined
using the Benesi-Hildebrand plot (Eq. (1)) based on a 1:2 molar ratio. As shown in Fig. 4, good linearity was obtained with
R? = 0.9868 and linear regression equations of y = 3 x 1078x + 14.412 for azo 4d. The linearity of these plots confirmed
a 1:2 stoichiometry for azo 4d with Fe3+, as observed using the molar ratio method [33]. The association constant was
calculated to be 5.35 x 108 M~! for azo 4d. This value is slightly higher than that of azo 4c¢ (4.63 x 108 M~1). Thus, Fe3+
showed a high binding affinity towards both compounds, compared with the binding affinities of some reported receptors
which showed significant selectivity towards Fe3+ [34,35]. For instance, the obtained association constant for rhodamine B
and thiocarbonyl moieties was 2.75 x 104 M~! [36], while it was 1.52 x 10* M~! for another rhodamine B derivative [37].
In addition, it ranged between 7.72 x 10* and 1.21 x 105 M~! for azo-Schiff base receptors holding azo and azomethine
groups [37].
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Fig. 4. Benesi-Hildebrand plot of azo 4d with Fe3+ (based on 1:2 binding stoichiometry).

3.2.5. Limit of detection (LOD)

LOD of azo 4d towards Fe3+ was calculated based on UV/vis calibration curve using Eqs. (2) and (3). The LOD of azo
4d towards Fe3+ was 7.05 puM, as shown in Fig. 5. The LOD of azo 4d is slightly higher than that of azo 4c (5.14 uM), in-
dicating that azo 4c is slightly more sensitive to Fe3* than azo 4d. As azos 4c and 4d have the same binding mode, this
small difference may be attributed to the small differences in the chemical structures of these compounds. A comparison of
our azos probes with some of the previously reported on Fe3* chemosensors in terms of their LOD values can be said that
these values were acceptable values as much as the values reported in the literature. For instance, 1,10-phenanthroline com-
plexes showed LOD of 1.61 x 10~> M [38], while azo-Schiff base complexes including azo and azomethine groups showed
6.44 x 1075 M [35].

3.2.6. 'H NMR analysis

TH NMR spectral studies were conducted to verify the formation of the complexes between rhodanine dyes (4c,d) and
Fe3*. The 'H NMR spectrum of free azo 4c¢ (Fig. 6B) shows peaks corresponding to the naphthalene protons at § = 7.94-8.89
ppm integrated as seven protons. The broad NH singlet is located downfield at 11.38 ppm. In contrast, the spectrum for free
azo 4d (Fig. 7B) shows peaks corresponding to the anthracene protons at § = 7.49-8.83 ppm integrated as nine protons.
The broad NH singlet is located downfield at 11.34 ppm. For the paramagnetic iron(Ill) complexes of the azo dyes (5¢,d), the
signals for the aromatic protons of the naphthalene and anthracene rings are broader and shifted upfield (6 = 7.41-8.00 ppm
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Table 1
Characteristic IR bands of azo dyes 4c and 4d and their iron(Ill) complexes
5c and 5d
Functional Wavenumber (cm~1)
Group 4c 5¢c 4d 5d
v(C=0) 1704 1624 1716 1627
v(C=S) 1210, 1171 1207, 1174 1200, 1174 1203, 1173
v(N=N) 1487 1431
v(HC=N) - 1431 - 1431
u(=N-NH) - 1276 - 1276
o

@ NH
A \;
N\\N S

S
N ¥

@

Fig. 8. Chemical structure of the rhodanine azo-iron complex.
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Fig. 9. IR spectra of azo dye 4c (top) and Fe3*-azo complex 5c¢ (bottom).

in 5¢ and § = 7.22-8.00 ppm in 5d owing to disruption of the ring current by interactions between the aromatic groups and
Fe3*. Furthermore, complexation results in the disappearance of the NH signal.

3.2.7. IR analysis

IR spectroscopy is a useful tool in investigating and identifying functional groups in organic compounds. The character-
istic IR absorption bands in the spectral range between 4000 and 400 cm~! were determined for the free azo dyes and the
complexes (Table 1). The coordination modes between the azo dyes and Fe3* (Fig. 8) were assigned by comparison of the IR
spectra of the iron(Ill) complexes with those of the free azo dyes (Figs. 9 and 10). The following features should be noted:
the band near 1684 cm~! assigned to v(C=0) in the IR spectrum of azo 4d shifted considerably towards lower energies
in the IR spectrum of complex 5d (1627 cm~1). This shift indicates that the coordination of the azo dye to the Fe3tmetal
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Fig. 10. IR spectra of (a) azo dye 4d (top) and Fe3+-azo complex 5d (bottom).

center occurs through oxygen and that the carbonyl oxygen group participates in chelation [22]. The splitting of the v(N=N)
band in azo 4d into two bands near 1431 and ~1276 cm~! in complex 5d is due to v(HC=N) and v(=N-NH) of hydrazone,
respectively, which provides evidence for the participation of the hydrazone N in chelation after deprotonation, leading to
the formation of a covalent linkage. Furthermore, complex 5d exhibits new bands near 690 and 468 cm~!, which were as-
signed to the formation of Fe-O and Fe-N bonds, respectively. This finding further indicates that the coordination involves
the nitrogen atom of the NH (hydrazone) group and the oxygen atom of the carbonyl (C=0) group. The v(C=S) stretching
band of the azo dye at 1200 and 1174 cm~! remains practically unchanged in the complex, confirming that Fe3+ is not
coordinated to the sulfur atom in C=S. The v(C5-S4) frequency decrease from 744 cm~! to 741 cm~! in 5d and from 749
cm~! to 743 cm~! in 5¢ the suggest the coordination of the ligands through the ring sulphur atom (Cs-S4). Similar results
were obtained for complex 5c.

4. Conclusions

In conclusion, synthesis of rhodanine-based azo dye (4d) was confirmed using IR, 'H-NMR, 3C-NMR and CHN-elemental
analysis techniques. UV/vis, fluorescence, IR, and NMR analyses confirmed the interaction between azo 4c¢,d and Fe3* with
1:2 stoichiometry. The new synthesized azo 4d compound showed high selectivity (binding constant of 5.35 x 108 M~1)
and sensitivity (LOD of 7.05 pM) towards Fe3* ions almost similar to that of azo 4c. NMR and IR analysis confirmed the
coordination between Fe3* and the nitrogen atom of the NH (hydrazone) group and the oxygen atom of the carbonyl (C=0)
group.
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