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Abstract

We designed a novel carbazole-based chemosensor from 2-(N-hexylcarbazol-3’-yl)-pyridine-5-carbaldehyde which was
named probe 7b. The main purpose of this study is to investigate whether metal ions in liquid media can be detected with
probe 7b. The details were presented in this paper. First, the molecular absorption and fluorescence properties of probe
7b were characterized by spectrophotometers. Then, several methods were applied to check its sensing properties. The
results showed that probe 7b has a sense towards Fe** ion than other interfering metal ions. The selectivity and sensitivity
of probe 7b towards Fe** were very satisfactory to use in applications. Also, it was observed that when aqueous Fe** ion
solutions were added to probe 7b in dimethyl sulfoxide (DMSO), the fluorescence intensity of probe 7b decreased. This
situation (turn-off of emission) is due to the paramagnetic effect between probe 7b and Fe** ions. The limit of detection
(LOD) value was found as 1.38 nM for probe 7b. This value is very small to compete with its counterparts in the litera-
ture. A real sample experiment indicated that probe 7b can detect Fe*™ ions more than other ions in real media, too. As a
result, it was deduced that probe 7b is a very strong candidate to use in sensor technology.

Keywords Carbazole Fluorescent Chemosensor Fe** ion Real sample Probe

Introduction

Throughout history, iron compared to other metals is one of
the most used transition metals everywhere like buildings,
items, vehicles, etc. [1]. While iron makes life easier like in
big residences due to its strong and tough structure, it is an
essential element for human life at the same time. Thus, the
iron mineral found in biological organisms is taking on vari-
ous tasks. These tasks are the production of red blood cells,
regulation of gene expression, oxygen metabolism, tran-
scriptional regulation, energy production, synthesis of DNA
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and RNA, electron and oxygen transport, cellular immunity
in humans, etc. [1-4]. Iron minerals can be found in the
form of ferric (Fe**) or ferrous (Fe?*) in the human body
[5]. This feature makes also them necessary and beneficial
for human life regarding electron exchange [6]. Meanwhile,
the WHO suggests that the secure level of iron is 2 mg/mL
for the human body [7]. Consequently, iron levels in our
bodies must be determined correctly. Excess iron causes the
formation of free oxygen radicals, cancer, and Alzheimer’s
disease [1—4, 8]. On the other hand, its deficiency creates
serious health problems such as Parkinson’s, anemia, dia-
betes, and liver damage [1, 2, 6, 8, 9]. Hence, the accurate
detection of Fe’™ metal ions is especially very crucial for
life safety.

Nowadays, there are many methods used for iron detec-
tion. The most widespread are colorimetry, electrochemistry,
mass spectroscopy, liquid chromatography and electro-
chemical methods [9, 10]. However, fluorescence sensors
have become more advantageous to other methods recently
due to their sensitivity [1, 9], easy use and equipment [11],
cheap and fast [2, 12], selectivity [1, 8], reliability [4] and
working in both liquid and non-liquid media [1]. Hence,
highly selective fluorescent chemosensors for Fe** and/
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Scheme 1 Synthesis of the compound 7b

or Fe?* are devoted to more investigation owing to these
remarkable advantages [1, 2, 6, 9, 11, 13, 14].

Carbazole and its derivatives have been mostly used for
the recognition of iron and other metal ions [6, 13, 15-18].
Such compounds have many advantages, for instance; elec-
tropolymerization ability [11], good conjugated system [13],
strong intramolecular charge transfer, high stability and
solubility, and easy modification [1, 13]. Meanwhile, these
compounds have also found a wide area of applications at
electroactive applications ranging from OLEDs [19], to
solar cells [20], chemiluminescence [21] and sensors [2, 6,
13, 20]. Although many several published reports regard-
ing the detection of iron(IIl) ion in which carbazole-based
molecules were used as a probe [2, 6, 13], as far as we know,
carbazole fluorescence chemosensor with pyridine group as
a spacer has not been published to detect iron(III) ion.

Consequently, in this study, we decided to investigate the
metal ions sensing properties of 2-(N-hexylcarbazol-3’-yl)-
pyridine-5-carbaldehyde (probe 7b), the synthesis of which
was previously reported by our co-workers [22]. Herein,
probe 7b was designed with carbazole, pyridine and alde-
hyde units where each one acts as a fluorophore, spacer and
receptor units, respectively, similar to those of the literature

[11].

Experimental Section
Materials and Preparation Methods

All solvents and reagents to synthesize compound 7b
had been purchased as ACS reagents, >99.9% (GC)
from Sigma-Aldrich, Merck and Alfa Aesar compa-
nies and used without further purifications. All metal
salts such as KCl, ZnCl,, HgCl,, AICl;, CrCl;.6H,0,
FeCl;, MnCl,.4H,0, MgCl,-6H,0, CaCl,-2H,0,
CoCl,-6H,0, Pb(CH,;COO0),-3H,0, LiCl, BaCl,-2H,0,
AgNO;, CuCl,.2H,0, CdCl,, FeSO,.7H,0, NaCl and
Ni(NO;),.6H,0 were also purchased from the VWR com-
pany as anhydrous and granular with high purity. Deion-
ized water was used throughout the preparation of stock
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solutions for all metal salts. All solutions were prepared by
pipettes with different volumes.

Synthesis of Compound 7b

In the present work, we used 7b, 2-(N-hexylcarbazol-3’-yl)-
pyridine-5-carbaldehyde, where 5-pyridine-carboxyalde-
hyde was attached to the 3-position of carbazole via the
2-position of the pyridine ring, as chemosensor compound.
Full details of the synthesis to compound 7b (Scheme 1) can
be found elsewhere [22]. Therefore, we designated com-
pound 7b as probe 7b for this study.

Compound 7b was previously synthesized and fully char-
acterized by ! H-NMR, !> C-NMR and elemental analysis
techniques. All analyses were compared with the previously
reported data. The relative PLQY of compound 7b calcu-
lated in dichloromethane was found to be very high (97.4%)
[22]. Meanwhile, compound 7b had also a very large Stokes
shift (136 nm) between absorption and emission spectra
[22]. These results encouraged us to individually investigate
the sensing properties of probe 7b towards metal ions.

Characterization and Instrumentation

The UV-Vis absorption studies of probe 7b were performed
using the Perkin Elmer Lambda 35 UV-Vis Spectropho-
tometer. Also, the fluorescence measurements (PL) of the
samples were carried out by the Shimadzu RF-5301PC
Spectrofluorophotometer. The fluorescence spectra of probe
7b were studied by adjusting the excitation and emission
slit width of 3 nm. All UV and PL spectral characteriza-
tions were carried out within a 10 mm quartz cuvette at
room temperature. UV-Vis spectrum was recorded between
the wavelength range of 250—600 nm. All the samples were
excited at 374 nm and the PL spectra were also collected in
the wavelength range of 350—700 nm.

Fluorescence Chemosensing Capability of Probe 7b

The stock solution (1.0x 107 M) of probe 7b was pre-
pared in DMSO solvent and the stock solution was mixed
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Fig. 1 UV-Vis spectra of probe 7b in dimethyl sulfoxide at room tem-
perature without or with various metal ions

ultrasonically for 5 min. Then, by a dilution method, a
1.0x107% M solution of probe 7b was prepared from
1.0x 1073 M solution of probe 7b which was in turn pre-
pared from the stock solution.

For selectivity studies, 0.01 M aqueous stock solution of
several metal ions (K*, Zn?*, Hg**, AI**, Cr**, Fe*t, Mn?t,
Mg2+, Ca2+, C02+, Pb2+, Li*, Ba2+, Ag+, Cu2+, Cd2+, Fez+,
Na* and Ni2*) were prepared and each time, 120 pL of a
metal ion solution was mixed with a 3 mL of probe 7b solu-
tion in a quartz cuvette. Moreover, interference studies of
probe 7b towards Fe** in the presence of various metal ions
were also carried out in the same way. The sensitivity study
was performed by adding different concentrations of Fe**
and Fe** ions (0-364 uM) to a 3 mL solution of probe 7b
and incubated for 2 min at room temperature and a fixed
pH value of 4.32. After these, absorption and fluorescence
spectra were recorded.

Moreover, the proposed method was applied for the
detection of Fe** in three different real-world water sam-
ples such as tap water, lake water and river water. The tap
water and river water were collected from Mus province in
Tiirkiye, and the lake water was also collected from Van
province in Tiirkiye. All the water samples were centrifuged
(8500 rpm, 20 min) and then filtered through 0.45 uM mem-
brane to remove the suspended particles. The analyses of
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Fe’* ions in these three different water samples were evalu-
ated by fluorescence spectroscopy using probe 7b.

Results and Discussions
UV-Vis Absorption Studies

The absorption properties of probe 7b in dimethyl sulfox-
ide were investigated previously [22] and found that it had
three specific absorption bands at 290 nm, 314 and 375 nm.
These bands relate to different transition systems. The peak
at 375 nm was assigned to an intramolecular charge transfer
(ICT) transition. Also, in the present work, we looked at the
absorption behaviour of probe 7b in the presence of differ-
ent metal ions (364 uM).

The absorption spectra of probe 7b in the presence of
different metal ions at room temperature were depicted in
Fig. 1. As shown in Fig. 1, the probe 7b in the presence of
most of the metal ions studied, except Fe** and Fe?* ions,
displayed similar absorption bands to the absorption band
of probe 7b. However, in the presence of Fe** and Fe?*
ions, the characteristic ICT band of probe 7b showed a blue
shift from 375 nm to around 335 nm. Also, a small variation
occurred at high-energy bands. This result indicated that the
absorption spectra of probe 7b were not affected in the pres-
ence of most of the metal ions studied, except Fe** and Fe?*.

Also, a clear probe 7b solution turned into a light yellow
solution only when the solution of Fe** and Fe** ions were
added. A daylight photograph taken was depicted in Fig. 2.

Fluorescence Studies
Basic Fluorescence of Probe 7b

As it was reported previously [22], when probe 7b in
DMSO was excited at a wavelength of 375 nm, it emitted an
emission at 509 nm. This emission was found to be sensi-
tive to the polarity of solvent used, indicating the emission
is from ICT band [22, 23]. This result was obtained with
Duetta Fluorescence and Absorbance Spectrometer. In our
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Fig. 2 Photograph of a solution of probe 7b in the presence of various metal ions under daylight
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Fig. 3 Fluorescence spectra of probe 7b in dimethyl sulfoxide at room
temperature without or with various aqueous metal ions

measurements, as depicted in Fig. 3, the fluorescence spec-
trum of probe 7b gave a main PL emission peak at 498 nm.

Selectivity Properties of Probe 7b to Metal lons

To investigate the selectivity of probe 7b versus various
metal cations, an aqueous solution of various metal ions
was added to the solution of probe 7b in DMSO. Then, the
PL emission was measured at room temperature after incu-
bating for 2 min. From various solvents probe 7b exhib-
ited only good response to iron ions in DMSO. Addition of
water (345 M) quenched the emission of probe 7b, without
the presence of metal ions. Thus, all experiments were car-
ried out in DMSO.

When an aqueous solution of various metal cations such
as Hg?*, Ag*, Co**, Cu*, Ni**, Zn?*, Cr**, Mg?*, Ba’",
Mn?**, Pb**, Cd**, K*, Li*, Na*, AP*, Ca®* was added to the
solution of probe 7b, PL emission decreased slightly due to
small interaction with probe 7b as shown in Fig. 3. However,
the PL emission of probe 7b was quenched with the addition
of Fe** and Fe?*. Similar observations were made by others
for different probes [6, 7]. Since the paramagnetic effect for
metal sensor application is very oppressive, the fluorescence

of probe 7b was possibly quenched through electron and/or
energy transfer mechanisms [7]. It can be said that an adduct
may have formed because of the reaction between the probe
7b and the metal ion, Fe**, leading to the emission quench-
ing. Consequently, this probe 7b can have potential use as
a fluorescent turn-off chemosensor versus Fe** and Fe?* in
different biological and environmental applications.

A photograph of PL emissions of probe 7b in the pres-
ence of various metal ions under the 365 nm UV light was
also depicted in Fig. 4. One can see from Fig. 4 that the blu-
ish-green fluorescence intensity of probe 7b did not show
any specific change for most of the metal ions. However,
the emission intensity of probe 7b diminished significantly
for Fe** and less for Fe?*. These results indicate that probe
7b has a high selectivity towards Fe* (more strongly) and
Fe’™ (less). These observations are compatible with the
PL measurements in Fig. 3. Therefore, these findings sug-
gest that probe 7b can find a potential use in chemosensor
applications.

The selectivity of probe 7b towards Fe** was also inves-
tigated in the presence of the other interfering metal cations.
As it was depicted in Fig. 5, the PL emission of probe 7b
with the addition of various metal cations did not change
(red bars), except for the addition of Fe** and Fe?* ions (blue
bars). In the case of interference studies, when Fe** ion was
separately added into each solution of probe 7b containing
other interfering metal ions, the emission intensity of probe
7b at 498 nm was significantly quenched (blue bars). These
findings imply that probe 7b is potentially usable for detect-
ing iron ions in aqueous media without being affected by
other interfering metal ions.

Sensitivity of Probe 7b

The sensitivity properties of probe 7b towards Fe** and Fe?*
were investigated by the fluorescence intensity changes of
probe 7b at 498 nm. For these purposes, increasing concen-
trations of Fe** and Fe?* added to probe 7b (Fig. 6). It was
found that the PL emission of probe 7b at 498 nm decreased
for both when the increasing concentrations of Fe**and Fe**

Cu?* Ni** Hg?* Ag* Co?* Fe* Fe** Cr¥* Zn%*

CaZ* Mg? Ba?* Mn?*Pb?* Cd?* K* Li* Na* APP*

Fig.4 Photograph of a solution of probe 7b in the presence of various metal ions under the 365 nm UV light
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Fig.6 The fluorescence intensity variation of probe 7b versus the different concentrations of the added Fe** (left) and Fe* (right)

were added. Moreover, no shift in emission maximum at
498 nm occurred even if much more iron ions were added.

Limit of Detection of Probe 7b

The limit of detection (LOD) was determined as described
in previous literature [8§—10]. To do this, first fluorescence
intensity changes of probe 7b were plotted against the
addition of different iron ion concentrations, as depicted in
Fig. 7; then the best linear ranges were selected from this
plot. Iron concentrations between 0.008 and —0.026 pM for

Fe’* and 0.166 uM —1.96 uM for Fe?* represent the best
linear range. These ranges were plotted as an inset in Fig. 7.

To calculate LOD, the F/F ratios were plotted against the
concentration ranges of iron ions (Fig. 8), determined from
the best linear range of the graph in Fig. 7. This graph is also
known as the Stern-Volmer graph, where F,, represents the
emission intensity of probe 7b and F represents the emission
intensity of probe 7b with the added concentrations of iron
ions for the above range. The LOD was then calculated from
30/S Egs. [8-10, 18, 24, 25], where o is the standard devia-
tion of the y-intercept and S is the slope of the curve. From
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range found in the plot)
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Fig.8 Stern-Volmer plot for probe 7b against Fe** (left) and Fe* (right)

this, the LOD values were found as 0.00138 pM (1.38 nM)
for Fe** and 0,0983 uM (98.3 nM) for Fe?*.

According to our best knowledge, this LOD value in
detecting Fe** ion with probe 7b is the smallest reported
so far [6, 13, 26]. This finding looks an exciting observa-
tion since the American Environmental Protection Agency
(EPA) suggests that the permittable limit level for iron ions
in drinking water can be a maximum of ~5.357 uM [10, 27].
The LOD value of this study is much smaller than the value
of EPA that accepts for drinking water.

Binding Process
Fluorescence intensity measurement studies indicated that

the fluorescence intensity of probe 7b was quenched only
by the addition of iron ions. As Fe’* is a paramagnetic
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ion, the emission of probe 7b was probably quenched with
paramagnetic effect through electron and/or energy trans-
fer process [6, 7]. The strong paramagnetic effect of Fe**
ion causing quenching of the fluorescence emissions was
also observed by others [1, 6, 7, 28, 29]. To determine the
binding ratio of the probe 7b and Fe** ion, emission inten-
sity of probe 7b at 498 nm was monitored for continuous
variation of molar fraction of Fe** ion. This is known as
Job’s plot [30]. For this 1.0 x 10~° equimolar concentrations
of probe 7b in DMSO and Fe** in deionised water were
prepared and mixed in different volumes (v-v, pL) as fol-
lows; 1000-0, 900 — 100, 800 —200, 700 —300, 600 —400,
500-500, 400-600, 300-700, 200-800, 100-900, 0-1000. A
volume of mixture was fixed to 1000 uL, which was further
diluted with 2000 uL. DMSO. Each mixture corresponds
to the following mole fractions of Fe** ion, respectively:
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exc*

0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0. Emission
intensity changes (F-F;) at 498 nm, after correction with
(1-X,>™) [30], were plotted against mole fraction of Fe**
ion, as shown in Fig. 9.

The minimum emission was observed at 0.3 mol fraction
of Fe** and this corresponds to a 2:1 probe 7b-Fe** binding
ratio (Scheme 2). Probably Fe** ion complexed to probe 7b
by the oxygen atoms of the aldehyde groups and the nitro-
gen atoms of the pyridine rings.

To understand the interaction region of probe 7b with
Fe** ions, FT-IR spectra studies were carried out by using
ATR technique (Fig. 10). One can see that C=N stretching

Aexc= 375 nm hem= 498 nm

X= Solvents or Anion (CI’)

ICT

Fluorescent "turn-on"

Scheme 2 Plausible probe 7b-Metal (2:1) interaction
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Fig. 10 FT-IR spectra of probe 7b in a solid state (a), probe 7b in
DMSO (b) and probe 7b-Fe** complex
in DMSO/water (c)

vibration in the pyridine ring occurs at 1400 cm™ . Upon the
addition of Fe** ions, the peak was shifted from 1400 cm™!
to 1600 cm™. Upon coordination with Fe**, C =0 stretch-
ing vibration region would have shifted from 1700 cm™!
to higher frequencies (1750—1800 cm™!). However, in the
spectrum no remarkable variation was observed at this
region. This result suggests that the more probable coor-
dination of Fe** is therefore with the nitrogen atom of the
C=N moiety of the pyridine ring. Fe’™ is a strong Lewis
acid; therefore, preferentially it tends to accept the lone
pair electrons from the nitrogen atom of the pyridine ring.
The broad peak between 3000 and 3800 cm™ ' is related to

hexc= 375 nNm

No emission

Fluorescent "turn-off"
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Table 1 Determination of Fe’* ions in real-world water samples
Fe** added Fe’* found Recovery RSD

Real samples

(M) (M) (%) (%)
7b + Tap water 1 40.00 40.82 102.05 1.35
7b+ Tap water 2 60.00 60.88 101.47  0.67
7b + Tap water 3 80.00 79.89 99.87  0.75
7b+ Van Lake water 1 50.00 51.41 102.82  2.04
7b+ Van Lake water 2 70.00 71.48 102.11 0.87
7b+ Van Lake water 3 100.00 100.55 100.55 0.74
7b+ Murat River water 1~ 40.00 40.82 102.05  0.56
7b+Murat River water 2 60.00 59.72 99.53  0.83
7b + Murat River water 3 90.00 91.32 101.47  1.11

O-H stretching vibration of the solvent water. Moreover, the
peak observed at 1000 cm™ " is attributed to S =0 stretching
vibration of the solvent DMSO.

Testing of Real Samples

To check the sensing properties of probe 7b towards Fe**
in real-world water samples, several fluorescence inten-
sity measurements were carried out by using the spike and
recovery method [4, 31-33]. The real-world water samples
were taken from three different places in Tiirkiye. Firstly, 30
pL was taken from each real-world water sample and then
added to the solution of probe 7b in DMSO (1 x 10~¢ M),
spiked with various concentrations of Fe** ions. Finally, the
fluorescence measurements of the mixture were recorded.
This procedure was repeated for each water sample under
the same conditions. All test results were presented in
Table 1. The calculated recovery values of these measure-
ments change from 99.87 to 102.82%, depending on the
water samples used. The maximum relative standard devia-
tion (RSD) was calculated as 2.04, which is well below the
accepted value of 10%. These promising results show that
probe 7b can correctly sense Fe** ions in real-world water
samples. Hence, probe 7b would be crucial for detecting
Fe* in real-world water samples.

Conclusion

In the present work, previously synthesized 2-(N-hexyl-
carbazol-3’-yl)-pyridine-5-carbaldehyde (7b) was tested
as a novel fluorescent “turn-off” chemosensor. The sens-
ing properties of probe 7b towards various metal cation
ions (Lit, Ag*, Ba®*, Fe**, Cr’* etc.) were investigated. The
results showed that probe 7b has an excellent selectivity
and sensitivity towards Fe** ions over the other interfering
metal ions. The emission intensity of probe 7b decreased
significantly by the increasing concentration of Fe** due to
the paramagnetic effect of iron(Ill) ions. Moreover, it was
demonstrated that probe 7b works very well as a fluorescent
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“turn-off” chemosensor under real-world water samples.
The LOD value (1.38 nM) is the smallest reported so far
for detecting Fe*™ ions. Consequently, probe 7b would be
a potential candidate for fluorometric detection of Fe** in
liquid media.
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