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Abstract

Two coumarin derivatives containing triazole moieties have been synthesized using “click chemistry” protocol
and investigated as chemosensors for the detection of metal ions. These compounds displayed a strong
preference for Fe3* ions with complexation resulting in fluorescent quenching. The detection limit of the
preferred chemosensor was determined to be 1.4 uM. The preferred triazole-coumarin compound showed
greater selectivity towards Fe3* in the presence of competing metal cations. Binding stoichiometry between
this triazole-coumarin and Fe3* was shown to occur in a 1:1 ratio between the chemosensor and metal cation.
The binding site of Fe3* to the triazole-coumarin was determined using ' H NMR, 3 C NMR and molecular
modeling studies.
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Introduction

The development of fluorescent chemosensors possessing high sensitivity and selectivity for environmentally-
and biologically important heavy- and transition metal cations has evolved into a growing field of research due
to the significant advantages they offer.! Conventional sensing methods such as inductively coupled plasma
atomic emission spectrometry (ICP-AES), inductively coupled plasma mass spectrometry (ICP-MS), atomic
absorption spectroscopy (AAS) and electrochemical methods are costly and require professional operators.?
Compared to sophisticated instrumentation, fluorescent chemosensors for analyte detection and analysis
have shown to be promising alternatives due to the simple equipment required, cost-effective synthetic
procedures and analysis, rapid response times, low detection limits, high resolution and good selectivity and
sensitivity.3*

In many fields of application, the analysis of Fe3* ions is of great importance. The majority of these
applications including biomedical, environmental, and aquatic systems.® Iron is one of the most abundant and
indispensable elements in the human body.® It is present in hemoglobin and has a crucial effect in oxygen
uptake, oxygen metabolism, and electron transfer throughout the body.” Furthermore, it serves as a cofactor
in many enzymatic reactions and catalysis, neurotransmission, and nucleic acid synthesis, with both deficiency
and excess amounts of Fe3* causing various diseases.® High concentrations in the body lead to an imbalance
between oxidation and antioxidation which can damage proteins and lipids, and can cause nucleic acid
mutations.®> ! In addition, excessive iron concentrations may increase the risks of hemochromatosis, diabetes,
osteoporosis, heart and pancreatic disease, inter alia.*? Deficiency in iron can cause anemia and related health
concerns such as impaired cognitive function, lethargy, low immunity, liver damage, and cancer.'3'* Both the
excess and deficiency of iron may play a role in neurodegenerative disorders such as Alzheimer’s and
Parkinson’s diseases.’> '8 Estimates of the minimum dietary intake for iron depend on age, gender, activity,
physiological status, and iron bioavailability.*:2°

Iron concentration in surface waters is usually reported to be less than 1 mg/L, but higher concentrations
(<50 mg/L) have been reported in groundwater sources. An excess of iron in the environment can also arise
from the corrosion of ferrous materials. This leaching of iron into environmental water systems can move
through the food chain. It also has a severe impact on the quality of agricultural crops.?* The maximum
acceptable level of iron in water has been set at 0.3 mg/L (nearly 6 uM) by the World Health Organization
(WHO).222 It is no surprise that a great deal of time and effort have been devoted towards developing a
convenient and efficient method to selectively monitor and detect iron content for pathological studies and
environmental protection.

A typical chemosensor consists of two distinct components: a receptor and signaling unit (fluorophore),
which can be connected either by chemical bonds or by spacer units. The fluorophore unit is the site of
excitation and emission, whilst the receptor subunit is responsible for recognizing and binding to an analyte of
interest with high selectivity and efficiency via a reversible/non-reversible covalent or non-covalent
interaction.?*2> Recently, coumarins have been used in fluorescent chemosensors due to their high optical
activities, high light stabilities, high quantum yields, wide Stokes shifts, ease of tuneability, and low toxicity
properties.?®?’ Furthermore, the carbonyl functionality of coumarin can partake in coordination with metal
ions, if necessary. This is advantageous for the design of chemosensors as the response will be fast and
efficient when analytes are bound to the host probes.® Both nitrogen and oxygen atoms are frequently
identified as donor atoms which readily combine with transition metal cations, including Fe3*.28
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Several triazolyl-coumarin-based chemosensors have been developed for metal-ion detection. The
favourable fluorescent properties of coumarin derivatives, coupled with the metal-ion-binding abilities of the
triazole unit?®, lead to chemosensors that can be used for the recognition and sensing of various metal ions
based on changes in the fluorescent properties of the coumarin fluorophore. Previously, we have used the
triazole ring as the binding unit in a coumarin-based chemosensor that was found to be a selective ion binder
of Cu?*.3% With this in mind, two triazolyl-coumarin-based chemosensors, (S1) and (S2) (Figure 1), were
synthesized using “click chemistry” protocol. These coumarin derivatives incorporated different substituents
(hydroxyl and methoxy groups) at position 7 to improve their fluorescence and solubility in aqueous and
organic solvents. The resulting chemosensors were selective for Fe3* in CH3CN / H2O solvent mixtures, with
changes in their fluorescent properties upon the addition of metal ion solutions.
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Figure 1. Structures of triazole-coumarin chemosensors (S1) and (S2).

Results and Discussion

Synthesis of triazolyl coumarin derivatives (S1) and (S2)

The synthesis of triazolyl coumarin derivatives was performed according to the reaction outlined in Scheme 1.
Firstly, coumarin derivatives with azide functionalities were prepared according to literature procedures.3! The
final step was achieved using Cu(l) catalyzed 1,3-dipolar cycloaddition in a “click” reaction between coumarin-
azide derivatives (1) with alkyne derivative (2) in THF to afford triazolyl coumarin derivatives (S1) and (S2) in
80% and 65% yields, respectively. The chemical structures of S1 and S2 were confirmed by NMR spectroscopic
data. Further confirmation studies were carried out using crystal X-ray diffraction analysis as shown in Figure
2. The single crystal structures of both S1 and S2 show the presence of the coumarin ring system with the
triazole functionality at position -C3-. The nitrogen atoms of the triazole ring are orientated away from the
coumarin carbonyl in both S1 and S2 whilst the carbon-carbon double bond of the triazole ring is situated
closest to the coumarin-carbonyl functionality.
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Scheme 1. Synthetic route of triazolyl coumarin derivatives S1 and S2. “Click” reaction conditions: THF,
CuS04.5H,0, NaAsc and PMDETA.

a) ._
1' Jantd = e \ cn j."
o _\\sﬂ/ H\"C‘LV b \’—"f/ c22 ¢\ i —‘L\
o1 A !:._‘ ':—;“”-\";‘J_ %m oal_1 dml”[ -\\Li::_‘
"'/\Q\,":,‘_. C.l)d\J- e *7;‘-_\&\:6: / ¥\_:w ,/
e ] Ve
N2 \LX © \h .\,_/’ e \. b)

Figure 2. X-ray crystal structures of triazolyl-coumarin derivatives S1 (a) and S2 (b).
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Studies of the absorption and emission properties of triazolyl-coumarin derivatives (S1) and (S2)

The absorption and emission behaviors of S1 and S2 were investigated in acetonitrile and water, respectively.
The excitation wavelength for both chemosensors was determined by UV-Vis analysis in acetonitrile. The
sensors displayed the same excitation wavelength of 340 nm with the absorption intensity of S1 being
exceptionally greater than that of S2 (Figure 3a). The emission properties of both chemosensors were further
investigated in agueous media at the same excitation wavelength of 340 nm (Figure 3b). Again, S1 displayed
stronger emission at 420 nm than that of S2 at a longer wavelength of 480 nm. It is well documented that
electron donating groups at position -7- (such as methoxyl and hydroxyl) and electron withdrawing groups at
position -3- (such as triazole) induce a push-pull effect which concentrates electron density into the
conjugated m-system of the coumarin moiety, thereby enhancing the emissive output (Figure 3c). This is a
commonly used method to improve the fluorescence efficiency and intensity of coumarin compounds.32-3°
This difference between the emissive intensities of S1 and S2 may be rationalized when the theoretical
calculated electron density around the methoxyl and hydroxyl functionalities, coumarin carbonyl, and
corresponding triazole moiety is considered. Figure 4 shows the calculated electron density around the -C7-
functionalities and the corresponding electron density within the coumarin m-conjugated system and
surrounding the triazole ring. It is evident from the larger area of electron deficiency surrounding the three
methoxy hydrogen atoms, and greater area of increased electron density surrounding the coumarin carbonyl
and triazole moiety of S1, that electron density has been pushed/pulled through the conjugated system via the
push-pull electronic effect. In this way, emission intensity of S1 is notably greater than that of S2.

a) b)

1000
S1
S1 000

=
]

800
700

=

600
500

I
®

e
=]
Emission

Absorption

400

300
S2 S2

200
100 ¥

280 300 320 340 360 380 400 420 440 360 410 460 510 560
Wavelength Wavelength

% PUSH

EDG O O

£

o
Y

o
o

/ EWG PULL

N

Figure 3. Comparison of the absorption (a) and emission (b) of equal concentration aliquots of S1 and S2 in
acetonitrile and water, respectively. Excitation conducted at 340 nm; (c) Push-pull effect of substituted
coumarin molecules.
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Figure 4. Calculated electronic densities of (a) S1 and (b) $2 at MMFF level using Spartan “10 V1.10.

The sensing responses of chemosensors (S1) and (S2) towards various metal ions

The application of S1 and S2 as chemosensors for metal cations was studied using fluorescence spectral
analysis at room temperature. A range of 16 metal ions were investigated as their nitrate salts in aqueous
solution. The experiments were conducted by adding 20 pl aliquots of the selected metal ions (Fe?*, Fe3* Cd?*,
Pb%*, Ag*, Na*, K*, Ca?*, Cr3*, AI3*, Ba%*, Cu?*, Co?*, Hg?*, Zn?*and Ni?*) to solutions of compounds S1 and S2 in
water. Water was chosen as the sensing medium as aqueous sensing is environmentally friendly and greatly
preferred. Table 1 shows the emission changes of S1 and S2 upon addition of various metals. Metal screening
studies were conducted in triplicate.

Table 1. Fluorescent responses of the chemosensors S1 and S2 in the presence of selected metal cations in
water. Excitation conducted at 340 nm

Metal Cation (20 pL of 0.01 M solutions) S1 S2

Fe3* Strong quenching Strong quenching
ng", Fe2+' Cd2+, Pb2+, Ag*, Na*, K+, Ca2+' CI’3+, A|3+,
Cd?*, Ba%*, Co?*, Zn**and Ni** Minimal to good

Minimal quenching i
guenching

The quenching responses of S1 and S2 were observed to be greater for Fe3* than that of the other metal
cations indicating a stronger interaction between the chemosensor and Fe3*. Notably, the effect of Fe3*
towards quenching was more prominent in S1 as the emission range where all other metal cations displayed
guenching responses was a great deal smaller than that observed in $2 (Figure 5). Competition studies
between Fe3* and other competing metal cations was conducted in water (Figure 6). Notably, S1 displayed
excellent selectivity towards Fe3* in the presence of other competing metal cations. Furthermore, when all
competing metal cations were added to solution at once, S1 still displayed excellent selectivity towards Fe3*.
This same selectivity trend towards Fe3* was not observed For S2 with all other competing metals (Figure 7).
For this reason, and the enhanced absorption and emission properties of S1, it was chosen for further
investigations as a potential chemosensor for quantitative and qualitative sensing of Fe3* ions in aqueous
media. The observed quenching response upon Fe3* addition, to the best of our knowledge, can be ascribed to
the photo-induced electron transfer (PET) from the chemosensor to the d-orbitals of Fe3*. The electron
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deficiency of half-filled d-orbitals increases the electrostatic attraction of the binding site to form stable
coordination with Fe3* ions, leading to more quenching of the fluorescence and better selectivity.
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Figure 5. Fluorescent responses of (a) S1 and (b) S2 with selected metal cations in water. Excitation: 340 nm.
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Figure 6. Selectivity of S1 towards Fe3* with competing metal cations in water. Competition studies were
performed in triplicate. Excitation: 340nm.
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Figure 7. a) Competition of S1 with Fe3* and all other competing metal cations; b) Competition of S2 with Fe3*
and all other competing cations. Excitation: 340 nm.

Titration studies of S1 in the presence of Fe3*

To gain greater insight into the fluorescent properties of S1 in the presence of Fe3*, the fluorescence response
was investigated with Fe3* in both water and acetonitrile. From this investigation, it is evident how the solvent
system used can affect the outcome of the both the emission response and various other properties such as
detection limit and binding/association constants inter alia. Figure 8 illustrates the variations in the
fluorescent intensities of S1 upon continuous addition of Fe3* aliquots in water and acetonitrile. The titration
experiment of S1 with Fe3* in acetonitrile yielded three new shoulder peaks at longer wavelengths of 445, 487
and 531 nm. The titration of S1 with Fe3* in water evolved one small new shoulder peak at 487nm at higher
concentrations of Fe3*. The Stokes shifts of S1 with Fe3* in water and acetonitrile to longer wavelengths were
calculated to be 1 and 8 nm, respectively. To ensure that the quenching response of S1 towards Fe3* is
dependent on analyte addition and that progressive self-quenching from single addition of the analyte does
not occur, time-delay studies of S1 with one aliquot of Fe3* was conducted. Results show that between the
initial quenching response of S1 with a single 20 plL aliquot of the analyte, and after the 20%" scan, no
additional fluorescent quenching was observed. The quenching response is therefore dependent on analyte
addition which is vital for titration analysis (Figure S8, Supplementary Material).
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Figure 8. Changes in the fluorescence spectrum of S1 in a) water and b) acetonitrile upon addition of Fe3*
ions. Excitation: 340nm. Titration conducted in triplicate.

When the polarity of the solvents is taken into consideration, the observations of the new shoulder peaks
upon Fe3* titration may be explained. It is known that the fluorescent emission spectra of many fluorophores
are sensitive to the polarity of their surrounding environment. Water is more polar than acetonitrile and will
therefore have a different effect with cation binding and stability. This may be attributed to the difference in
the dipole moments in the ground state and the excited state. If electrically neutral molecules have a larger
dipole moment in the excited state than in the ground state, the excited state becomes more stabilized with
increasing solvent polarity.3® The excited states of the compounds are mainly affected by the polarity,
refractive index as well as dielectric constants of solvents and also, by the solvation effect of solvents towards
compounds.3’ The differences observed between acetonitrile and water could be attributed to factors such as
hydrogen bonding. Possible intermolecular hydrogen bonding interactions between water molecules and
coumarin carbonyl inhibit the formation of intramolecular hydrogen bonds which can alter the dipole
moments of the ground and excited states. This plausible larger dipole moment in the excited state is
stabilized in water. Compared to water, acetonitrile is less polar and may not have as great an ability to
stabilize this excited state complex. Possible intramolecular hydrogen bonding may result in the formation of
new excited state complexes or vibrational energy levels with increasing Fe3* amounts, resulting in the
formation of the three new shoulder peaks at longer wavelengths. The appearance of these new shoulder
peaks in acetonitrile gives further justification towards the use of water as the medium of choice for further
studies.

Closer consideration of the titration of S1 in water shows a clear iso-emissive point at 387 nm between
the titration amounts of 4 uM to 19 uM additions of Fe3*. At higher concentrations of Fe3* the titration no
longer displays this phenomenon (Figure 9a & b).
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Figure 9. a) Titration of S1 with 4 to 19 uM additions of Fe3*. A clear iso-emissive point is observed at 387 nm;
b) Titration of S1 with 23 to 106 uM Fe?*, the iso-emissive point is no longer visible.

The formation of iso-emissive points in fluorescent spectrum may be attributed to a number of reasons
including ground state binding between S1 and Fe3* in solution?, the presence of two absorbing and emitting
species in the system3?, two or more emitting species in the excited state?, and neutral and ionic forms of the
complexes existing in equilibrium in the photo-excited state*'. Whilst ground state binding between S1 & Fe3*
and more than one emitting species could be a plausible explanations, studies conducted by dos Santos and
co-workers describe how complexation induced twisting reduces the effect of the PET quenching from the
fluorophore by ‘blocking’ the pathway of the electron transfer, thus leading to the appearance of the iso-
emissive point.%? Interestingly, a similar conformational change was observed between the X-ray
crystallographic structures of S1 alone and S1 with Fe3* (Figure 10a & b). Although the complex of S1 with Fe3*
did not crystallize, it did however change the crystal system from triclinic to monoclinic and induced this same
twisting of the molecule as described by dos Santos et al. This initial twisting of the molecule at lower
concentrations of Fe3* coupled with complexation of S1 and Fe3* in the ground state, and two emitting species
at lower concentrations, could explain the appearance of the iso-emissive point. This plausible “twisting” was
further verified by computational analysis whereby the triazole ring twists upon metal complexation so the
ring nitrogens are located syn to the coumarin carbonyl.
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Figure 10. a) Crystal X-Ray diffraction of S1 before complexation; b) after interaction with Fe3* at lower
concentrations.

UV-Vis titration of S1 with Fe3*

The UV-Vis titration of S1 with Fe3* was conducted in acetonitrile. Fluorescent studies indicated that the same
guenching response was visible in acetonitrile and water. High concentrations of S1 was required for analysis
which resulted in precipitation in water thereby altering absorption results, thus acetonitrile was used as the
solvent. Figure 11 shows the titration of S1 with Fe3* in acetonitrile. Evidently, titration lead to increased
absorption between 50 and 750 puM Fe3* additions. No visible hypsochromic or bathochromic shift in
wavelength was noted, indicating that CHQF (chelating quenched fluorescence) via PET were the most likely
mechanisms of fluorescent quenching. CHQF is the quenching of fluorescence upon metal binding or
coordination and can occur via PET, ICT, ISC or isomerization .3
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Figure 11. UV-Vis titration of S1 with Fe3* in acetonitrile.

Determination of fluorescence quenching process, association constant and detection limit.

To understand the quenching process of S1 by Fe3* in both water and acetonitrile, the observed decrease in
fluorescence was followed using the linear Stern-Volmer equation. Initially, the equation for dynamic
guenching was used to determine the value for Ksy as well as the limit of detection. Figure 12 shows the
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results for the plot of the titration of S1 with Fe3* in water following the linear equation: Fo/F = 1 + Ksv[Q].
Although the value for the regression line indicates correlation over the entire concentration range, the slight
sigmoidal shape to the curve may indicate that different modes of quenching could be occurring. The
detection limit in water and acetonitrile was calculated to be 3.6 & 5 uM whilst the value for the Stern-Volmer
constant (Ksy) was 1.32 x 10* Mtand 1.28 x 10* M™! respectively.

y=13192x+1,1117

T8 R?=0,9897
S 15
['8
1¢°
05
0
0 0,00002 0,00004 0,00006 0,00008 0,0001 0,00012

[Fe]

Figure 12. Plot of S1 and Fe3* in water following the linear Stern Volmer equation.

Benesi-Hildebrand calculations for S1 with Fe3*

The Benesi-Hildebrand (BH) method for evaluation of the association constant and binding ratio was used for
the titration of S1 with increasing amounts of Fe3* in water and acetonitrile. The plot of 1/1°I vs 1/[Fe3']
resulted in a positive linear graph with a good regression coefficient of R?= 0.9962 and 0.9993 in water (Figure
13), and acetonitrile, respectively. The association coefficient, K;, was calculated from the ratio of the
intercept to the slope of the graph. The values for the association constants and theoretical binding ratios for
S1 in water and acetonitrile are shown in Table 2. Based on the observed straight line of the plot, it could be
concluded that the binding between the chemosensor and metal occurs in a 1:1 ratio.** This was later verified
by Jobs Plot analysis.
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Figure 13. Benesi-Hildebrand plot of S1 with Fe3* in water.

Table 2. Association constants and binding stoichiometry of S1 in water and acetonitrile

Ka values (x10%) Sl'Jgg.ested
S1 M R? value binding
stoichiometry
Water 3.3 0.9962 1:1
Acetonitrile 4.9 0.9993 1:1

The association/binding coefficient gives an indication of the strength of the chemosensor-ligand bond.
Evidently, S1 displayed a larger association constant in acetonitrile than in water. This appreciable value for Ka
in both water and acetonitrile may explain why S1 was selective towards Fe3* even within the presence of all
other competing metal cations. This may further clarify why S1-Fe3* binding was not reversible in the presence
of EDTA. This will be discussed later with computational data.

Explanation of quenching process by Perrin sphere of action model.

The linear Stern-Volmer equation for dynamic/collisional quenching is applicable if the experimental results
show linear variation over the entire concentration range. The slight deviance from linearity (sigmoidal shape)
in Figure 12 suggests that the quenching mechanism is not purely collisional, and this may be attributed either
to the ground state complex formation, a combined collisional and static quenching system or to the Perrin
and modified sphere of action static quenching models.

For a combined collisional and static quenching model, a plot of [1;_0 — 1] [?1] vs [Q] should yield a straight

line, however, the experimental data did not fit the equation as shown by a poor regression coefficient. This
indicates that the quenching behaviour cannot be explained by the combined dynamic and static quenching
mechanism alone.

The slight upward curvature of the plot at lower concentrations indicates that some static quenching may
be taking place, or something that is called "the quenching sphere of action" (SOA), meaning that the analyte
is capable of quenching the system within a specific radius of the receptor motif. The downward curvature at
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the higher qguencher concentrations may result from the limited accessibility of the quencher to the
fluorophore. For quenching within rigid solutions, Perrin introduced the concept of an “active sphere”, i.e., a
volume of interaction around a quencher molecule such that a fluorophore excited within this volume is
instantaneously quenched.*® The values for K, (Perrin constant), Perrin radius (A) and detection limits (uM)
were determined over the linear quencher-concentration range of 4 — 20 uM of 0.001 M Fe3* solution. The
calculated values are shown in Table 3.

Table 3. Values for constants and detection limits (uM) using the Perrin and Sphere of Action methods. The
detection limit via the linear Stern-Volmer method is also included for comparison

S1 LOD (Linear LOD .
. Perrin
Kp Stern (Perrin .
Radius
(x10*M1) Volmer) method A)
Y uM)
Water 1.42 3.64 1.41 4.62
Acetonitrile 1.47 5.05 2.63 4.67

LOD = Limit of Detection

Evidently, the value for the detection limit via the Perrin sphere of action method is more than half of that
determined by the linear Stern-Volmer method. This shows how care must be taken when determining the
correct mode of quenching as it can have a drastic effect on the reported outcome. In addition, the size of S1
from the methoxy derivative to the end of the phenyl functionality was determined by computational analysis.
The length of the molecule was calculated to be 18. 037 A. The diameter of the quenching sphere (9.2 A)
resides perfectly within this calculated distance.

Quantum yield studies

The fluorescence quantum vyield (¢) of S1 was evaluated using anthracene as a standard fluorophore with a
known ¢s = 0.27 in ethanol. S1, in acetonitrile as the solvent, and the standard were excited using the same
excitation wavelength (340 nm) and their absorbance were tuned to ca. 0.05 nm at the excitation wavelength.
The integrated areas under the emission spectra were obtained using fl. Winlab software and the fluorescence
guantum yields (¢) were calculated in accordance with equation (1)

= [l @

bs Absy
where ¢x and ¢s are the respective fluorescence quantum yield of the samples and standard, Ax and As are the
integrated areas under the emission spectra of the samples and standard, Absx and Abss are the optical
densities at the excitation wavelength of both samples and standards while nx and ns are the respective
refractive indices of the solvents used for sample analysis and standard.

The quantum vyield (¢) of S1 was determined to be 0.71. This value indicates a bright fluorophore with
high emissive intensity.
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Reversibility studies of S1 for sensing Fe3*

The reversibility of S1 was investigated using the hexadentate chelating ligand ethylenediaminetetraacetic
acid (EDTA). A partially quenched solution of S1 with Fe3* was titrated with a 0.01 M solution of EDTA. After
the addition of up to 100 ul of the EDTA solution, there was still no drastic change in the emission spectra of
the complex, suggesting a stronger interaction between S1 and Fe?* than that of Fe3*and EDTA (Figure 14).
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Figure 14. Titration of partially quenched S1-Fe3* system with 100 pL aliquot of 0.01 M solution EDTA.

Determination of the binding stoichiometry using Job plots

Stock solutions of equal concentrations (0.01 M) of S1 and Fe3* were prepared. The molar fractions of S1 and
Fe3* were varied whilst keeping the total concentration constant for each run. The emission spectra for
increasing and decreasing amounts of Fe3* were recorded in both acetonitrile and water. Job plots were
constructed by plotting the maximum emission vs molar fraction of Fe3* (Figure 15). The plots indicated that
both the acetonitrile and water experiments gave a 1:1 chemosensor-metal binding ratio.
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Figure 15. Jobs plot of S1 and Fe3* in a) water b) acetonitrile. Excitation conducted at 340 nm.
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pH Studies

The sensing capabilities of S1 towards Fe3* were observed at the original pH of the solution. To analyze the
effect of pH variations on sensing abilities, studies at different pH values were conducted. Different arrays of
store-bought buffer solutions with pH of 10, 5, and 4 were utilized for the study. Addition of 6 pL of a 10 uM
stock solution of S1 to a non-buffered solution was compared to that of an equal aliquot of S1 in a buffered
solution. This was further compared with S1 in each buffered solution with the addition of 20 uL aliquots of
0.01 M Fe3* stock solution. These buffer solutions were chosen as they reflect the pH range of common
wastewater from industrial processes and acidic mine drainage.*®*® Results show that the chemosensing
responses upon Fe3* additions are constant in acidic and basic pH solutions. (Figure 16).
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Figure 16. Effect of pH on S1 and Fe3* quenching behavior at (a) original pH, (b) pH 4, (c) pH 5, and (d) pH 10.

Proposed binding site between S1 and Fe3*

It has been observed that the triazole ring can coordinate with metal ions via the N2 nitrogen atom to form
stable complexes when there are neighboring assisting groups.*®>>! It was proposed that the interaction
between the chemosensor and the metal ion occurs between the coumarin carbonyl and triazole nitrogen via
a stable pseudo-six-membered ring as shown in Figure 17. The complexation affinity was attributed to the N-2
nitrogen lone electron pair donation from the triazole ring to the metal ion, assisted by a lone pair of electrons
from the coumarin-carbonyl group.
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Figure 17. Proposed stable six-membered ring formation between S1 with a Fe3* ion.

The proposed binding site was investigated via *H NMR and 3C NMR analysis. Initial titrations of S1 with
aliquots of Fe(NOs)s displayed no shift in proton signals. Additionally, the peaks became less resolved as more
Fe3* was added (Figure 18). This indicated that the complexation of S1 with Fe3* does not affect the hydrogen
atoms of S1.
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Figure 18. 'H NMR titration of S1 with Fe(NOs)s in de-DMSO.

In addition to *H NMR analysis, > C NMR analysis was utilized to investigate the possible involvement of
the triazole carbon double bond in metal complexation. It is well known that alkene and alkyne ligands can be
involved in binding modes via o- and m-electrons in organometallic complexes.®? Furthermore, it has been
reported that the C5 atom in the triazole ring can be involved in metal coordination.®® The carbon spectrum of
S1 was compared to that of S1 with 200 pl of Fe3*. Notably, two peaks displayed pronounced shifts. These
peaks were attributed to the two carbon atoms of the triazole ring. One of the carbon signals has shifted
upfield whilst the other has shifted downfield. During this possible complexation, triazole-carbon labeled A
has become more nucleophilic, resulting in an upfield shift, whilst carbon B is slightly electrophilic, leading to a
shift downfield. This electron-density shift from B towards A may facilitate an interaction with the Fe3*ion. In
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addition, the coumarin carbon C displays no noticeable shift in the spectrum of the complex. It is, therefore,
proposed that the lone pair of electrons from the oxygen atom could be taking part in the complexation rather
than m-electrons from the carbon-oxygen double bond, forming a stable pseudo-6-membered ring between
the C=0 lone pair, Fe3*, and triazole-carbon A (Figure 19).

a) S1-Fe3*

Figure 19. 3C NMR spectra of a) S1-Fe3* complex and b) S1. Inset structure: Conformation of the triazole
functionality relative to the coumarin carbonyl to facilitate Fe3* coordination.

From the reported triazole N-2 involvement in metal coordination from the literature, and the observed
triazole carbon shift in Figure 19, two possible coordination conformations are now proposed (Figure 20).
Computational analysis was therefore used to reconcile the most viable conformation for Fe3* coordination
with S1.

a) b)

0] 0] 0. (0] (0] 0.
R/ / \Feh R/ / \FES*
F ' P a
r‘i /% N \\N
N 0 =

-."‘:-_,_-N o

Figure 20. Two proposed coordination modes via a) triazole C-5 and coumarin-carbonyl and b) triazole N-2
atom and coumarin-carbonyl.
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Computational analysis of S1

Computational analysis was utilized as a means of verification between experimental and theoretical
outcomes. Calculations of most energetically preferred conformation (DFT B3LYP/6-31G), sensor-metal bond
energies and ligand-metal bond energies (Molecular Mechanics MMFF) were conducted to verify the trends
that were observed. Calculations were conducted using Spartan “10 V1.10.

Comparison of most stable conformation of S1 to XRD results

Molecular modeling studies were implemented to determine the lowest energy conformer of S1 at the
density-functional theory (DFT) level. This conformation was compared to that of the single crystal XRD data.
Results from these computational calculations are in very close agreement with the observed crystal structure
(Figure 21). The calculated energy of S1 in this specific conformation was -3145754.12 kJ/mol, indicating the
appreciable stability of S1. Although the calculated and observed conformations are not completely identical,
the differences can be reconciled when the medium, and interactions between other molecules, are
considered. These differences could arise as the calculations are carried out on one compound (in vacuum)
whereas the crystal structure determination takes multiple factors into consideration, such as multiple

compounds close to each other (proximity), solvents present (medium), forces and the interactions between
them, and their packing arrangement.

a) b)

&?”
o4 .
[ALE

Figure 21. a) Computationally calculated most stable conformation, and b) experimental XRD results of S1.

Reconciliation of binding site of S1 with Fe3*

Once the most stable conformer of S1 was established, it was used for binding studies towards Fe3".
Calculations conducted at Molecular Mechanics level (MMFF) displayed the proposed twisting of the triazole
nitrogens towards the coumarin carbonyl to facilitate the pseudo 6-membered ring between the triazole N-2
triazole nitrogen and the lone pair of the coumarin carbonyl oxygen (Figure 22). This agrees with what has
previously been reported in literature regarding the binding properties of the triazole nitrogen atoms towards
metal complexation in the presence of nearby assisting groups. Notably the phenyl ring has twisted towards
the Fe3* cation, however, hydrogen bond calculations showed that no hydrogen bonding was taking place. This
is also verified by the *H NMR titration analysis.
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Figure 22. Computational conformation of S1-Fe3* binding scenario.

In addition to computational analysis, titration data of S1 with a more concentrated 0.01 M Fe3* solution was
able to verify the number of binding sites present between the chemosensor and metal cation. According to
equation (2), a plot of Log[Fo-F/F] vs Log[Q] should yield a straight line with the gradient equal to n, where n is
the number of binding sites present.>* A straight line occurs when the predominant mode of quenching occurs
via a static process. The regression coefficient indicated good linearity and the number of binding sites was
shown to be equal to 1 (Figure 23). This agrees with what has been shown computationally and what has been
postulated whereby the N2 triazole nitrogen is the main contributor of binding electrons towards Fe3* and is
assisted by the lone electron pair of the coumarin carbonyl.
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Figure 23. Logarithmic plot of the fluorescence quenching of S1 with various amounts of Fe3* in excitation
wavelength of 340 nm.
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Although the computed binding between S1 and Fe3*is promising, it does not explain the shifting observed in
the triazole carbon atoms as seen in the 13C NMR analysis. As stated previously, the carbon double bond of the
triazole ring can take part in binding due to its electron density. The nitrate counterion from Fe(NOs)s was
computed with the most stable conformer of S1 in water as the medium. The computation of the sensor and
anion displayed the same twisting of the triazole ring nitrogen atoms towards the coumarin carbonyl (as seen
in the S1-Fe3* computation), and the placement of the nitrate anion near the site of the triazole carbon double
bond (Figure 24). Hydrogen bond calculations indicated no hydrogen bonding between the nitrate and S1. It is
hypothesized that the water molecules, together with the carbon double bond of the triazole, form a stable
complex with the nitrate counterion resulting in the observable shift in the 3C NMR spectrum. The strong
interaction of S1 with Fe3* could make the carbon double bond m-electrons more readily available for bonding
due to the shift in electron density in the triazole ring towards Fe3*.

Figure 24. Computed conformation of S1 in the presence of nitrate counterions. Computation conducted in
water as a medium.

Verification of selectivity trends of S1 with Fe3*

The most energetically stable conformer of S1 was used to reconcile the selectivity trend seen in the
experimental data. As stated, S1 was selective to Fe3* despite the presence of other competing metal ions. The
proposed site of metal binding in the cavity between the triazole nitrogen and coumarin-carbonyl was used for
these calculations. Water was used as the medium in which the energies were calculated. The energy of the
S1-Fe3* complex at this proposed position (at Molecular Mechanics level) was found to be -846.22 kJ/mol, an
acceptably low, and, therefore, energetically-stable-binding scenario. In addition, the calculated energies of
S1-Hg?* and S1-Cu?* were considerably higher than that of S1-Fe3*, thereby, reconciling the selectivity seen
between S1 and Fe3* in the presence of competing metal cations. The complex energies between S1 and the
three tested metal cations are shown in Table 5.
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Table 5. Calculated complex energies between S1 and three competing metal cations

Metal Cation Fe3* Cu* He®"
Calculated |

alculated complex -846.22 -372.47 48.55
energy (kJ/mol)

Computation of reversibility studies of S1 - Fe3* with EDTA

Computational analysis was further employed to reconcile the trends observed in the reversibility studies
between S1-Fe3* and the hexadentate ligand, EDTA. Titration of EDTA with S1-Fe3* showed that Fe3* was not
released following continuous EDTA additions. Calculation of complex energies between EDTA-Fe3* and S1-
Fe3* were performed. Table 6 shows the energies of the ligands and ligand-metal complexes calculated using
molecular mechanics (MMFF).

Table 6: Energies of the ligand-Fe3* complexes

Ligand / Ligand-Metal complex Complex energy (kJ/mol)
EDTA 467.81
EDTA-Fe3* -350.85
S1-Fe3* -846.22

The complex energy between S1 and Fe3* is more than two times lower than that of EDTA and Fe3*. This
lower energy complex prevents the abstraction of the Fe3* ion from the binding sites on S1. For this reason, it
is evident why Fe3* was not reversible in the presence of increasing amounts of EDTA.

Conclusions

Coumarin derivatives with triazole moieties, which can function as fluorescent chemosensors, were
synthesized utilizing “click chemistry” protocol. One derivative displayed exceptional selectivity towards Fe3* in
the presence of other competing metal cations and an appreciably low detection limit of 1.4 uM Fe3*. The
triazole N-2 nitrogen atom, together with the coumarin carbonyl lone electron pair, provide coordination sites
for the Fe3* ion. Complexation is believed to occur in a stable pseudo-6-membered-ring-like conformation. The
coumarin moiety plays a dual role as a signaling unit and cation binding site.

Experimental Section

Measurements

All starting materials and solvents were purchased from Sigma Aldrich or Merck and used as received without
further purification unless stated. *H NMR and '3C NMR spectra were recorded on a Bruker Advance DPX 400
(400 MHz). NMR samples were prepared in deuterated solvents (CDCls, CDsCN and DMSO-ds). The samples
were run at room temperature. Coupling constants (J) are given in Hz, whilst chemical shifts are expressed in
parts per million (ppm) using TMS as internal reference. FT-IR spectra were taken on a Bruker TENSOR 27 FT-
IR spectrometer. Column chromatography was performed using silica gel (particle size 0.040-0.063 mm) while
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thin layer chromatography (TLC) analyses were performed on pre-coated silica gel 60 F254 aluminum sheets
(0.063 - 0.2 mm/70 - 230 mesh); compounds were detected by observation under UV light and/or exposure to
iodine vapour. The emission spectra were recorded at room temperature in acetonitrile (CH3CN) using a Perkin
Elmer LS 45 fluorescence spectrometer and a 1-cm quartz cell. Stock solutions of the chemosensors were
prepared by dissolving the samples in acetonitrile and diluting them to the desired concentrations.

Materials

Stock solutions of triazolyl-coumarin derivatives S1 and S2 were prepared by dissolving the respective samples
in 25 mL of acetonitrile to afford stock solutions of 0.001 M. Deionized water was used to prepare solutions of
metal ions to the concentration of 0.01 M which were then diluted further for titration studies. All metal ion
solutions were prepared using nitrate salts. The titration experiments were performed in a 3-mL quartz
cuvette using diluted solutions of compounds S1 and S2. Spectroscopic measurements were performed after
each addition of an aliquot of selected metal ion solution.

Synthesis of 3-azidocoumarin derivative (1)

3-Azidocoumarin derivatives (1) were synthesized according to literature procedures.>

Synthesis of 1-(prop-2-ynyloxy)benzene (2)

A solution of phenol (5.0 g, 53 mmol) and K,CO3 (14.7 g, 106 mmol) in dry acetone (50 mL) was refluxed under
nitrogen atmosphere for 4 hours to afford sodium alkoxide ions. The reaction mixture was cooled to room
temperature and propargyl bromide (6.32 g, 53 mmol) was added dropwise. The resulting mixture was left to
stir at room temperature for 24 hours. The THF was removed under reduced pressure and the residue
dissolved in water and extracted with ethyl acetate (3 x 40ml). The extracts were combined, dried over
anhydrous Na;S04, and the solvent was removed under reduced pressure. The crude product was purified by
column chromatography using hexane: ethyl acetate (80:20) as eluent to afford the pure product as a light-
yellow oil (4.23 g, 60%). *H NMR: (CDCls, 400MHz) &n: 2.56 (s, 1H), 4.73 (s, 2H), 7.05 (m, 3H), 7.36 (t, 2H, J 7.6),
13C NMR (CDCl3, 100.6 MHz) &¢: (75.52, C-1), (78.71, C-2), (55.77, C-3), (157.60, C-4), (114.96, C-5), (129.52, C-
6), (121.62, C-7), IR Vmax (cm™): 3290 (alkyne C-H), 2116 (alkyne C==C), 1212 (C-O-C).

Synthesis of triazolyl coumarin chemosensors S1 and S2

A mixture of coumarin-azide derivatives (1) (0.3 g, 148 mmol (OH); 0.3 g, 138 mmol (OCHs)), 1-(prop-2-
ynyloxy)benzene (2) (0.3 g, 227 mmol), CuSO4.5H,0 (0.01 g, 0.05 mmol), sodium ascorbate (0.02 g, 0.10
mmol) and N,N,N’,N"”,N"-pentamethyldiethylenetriamine (PMDETA) (0.02 g, 0.10 mmol) in THF (100 mL) was
stirred at room temperature for 48 hrs. The solvent was evaporated under vacuum and the residue dissolved
in ethyl acetate (30 mL), washed with water (3x30ml) and dried over anhydrous Na;SOa.. The organic layer was
evaporated under vacuum and crude product purified by recrystallization from DCM (5 mL) and petroleum
ether (40 mL) to give the desired triazolyl coumarin derivatives S1 (0.297 g, 62%) and S2 (0.119 g, 24%).
Compound S1: *H NMR: (CD3Cls, 400MHz) 8x: 3.94 (s,3H); 5.26 (s, 2H); 7.04 (m, 5H); 7.35 (t, 2H, J 7.3); 7.72 (d,
1H, J 8.5); 8.49 (s, 1H); 8.55 (s,1H). 3C NMR (DMSO-ds, 100.6 MHz) &¢: 56.67; 61.11; 101.19; 111.94; 114.02;
115.17; 120.65; 121.39; 125.97; 130.00; 131.10; 136.46; 143.47; 155.03; 156.69; 158.45; 163.91. Compound
$2:'H NMR: (DMSO-ds, 400MHz) &: 5.25 (s, 2H); 6.94 (m, 5H); 7.08 (d, 2H, J 7.8); 7.32 (t, 2H, J 7.32); 7.75 (d,
1H, J 8.2); 8.61 (s, 1H); 8.68 (s, 1H); 10.91 (s, 1H). 3C NMR (DMSO-ds, 100.6 MHz) &c: 61.12; 102.64; 110.79;
114.77; 115.16; 119.75; 121.38; 125.99; 130.00; 131.45; 136.98; 143.41; 155.15; 156.80; 158.45; 162.96.
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