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ABSTRACT: We have synthesized two ligand systems, N(SO,)-
(R,)dpa (L1) and N(SO,)(R,)dpa (L2), where R, = biphenyl and "m 419,,,,,%v @'

R, = azobenzene, which are sulfonamide derivatives of the NNN- Q /@,
donor chelating dipicolylamine. Both L1 and L2 can be used as \ / 3
Fe3* 3) Q

sensors for detecting Fe** and are highly sensitive and selective 5
over a wide range of common cations. Time-dependent density z / \

functional theory (TDDFT) calculations confirmed that the key (j\ \\/‘/‘ (j\ VO’
excitations of L2 and the [Fe(L2)(H,0);]** model complex %
involve —R,-unit-based 7 and 7* charge transfer. L2 demonstrates & ,ij %j'“nm i NS %63 nm ;t%

a relatively high photostability, a fluorescence turn-on mechanism, Z Z TO
and a detection limit of 0.018 #M with 1.00 4M L2 concentration,

whereas L1 has a detection limit of 0.67 yM. Thus, both ligands have the potential to be used as fluorosensors for the detection of
Fe** in aqueous solutions.

\‘:ﬂ'{% i\ﬁ"w

1. INTRODUCTION apply in the field."” Therefore, the development of highly
selective, sensitive, and noninvasive sensors that can be used to
obtain real-time local imaging of Fe’* is an interesting and
useful area in analytical chemistry and bioinorganic chemistry.

Fluorescence sensor technology is considered a promising
area of research for the detection of environmentally and
biologically important cations and anions.'® Some currently
available fluorescent probes for detecting iron include dansyl-
based probes,'” quinoline-based probes,'® rhodamine-based
probes,” benzimidazole-based probes,”® and naphthyl-based
probes.”’ However, these probes have several limitations such
as lack of water solubility and lack of sensitivity and
selectivity.'”'” Another major problem with Fe** probes is
the presence of a quenching mechanism instead of increasing
fluorescence intensity due to the paramagnetic nature of Fe®".
Only a limited number of turn-on fluorescent sensors are
available because of the above-mentioned reason.

In this study, we have developed two dipicolylamine (DPA)-
based ligands into Fe®" fluorosensors. Since DPA is a
symmetric secondary amine that has good reactivity, it can
be derivatized easily into various ligand systems with different
properties.”” Here, two sulfonamide derivatives of dipicolyl-

Iron is the fourth most abundant element in Earth’s crust and
the most abundant transition metal in living systems."” Iron
exhibits important biological functions, such as participation in
electron transfer reactions, gene regulation, binding and
transport of oxygen through hemoglobin and myoglobin, and
regulation of cell growth.”* Thus, iron deficiency may lead to
major health problems. Similarly, the accumulation of higher
concentrations of iron in cells is also problematic and leads to
“iron toxicity” caused by free radical formation. These radicals
attack and damage cellular substances, leading to cell death.’
Furthermore, a high concentration of iron in cells may cause
several diseases such as certain types of cancers, malfunction of
the heart, pancreas, and liver-like organs, etc.”” Thus,
detection of iron in living systems and determination of iron
uptake from dietary supplies are equally important. In addition
to living systems, the determination of iron in environmental
samples is also essential since Fe®* plays a major role in
controlling dissolved concentrations, mobility, and toxicity of
other trace metals in natural waters by coprecipitating with
hydrous iron oxide and hydroxides.”

Several instrumental techniques are available for the
detection of total iron, such as atomic absorption spectrosco-
py,”" inductively coupled plasma mass spectrometry,'’ Received: May 9, 2022
colorimetry,"” and cyclic voltammetry."”” However, some of Accepted: July 18, 2022
these techniques have several drawbacks such as the inability to Published: August 1, 2022
determine the redox states of iron, requirement of complicated
pretreatment procedures and sophisticated instrumentation,"*
lack of selectivity, destruction of the sample, and inability to
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amine ligands with two different R groups, N(SO,)(R,)dpa
(L1) and N(SO,)(R,)dpa (L2), (Figure 1), where R,
O:S‘:O

H
| X IL 7 | R(SO,)Cl | ~ N 7 |
N Nau N Nau
R1 = 4-biphenyl,
A . C\
R2 = 4-(dimethlamino)azobenzyl-4', /N N\
\ < >
N

Figure 1. Synthetic routes for the ligand systems; N(SO,)(R;)dpa
(L1) and N(SO,)(R,)dpa (L2).

biphenyl and R, = azobenzyl, were developed into
fluorophores that can detect Fe®" ions with high sensitivity
and selectivity. The L1 ligand was designed by combining the
sulfonyl chloride containing biphenyl as the R group with the
hydrophobic dipicolylamine and characterization was carried
out. The L2 ligand was synthesized using a similar procedure
reported in a previous study.”’ The ground-state molecular
structures were calculated using density functional theory
(DFT). Time-dependent DFT calculations gave some insights
into the excited states.

2. MATERIALS AND METHODS

2.1. Chemicals, Reagents, and Apparatus. All the
chemicals used for the synthesis were obtained from Sigma-
Aldrich. Chemicals used in fluorescence analysis were of
analytical grade and used without further purification. Chloride
solutions of K*, Na¥, Ca®*, Mg*", Ba®", Fe**, Fe**, Cd**, Pb*",
Hg**, Cu*, Co*, Zn**, and Ni** were prepared in double-
distilled water.

The '"H NMR spectra were recorded in DMSO-dg on a
Bruker 400 MHz spectrometer. Peak positions are relative to
tetramethylsilane (TMS) as a reference. All NMR data were
processed with MestReNova software. Fluorescence studies

were carried out using a fluorescence spectrometer (Lumina,
Thermo Scientific). The UV—visible analysis was performed
with a double-beam scanning spectrophotometer (UVD-2960,
Labomed).

2.2. Synthesis and Characterization of the Ligands.
2.2.1. N(SO,)(bip)dpa Ligand (L1). A solution of biphenyl-4-
sulfonyl chloride (5 mmol) in 25 mL of dioxane was added
dropwise over a period of 2 h to a solution of N(H)dpa (10
mmol) in 100 mL of dioxane at 20 °C. The reaction mixture
was stirred at room temperature for 24 h and filtered to
remove any precipitate, and thereafter, dioxane was completely
removed by rotary evaporation. Weakly acidic water (30 mL,
pH ~5) was added to the resulting compound; the product
was then extracted into CH,Cl, (2 X 25 mL), and the CH,Cl,
extracts were combined. The general procedure described
above yielded brown-colored, needle-like crystals (1.997 g,
96%). Anal. Calcd for C,,H,;N;SO, (%): C, 68.63; H, 05.01;
N, 10.44; S, 7.97. Found: C, 67.76; H, 05.21; N, 10.16; S, 7.68.
NMR signals (ppm) in DMSO-dg: 8.37 (d, J = 4.80, 2H, H6/
H6'), 7.87 (d, ] = 8.64, 2H, Ha/Ha'), 7.82 (d, J = 8.68, 2H,
Hb/Hb'), 7.73 (d, ] = 7.04, 2H, Hc/Hc'), 7.67 (t, ] = 7.68,
2H, H4/H4'), 7.43—7.55 (m, 3H, Hd/Hd' and He), 7.29 (d, J
=7.80, 2H, H3/H3’), 7.20 (t, J = 6.20, 2H, H5/H5'), 4.59 (s,
2CH,). The '"H NMR spectrum of L1 is shown in Figure S1.
L2 was synthesized using azobenzyl-4-sulfonyl chloride, and
'"H NMR data and elemental analysis data matched with the
previously reported data.*?

2.3. Fluorescence Analysis. The solubility of the ligands
in methanol, acetonitrile, and dimethylsulfoxide (DMSO) was
assessed to find a suitable solvent. The stock solutions of both
ligands (0.10 mM) were prepared in 2% methanol containing
10.00 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid) buffer. The fluorescence spectral range of L1 was
observed from 290 to 360 nm with 307 nm excitation
wavelength, while for L2, the spectral range was 420—500 nm.
Both fluorescence excitation and emission spectra of the free
ligands were recorded. In each step, the necessary amounts of
cation stock solutions and the ligand stock solutions were
mixed in a 10.00 mL volumetric flask and diluted up to the
mark. All the tests were carried out at 7.4 pH using HEPES
buffer.
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Figure 2. Excitation and emission spectra of (a) N(SO,)(bip)dpa and (b) N(SO,)(azobenz)dpa ligands in 0.2% methanol solution with 10.00 mM

HEPES buffer.
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2.4. Computational Studies. Ground-state structure
optimizations were carried out using density functional theory
(DFT), as implemented in the Gaussianl6 program (version
RevC.01).”* The PBE1PBE functional,* including Grimme’s
dispersion and the Becke—Johnson damping, was employed.*®
The SDD*”*® basis set and the associated effective core
potential were used for Fe, and the 6-31G(d)** ™ basis sets
were applied for the other atoms. The polarizable continuum
model (PCM)**™* was used as the implicit solvent model,
where methanol (¢ = 32.613) was the solvent. Vibrational
frequency calculations confirmed that the optimized structures
were local minima (i.e., no imaginary frequency). Vertical
excitation energies were calculated using time-dependent
density functional theory (TDDFT). The wB97X-D functional,
the basis sets described above, and the PCM were employed
for TDDFT calculations.

3. RESULTS AND DISCUSSION

3.1. Selecting Suitable Experimental Conditions.
Initially, 2% methanol was selected as the suitable solvent to
prepare stock solutions of ligands because of the high solubility
of the ligands and relatively low toxicity of methanol. The
actual methanol concentration in working solutions was always
below 0.02%, and therefore, the effect of the variation of
methanol concentration can be neglected. The fluorescence
excitation and emission spectra of L1 and L2 are shown in
Figure 2. L2 has a higher Stokes shift and fluorescence
emission in the visible range. Peak intensities for the
fluorescence emissions of L1 and L2 were 314 and 463 nm,
respectively. Out of L1 and L2, L2 holds more promise for
biological species detection in cell environments and in situ
imaging since its emission is in the visible range.

The photostability of L1 and L2 was determined using
fluorescence measurements recorded at 2 min intervals for 2 h
by irradiating the samples under a 150 W xenon light source.
According to the photostability graphs, L2 showed a constant
fluorescence intensity, while the fluorescent emission of L1
decreased gradually with consecutive irradiations. The photo-
stability data of L1 and L2 are shown in Figure S2. The
experimental data clearly state that L2 has good photostability
and is resistant to photobleaching.

3.2. Study of the Fluorescence Intensity of Metal—
Ligand Complexes. The fluorescence intensities of ligand—
metal complexes were studied to find the selectivity of the
ligands to metal ions. According to the experimental data
shown in Figure 3, the fluorescence intensity of N(SO,)(bip)-
dpa (L1) was quenched selectively by the addition of Fe** and
Zn* ions compared to other metal ions investigated. A
significant decrease in the fluorescence intensity of L1 was
observed with the addition of Fe** compared with Zn ** ions.
Similar behavior was reported with the N(SO,)(dansyl)dpa
ligand for Fe** ions."”

Further investigations were carried out to determine the
behavior of L1 with different Fe** concentrations, and the
fluorescence data are given in Figure S3. It was observed that
higher Fe®* concentrations (>70.0 uM) show fluorescence
quenching as expected; however, with decreasing ferric
concentrations, the fluorescence intensity suddenly started to
increase at around 70.0 uM Fe®* concentration when the
ligand concentration was 10.00 yM according to Figure S3a.
Similar behavior was observed at ferric concentrations less than
10.0 uM with 1.00 uM ligand concentration according to
Figure S3b. This is the first observation of such behavior for
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Figure 3. Fluorescence intensity change with different metals (100.00
uM) of L1 (5.00 pM) in 10 mM HEPES buffer.

these types of ligands. A possible reason could be that at lower
Fe* concentrations, there is a termination of the photoinduced
electron transfer (PET) mechanism, which leads to the
fluorescence increase, and at higher Fe’* concentrations, the
electron transfer mechanism takes place from the ligand to the
metal.*°

The fluorescence emission of the N(SO,)(R,)dpa ligand
with different metal ions is shown in Figure 4a at pH 7.4. The
fluorescence intensity values of the ligand at 463 nm with
different metal concentrations are represented in Figure 4b.
The highest fluorescence intensity variation was observed for
Fe*" ions as for L2. The fluorescent intensity of L2 increased
with a gradual increase of the Fe®" concentration, which is
contrary to L1. This behavior remained unchanged when the
Fe>* concentration increased to 60.0 uM. The increase in
fluorescence is significant since most available Fe*'-detecting
fluorescence probes have a quenching mechanism.”’

3.3. Calibration Curve for the Fluorescence Response
to Different Fe3* Concentrations. The relationship
between the fluorescence intensity of the Fe**—L1 complex
and the concentration of Fe*" in the range of 1.0—8.0 uM was
studied. The fluorescence intensity of the complex increased
linearly with the increasing Fe3* concentrations with R = 0.998,
as shown in Figure Sa. The good linearity of the data
demonstrated that the fluorescence of the Fe’*—L1 complex
could be used for the quantitative determination of Fe**. The
detection limit of the quantitative method was determined
with 10 blank samples containing 1.00 M biphenyl ligand and
10.00 mM HEPES buffer at pH = 7.4. The mean intensity and
the standard deviation of the blank samples were 4984 and
194, respectively, and the calculated detection limit was 0.67
uM. The L1 system can be used to determine the Fe*
concentration of samples in the range of 1.0—8.0 yuM with a
ligand concentration of 1.00 M.

To find the relationship between L2 and Fe®*, a calibration
plot was constructed for Fe** concentrations in the range of
0.5—8 uM with a ligand concentration of 5.00 pM. The
standard deviation of 10 blank samples was calculated as 175 at
463 nm. The calibration curve has R = 0.988 and 0.89 uM
detection limit (Figure Sb). The calibration curve constructed
for the 1.00 yuM L2 concentration demonstrated 0.018 uM
detection limit with 41.72 standard deviation (see Figure S4).
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Figure 4. Fluorescence intensity change with (a) different metal ion solutions (100.00 #M) and (b) different Fe** concentrations in L2 (5.00 uM)
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Table 1. Key Structural Parameters of the X-Ray Structures of L2 and Optimized Structures of L2 and the [Fe(L2)(H,0),]*

Complex
L2 [Fe(L2)(H,0);]**
experimental calculated S = 1/2 calculated S = 3/2 calculated S = 5/2 calculated
S1-01 1.432 1.46 1.46 1.46 1.46
S1-02 1.435 1.46 1.46 1.46 1.46
S1-N2 1.62 1.65 1.71 1.72 1.72
S1-C13 1.765 1.77 1.76 1.76 1.76
Ni1-C1 1.347 1.33 1.34 1.34 1.34
N1-CS§ 1.345 1.34 1.34 1.34 1.34
N2—-C6 1.469 1.47 148 148 1.48
N2-C7 1.461 1.46 1.48 1.48 1.48
N3-C12 1.345 1.34 1.34 1.34 1.34
N3-C8 1.35 1.39 1.34 1.34 1.34
Fel—N1 2.02 2.16 2.16
Fel—N2 2.40 2.39 2.39
Fel—N3 2.02 2.17 2.17
01-S81-02 119.19 119.7 120.6 120.5 120.5
0O1-S1-N2 108.12 107.4 104.8 105.0 105.0
02-S1-N2 106.19 106.4 104.8 105.0 105.0
C6—N2—-C7 118.1 117.8 114.3 1134 1134
C6—N2-S1 118.9 118.3 113.2 111.9 112.0
C7-N2-S§1 120.6 120.7 113.0 111.8 111.8
N1-C5-Cé6 116.2 113.8 118.1 117.6 117.6
C1-N1-C§ 116.8 117.9 119.3 119.1 119.1
C12—N3-C8 116.56 117.7 119.3 119.1 119.1
N1-Fel—-N3 85.8 81.2 73.8
N3-Fel-CI12 233 21.5 39.7
NI1-Fel-Cl1 23.4 21.6 21.6

3.4. Study of Metal Interferences. It is of utmost
importance to study the possible interferences for an analytical
method to ensure its accuracy. The lack of high selectivity
toward Fe®* ions under experimental consideration could lead
to erroneous results. To assess the possible metal-ion
interferences, 5.00 M L1 and L2 solutions were prepared
separately with 10.00 uM Fe** concentration, and the probable
interfering metals at 100.00 yM were added. The relative
fluorescence intensities in the presence of different metal ions
(Zn*, Fe**, Cd*', Ca®", Cu**, Pb**, Hg’*, Mg**, K", and Na*)
are shown in Figure 6. For L1, the highest interferences are
from K*, Pb**, Ni**, and Cd** cations. However, Ni**, Cd**,
and Pb** concentrations are significantly low in biological
samples in comparison with iron species.’® Thus, the
interferences from these can be neglected when the probe is
used for biological samples. The interference from K' is
relatively high. Therefore, to use L1 as a Fe’'-detecting
fluorophore, a prior understanding of the presence of K' is
essential. As in L1, the highest interference for L2 was from
Fe®" ions. The observation is quite obvious due to the presence
of an equilibrium between iron +2 and +3 oxidation states.
However, the fluorescence intensity changes with each
considered cation can be taken as a negligible value. Hence,
the ligand system with azobenzene as the R group can be used
as a suitable fluorophore for Fe** determination in complex
metal ion solutions.

3.5. Determination of pH Effects on the Metal—
Ligand Fluorescence Intensities. Since pH can be a key
factor that affects the stability of the metal—ligand complex, the
fluorescence spectra were recorded for the L1—Fe’* system at
different pH levels (Figure SS5a). The results indicate that
between pH 5 and 10, there is no considerable deviation of the

peak height compared to that at pH 7.4. However, small shifts
in peaks can be observed in other pH levels in addition to
physiological pH. Since the pH levels of these systems were
adjusted with the addition of H' ions and OH™ ions, the
absence of HEPES buffer can be the reason for the peak shifts.
Since there is a minimum effect on the fluorescence intensity
by pH 5-10, the stability of the metal—ligand complex can be
considered to be high. In addition, the fluorescence intensity
decreases at only extreme pH levels, and these conditions are
rarely observed in physiological and environmental samples.
Similar results were observed in the L2—Fe®* system (Figure
Ssb).

3.6. Observation Under an UV Lamp. Since the
N(SO,)(azobenz)dpa ligand gives intense fluorescence
emission in the visible region with Fe’*, the complex was
observed under an UV lamp. The ligand concentration was
5.00 uM, and four solutions were prepared with the cation
concentrations of 0.00, 0.50, 1.00, and 5.00 uM. The colors
observed by the naked eyes are equivalent to the UV—Vis data
and the fluorescence data for the complex. Blue-green,
fluorescent light was observed with increasing color intensity
with the metal concentration under UV light (Figure S6). The
blue-green color fluorescence is due to the emission that is
around 460 nm, resulting from the absorption near 400 nm.
With the emission of these colors, the complex can be utilized
for observation under a simple fluorescent microscope.

3.7. UV-Visible Absorption Changes of the Ligands
with the Addition of Fe3*. For further investigation of the
behavior of N(SO,)(R;)dpa with ferric ions, UV—Visible
spectra of the ligand—Fe** systems were recorded, and the data
are given in Figure S7a. For 10.00 yM ligand in 10 mM
HEPES buffer and 0.02% (v/v) methanol solution, it was
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observed that there are two major peaks at 204 and 267 nm.
These two peaks can be assigned to the intraligand 7—z* and
n—nx* transitions, respectively, with the availability of
heterocyclic, conjugate, aromatic structures.”” According to a
previous study, dipicolylamine in hexane has three significant
peaks even if L1 shows only two major peaks.*’ The reason can
be the presence of a polar solvent (0.02% (v/v) methanol)
instead of nonpolar hexane. A high increase in absorbance in
the ligand—ferric system corresponds to a significant
fluorescence change.

The UV—Vis absorbance of L2 and the Fe**—ligand system
UV—Vis absorption spectra were recorded, and data are given
in Figure S7b. The ligand concentration of both samples was
0.50 uM, and one sample had 1.00 uM ferric ion
concentration. Three major absorption peaks were observed
for the N(SO,)(azobenz)dpa ligand system at 199, 260, and
418 nm wavelengths. As in L1, the reason for the first two
peaks can be 7—7* transitions in aromatic pyridyl rings in the
structure. With the addition of Fe**, all three absorption peaks
were increased, indicating the availability of a higher number of
electron transitions.

3.8. Observations with the Addition of Ethylenedia-
minetetraacetic Acid (EDTA) into the Ligand—Metal
Systems. To obtain a better understanding of metal—ligand
system behaviors, a strong chelating agent, EDTA, was added,
and changes in the fluorescent signal were recorded, and the
data are shown in Figure S8. As per Figure S8a, with the
addition of EDTA, the quenched fluorescence intensity of L1
can be recovered up to a certain extent. Likewise, L2’s
increased fluorescence intensity with ferric concentration
decreased when EDTA was added, as shown in Figure S8b.
Since EDTA is an effective chelating agent for Fe®* ions, it
forms a stable complex. With these results, it is clear that the
ligands show reversible fluorescence changes due to Fe®" jons,
and the ligand can be recovered from the Fe**—ligand system.

Interestingly, the above-mentioned results can be used to
explain the possible quenching mechanism for the L1 system.
According to Yang et al,,'” similar behavior was revealed by a
similar type of ligand, which has dansyl as the R group
[N(SO,)(dansyl)dpa], illustrating two major reasons for
fluorescence quenching. These two possible mechanisms are
fluorescence resonance energy transfer (FRET) and electron
transfer between DPA (strong nucleophile) and Fe®* ions,
which have a strong electron accepting ability. They have used
two ligand systems: one with DPA and the other without DPA.
Even though both ligand systems have shown a fluorescence
decrease with ferric ions, only the DPA system has had
fluorescence recovery with EDTA. Furthermore, the fluo-
rescence signal has not been recovered to its initial full
intensity. With these results, Yang et al. suggested that the
Fe**—ligand system has both mechanisms in action.'”
Expanding the above-mentioned results into our study, since
L1 displays a similar type of observations, there is a possibility
of the presence of both FRET and electron transfer
mechanisms here as well.

3.9. Computational Studies. Key structural parameters of
the optimized structure of L2 are in good agreement with the
X-ray structure (Table 1). Despite a number of attempts, we
were unable to obtain single crystals of a Fe complex with L2.
Thus, we have created two model complexes, [Fe(L2)-
(H,0),;1%" and [Fe(L2)]**. In the [Fe(L2)(H,0);]** model
system, L2 occupies three coordination sites and three water
molecules occupy three coordination sites, making a Fe®"

complex with an approximate octahedral (O,) symmetry. For
a formal Fe** complex in an O}, symmetry, three spin states, S
=1/2, 3/2, and 5/2, are possible. Key structural parameters of
the optimized structures of three spin states are summarized in
Table 1.

The ground state of the complex is S = 3/2, where the
computed spin densities, p(Fe) of 3.84 and p(—R2) of —0.98,
indicated that four unpaired electrons of Fe are antiferro-
magnetically coupled to the unpaired electron on the —R2
unit, as shown in Figure 7. Therefore, the ground state of the

Figure 7. (a) Optimized structure of the § = 3/2 state of the
[Fe(L2)(H,0),]** complex. (b) Total spin density distribution of the
S = 3/2 state of the optimized [Fe(L2)(H,0);]*" complex.

complex shows a Fe(IV)-R2-radical character. The computed
(S) of the S = 3/2 optimized structure of 4.82 is closer to the
ideal value (4.75).

The optimized structure of the S = 5/2 state is only 0.4 kcal/
mol higher than the ground state. Computed spin densities of
p(Fe) of 3.84 and p(—R2) of 0.99 indicate the Fe(IV)(R2-
radical) nature, where the four unpaired electrons of Fe are
ferromagnetically coupled to the unpaired electron on the —R2
unit. The computed (S*) value of S = 5/2 of 8.81 is similar to
the ideal value (8.75). The optimized structure of the S = 1/2
state is 23.1 kcal/mol higher than the ground state, where the
computed spin density, p(Fe) of 2.04 and p(—R2) of —0.57,
indicates the Fe(IV)(R2-radical) nature. Based on the DFT
calculations, we concluded that the ground state of the
[Fe(L2)(H,0),]** complex is S = 3/2 and has the Fe(IV)(R2-
radical) form. A qualitatively similar electronic structure was
found for [Fe(L2)]**, where the S = 3/2 ground state
optimized structure has a distorted O, shape, and the
computed spin densities [p(Fe) of 3.84 and p(—R2) of
—0.93] indicated the Fe(IV)(R2-radical) character. The S = 5/
2 state of the [Fe(L2)]** complex is only 0.01 kcal/mol above
the ground state. The computed spin densities of the S = 5/2
states, p(Fe) of 3.84 and p(—R2) of 0.98, also indicated the
Fe(IV)(R2-radical) character

Kohn—Sham frontier orbitals of the ground-state-optimized
structures of L2 and the [Fe(L2)(H,0),]** complex are shown
in Figure 8. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of L2
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Figure 8. Kohn—Sham frontier orbitals of the ground-state-optimized structures of (a) L2 and (b) [Fe(L2)(H,0),]*".

are delocalized on the —R2 unit and showed 7z and 7*
characters, respectively. In the case of the [Fe(L2)(H,0);]*"
complex, the HOMO and LUMO in the spin-a manifold are
—R2 unit-based orbitals, while the HOMO and LUMO of the
spin-f manifold are Fe- and —R2 unit-based, respectively. The
computed HOMO—LUMO gap of L1 of 5.09 eV is relatively
large compared to that of the [Fe(L2)(H,0);]*" complex
(spin-a manifold: 2.64 eV and spin-f manifold: 3.70 eV).

Starting from the optimized ground-state structures of L2
and [Fe(L2)(H,0),]** complex, vertical excitations were
calculated. The key excitation of L2 occurred at 457 nm (f
= 1.22), which is qualitatively in agreement with the
experimental excitation, 419 nm. According to the computed
natural transition orbitals (NTOs), the key excitation of L2
involved —R2 unit-based 7 and z* charge transfer (see the
Supporting Information for the computed NTOs). The key
excitation of the [Fe(L2)(H,0),]** complex also showed —R2
unit-based 7 and 7z* charge transfer (i.e., ligand-centered
charge transfer,'LC) excitation at 453 nm (f = 1.09) (see the
Supporting Information for the computed NTOs). Also, a
relatively weak Fe-dpa to —R2 unit-z* charge transfer (i.e.,
metal—ligand-to-ligand charge transfer, 'MLLCT) occurred at
340 nm (f = 0.14). Thus, 'LC and "MLLCT excited states of
[Fe(L2)(H,0),]** would be important for its photophysical
properties.

4. CONCLUSIONS

Two novel compounds, based on sulfonamide derivatives of
the dipicolylamine moiety, with two different R groups, were
developed as fluorescent probes for the detection of Fe®'.
N(SO,)(bip)dpa (L1) had a low photostability and small
Stokes shift. However, the ligand exhibits a fluorescence
increasing and decreasing mechanism selectively with the Fe**
concentration. The calibration curve for the fluorescence
increasing region had a lower detection limit of 0.67 uM,
implying that the sensitivity of the probe is quite high at pH
7.4. The Fe**—L1 system had minimum interferences from
other common cations and pH. Even though the ligand has
high sensitivity and moderate selectivity toward the +3
oxidation state of iron, its applicability in biological systems

28348

is low due to the UV region emission spectrum. On the other
hand, N(SO,)(azobenz)dpa (L2) displays an excellent photo-
stability, larger Stokes shift, and the fluorescence is selective to
Fe’* jons. The fluorescence emission of L2 was observed
around 460 nm, and observations under the UV lamp
indicated that the fluorescent probe has the capability of
visual detection of Fe** ions. The limit of detection of the
probe was found to be 0.018 for 1.00 uM L2 concentration
and had minimum interferences from other metal cations,
implying that both the sensitivity and selectivity of the probe
are very high at pH 7.4.

The [Fe(L2)(H,0);]*" model complex shows the Fe(IV)-
(R2-radical) nature in its ground state, S = 3/2. The key
excitation of L2 and [Fe(L2)(H,0);]** involves —R2 unit-
based 7 and 7* charge transfer.

It can be concluded that the N(SO,)(azobenz)dpa ligand
has a much larger suitability for application as a biological Fe**
detection chemosensor, and both ligands have the potential to
be utilized as sensors in biological, environmental, and
industrial samples with a low iron content. Both ligands form
a reversible system with Fe®*, and the ligands can be recovered
with EDTA.
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