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DIPODAL MOLECULAR DEVICE AS FLUORESCENT SENSOR FOR Na(I) DETECTION
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A novel dipodal fluorescent sensor, N',N°>-bis(2-(2,3,4-trihydroxybenzylidene)amino)ethylmalonamide
(MEP), suitable for the practical measurement of sodium concentration has been successfully developed and
characterized by several spectroscopic techniques. The design of the dipodal scaffold includes a central unit,
spacer, and fluorophore moiety as structural key features. The fluorescence sensor MEP adopts a photoin-
duced electron transfer mechanism and shows excellent selectivity for Na(l) among other biologically and
environmentally important metal ions, viz., Na(l), K(I), Al(1lI), Cr(ll), Fe(lll), Fe(ll), Co(Il), Ni(ll), Cu(Il),
and Zn(1l) in DMSO by demonstrating a remarkable enhancement in the fluorescence intensity from 345.5 to
705.5 a.u. at Amax = 532.9 nm. The 1:2 binding stoichiometry between the ligand and Na(l) ion was con-
firmed by Stern—Volmer and Hill Plot. The association constant determined for the ligand with the sodium
metal ion is found to be very high, 7.7x10° M=, which may be attributed to the trapping of sodium ions into
the pseudo cavities of the ligand created by interaction of the ligand and sodium ions. The studies explore
potential applications of the ligand for Na(l) ions detection in environmental and industrial applications.
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Paspaboman  ounodanvhuiii - gyopecyenmupiii  damuux  N',N>-6uc(2-(2,3,4-mpueudpoxcubensuu-
Oer)amuno)smuimanonamud (MEP), nooxoosawuii 01 npaxmuieckozo usmepeHuss KOHYeHmpayuu Hampus,
U 0Xapakxmepuz08an HeCKOAbKUMU CReKMpOCKonuyeckumu memooamu. Koncmpykyus ounooanvroeo kapxa-
ca exniouaem 6 cebsi YeHmpanrbHyl0 eouHuyy, cneicep u QryopopopHyIo COCMAsIAIOWYI0 8 Kauecmse
CMPYKMYpPHBIX KIlo4esbix ocobennocmet. [Jamuux guyopecyenyuu MEP ucnonv3yem mexanusm pomounoy-
YUPOBAHHO20 NepeHOCca deKMPOHO8 U NOKA3bI8Aem NpesocxooHyio cerekmughocms no Na(l) cpeou opyaux
UOHO8 OUONO2UYECKU U IKOTIO2UNECKU BadCHbIX Memannos, a umenno Na(l), K(I), Al(1ll), Cr(ll), Fe(lll),
Fe(ll), Co(Il), Ni(ll), Cu(ll) u Zn(1l) ¢ IMCO, demorncmpupys 3amemrnoe ygeauyeHue UHMeHCUSHOCuU Qy-
opecyenyuu ¢ 345.5 0o 705.5 omu. 0. npu Amax = 532.9 um. Cmexuomempus cesasvieanus 1:2 meaicoy nu-
2anoom u uorom Na(l) noomeepocoena zasucumocmamu [llmepna-@onemepa u Xuina. Koncmanma acco-
yuayuu O 12anoa ¢ UOHOM MEManIuiecko2o Hampus oueHs euicokas — 7.7x10% M2, umo moxcem Gvimo
CBA3AHO C 3AX6AMOM UOHO8 HAMPUSL 8 NCEBOONONOCU ULAHOA, COZ0AHHBIMU B3AUMOOEUCMEUEeM TUaHOa U
uonoe nampus. Mccrneoosanvl nomenyuaibHvle npumeHenus aueanoa 01s oonapyoicenus uornog Na(l) 6 sxo-
JI02UHeCKUX U NPOMBIUACHHBIX NPULONCEHUSIX.

Knrouegvle cnosa: ounooanvuviii xelamop, nupo2aiion, (Gayopecyenyus, GomouHoyyuposanHulii nepe-
HOC 971eKMPOHO8, CEHCOp.
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Introduction. For physiological relevance, protons and metal ions such as sodium, potassium, calcium,
and iron are the most popular targets for the development of new synthetic sensors. In the past decade, it is
proved that sensors showed significant activity in the detection of biologically relevant metal ions and are
well documented [1-3]. Many direct sensing schemes have been labeled for molecules in colorimetric and
fluorescent chemosensors whose optical properties change upon binding with the cations [4-6]. These sen-
sors need to show high selectivity for the metal ions over other interfering metal ions and to have a high as-
sociation constant to enable metal chelation in the desired range. Sodium plays an important role in many
physiological and pathological processes [7-10] and is known to be an essential alkali metal that is protuber-
ant in extracellular fluids that controls the water level and electrolyte balance in the human body [11]. Any
abnormality in its concentration may cause the risk of heart strokes or failure, diabetes, hyponatremia, and
also kidney complications [12]. A large difference in the sodium concentration exists in between extracellu-
lar and intracellular compartments in animal cells. The range of concentration is 5-30 mM in intracellular
sodium ions, and 100 mM in extracellular sodium ions, and these concentrations are maintained by their in-
flux and efflux [13]. Also, sodium plays a major role in metallurgy; for example, excess of sodium, if pre-
sent, can be precipitated out from the processing solution as sodium oxalates and considerably reduce the
effectiveness of the overall processing operations in the Bayer process. Hence, it is very important to keep
the concentration of sodium levels below some critical value to avoid such problems in the Bayer process.
Further, leachable/extractable sodium oxide is a common contaminant that leaches out from medication
items of glass and plastic materials. Therefore, the development of new sensors and devices for determining
concentrations of ions is an important area of research [14, 15]. Keeping view of the above, a dipodal mole-
cule N!',N3-bis(2-(2,3,4-trihydroxybenzylidene)amino)ethyl malonamide MEP (Scheme 1) was developed
that carries two pyrogallol binding units joined to a malonate platform by an amide linkage through an eth-
ylenediamine spacer. The presence of the pyrogallol unit in each arm of the dipodal ligand enables the possi-
bility of detecting any metal-sensor interaction by changes in the emission spectrum.
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Scheme 1. Synthesis of dipodal ligand MEP.

Experimental. Sigma Aldrich chemicals were used for the synthesis without further purification. Etha-
nol, dichloromethane, diethyl ether, and DMSO were purchased from Loba Chemie, and the metal salts from
Merck. The solutions were prepared in DMSO solvent. All the spectrophotometric and fluorescence studies
were carried out in DMSO. Spectrophotometric studies were conducted on Evolution 201 Thermoscientific
UV-Vis spectrophotometer, and the fluorescence spectra were recorded on Cary Eclipse fluorescence spec-
trophotometer with excitation and emission slit width of 5 mm and 10 mm, respectively, in a 10-mm quartz
cuvettes.
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Synthesis of MEn (intermediate compound). The intermediate product MEn was prepared from 10 g
(0.0624 moles) of diethyl malonate by reacting it with a small excess of ethylenediamine (9.38 g,
0.156 moles). The mixture was stirred for 7 days at room temperature, which produced an off white precipi-
tate of the condensed product. The excess of amine was removed by a rota-evaporator under reduced pres-
sure, and the precipitate was washed several times with cold dry methanol, filtered, and dried in vacuum to
produce MEn as a white powder with a yield of 76%. The compound is highly soluble in water. The decom-
position temperature is 201-205°C. IR spectrum (KBr): v(_c-0)=1668 cm™!, v nmy = 3290.56 cm ™, and bend-
ing (-NH) = 1546 cm ™.

Synthesis of MEP. To a 10 mL solution of MEn (0.5 g, 0.00266 moles) in absolute ethanol, 2,3,4-tri-
hydroxybenzaldehyde (1.02349 g, 0.00664 moles) in 5 mL of ethanol was added dropwise with magnetic
stirring in N, atmosphere at 45°C, and stirring was continued for 2 h. A bright yellow ppt. was obtained,
which was filtered off, washed with cold ether, and dried in vacuum. The yield of the compound is 91.2%
and the melting point is 178°C. 'H NMR (DMSO-ds, 400 MHz): § 3.6 (t, 2H, OC-CH,-CO), 3.1 (m, 4H,
HN-CH;-CHb»), 3.2 (m, 4H, HN-CH»-CH3), 3.4-3.5 (broad, s, 6H, Ar-OH), 6.5-8.1 (m, 4H, ArH), 8.2 (s, 2H,
CH=N), 9.7 (t, 2H, OC-NH-CH,). *C NMR (DMSO-ds, 400 MHz): § 38.4 (HN-CH,-CH,), 54.42 (OC-
CH»-CO), 43.2 (CH»-CH»-NH), 106.7-122.9 (Ar), 132.2-156.54 (ArC-OH), 165.91 (C=N), 167 (OC-CHa-
CO). Mass spectrum (ESI-MS™): C23H2sN4Og: 460.44 (calc.), 463 (found, M+3).

Fluorescence studies. The photophysical properties of the ligand MEP were investigated in DMSO me-
dium at 10 M concentration at room temperature. The electronic spectrum shows bands at Amax = 310 and
410 nm. The emission spectrum of the ligand solution was recorded with an excitation at 410 nm with slit
widths of 5 and 10 mm for excitation and emission, respectively, in a 10 mm quartz cell. The selectivity of
ligand towards Na(I) metal ion out of a wide range of biologically and environmentally relevant metal ions
was evaluated from the changes in the fluorescence intensity of the ligand upon addition of the metal ions.
The association constant of the ligand with the metal ion was determined by B-H plot. The ligand and metal
ions solutions in DMSO at concentration of 10 and 10~ M, respectively, were used for the fluorimetric
titration. The solutions were mixed thoroughly, and the spectra were recorded at the same excitation value
(410 nm).

Stoichiometry determination for the ligand-metal complex. To determine the ligand and metal stoichi-
ometry in the complex, the Stern-Volmer plot and Hill plot methods were used. The solutions were prepared
in DMSO at 25°C, with the concentration of the ligand fixed at 50 uM; the concentration of Na(I) added to
the ligand was varied from 0 to 300 uM. Fluorescence spectra were recorded at Acxc = 410 nm, and the fluo-
rescence intensity at Amax = 532.9 nm was used for the calculations by using the Stern-Volmer equation de-
rived for different stoichiometries of complexes:

Io/[=1+ st{Na(I)}n,

where Iy is the fluorescence intensity of the ligand MEP, [ is the fluorescence intensity in the presence
of Na(]), n is stoichiometry of the complex, and Ksy is the Stern-Volmer constant.

Fluorescence lifetime measurements. The fluorescence intensity decay curves of the ligand only and in
the presence of Na(I) metal ions were obtained by using Delta Flex TCSPC Lifetime Fluorimeter (Horiba) in
DMSO medium at 10 M concentration. The fluorescence emission was registered at 532.9 nm upon excita-
tion at 410 nm using a laser source with a pulse duration of =25 ps. The decay curves obtained were ana-
lyzed by the EZ Time program.

Potentiometric measurements. Protonation constants of the ligand and formation constants of its com-
plex with Na(I) were determined by the potentiometric method. The titrations were carried out in a double
wall glass jacketed titration flask at a constant temperature at (25 + 1)°C. An Orion star-A111 Thermo Scien-
tific pH meter with Ross Ultra pH/ATC glass electrode was used for the pH measurement. The electrode was
calibrated by a classical method to read the pH. The ligand and Na(l) ions at a concentration 1x10% M were
titrated against a standardized 0.095 M KOH solution to determine the formation constants. The solution was
acidified to a pH of 2.5 using standardized 0.1 M HCI (1 mL) and the ionic strength was maintained with
0.1 M KClI solution. The data obtained from the titration were refined by the nonlinear least squares refine-
ment program Hyperquad [16] to calculate the protonation and formation constants.

Spectrophotometric measurements. Absorption spectra were recorded on a Thermo Scientific Evolution
201 UV-Vis spectrophotometer using 1 cm path length at room temperature. The spectrophotometric titra-
tions of the ligand and its complexation with sodium ions were carried out under similar conditions as for
potentiometric titrations at a concentration 1x10~* M in DMSO for both ligand and metal ions. After recor-
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ding the spectra of the solution at a particular pH, the aliquot was transferred back to the titration flask care-
fully each time so that the volume loss is negligible. The protonation of the ligand and formation constants
of the sodium metal complex were evaluated by using a nonlinear least square fitting program using the
computer software HYPSPEC [17].

Result and discussion. Synthesis and structural characterization of MEP. To examine the effect of
flexibility on the binding efficiencies of the ligand, a suitable spacer was incorporated in the dipodal struc-
tural framework, and the ligand was designed under three domains: central unit (diethyl malonate), spacer
(ethylenediamine), and binding units (pyrogallol). For this, we attached the binding unit to the central unit by
the spacers through an amide (-NH-CO-) and imine (-NH=C-) linkage. The synthesis of dipodal MEP fol-
lows a two-steps reaction (nucleophilic substitution and condensation), as shown in Scheme 1. In the first
step of the reaction, diethyl malonate and ethylenediamine were reacted to give a water-soluble white inter-
mediate product MEn through a nucleophilic substitution reaction. The intermediate product was found to be
moisture sensitive on exposure to air. The peaks in the IR spectrum validated the insertion of the spacer
group (ethylene) through an amide linkage. In the second step, two binding units (pyrogallol) were incorpo-
rated into the intermediate via a condensation reaction. For this, the reaction between the intermediate com-
pound (MEn) and 2,3,4-trihydroxybenzaldehyde was carried out at room temperature in dry ethanol to yield
91.2% of Schiff base compound MEP. The compound has a sharp melting point at 178°C and is completely
soluble in DMSO and partially soluble in water. Characterization of the compound by 'H NMR, '3C NMR,
IR, and mass spectroscopic techniques establishes the formulation of the dipodal ligand.

FT-IR analysis. The FT-IR spectrum of MEP was recorded on a Shimadzu FT-IR spectrometer in the
mid-IR range (4000-400 cm™') as KBr pellet in the transmission mode. The presence of the amide linkage
due to ester and amine condensation was confirmed by the appearance of a characteristic sharp peak for
v(.c=0) at 1668 cm™!. The bands due to v(myand 8.conn.) appeared at 3290 and 1546 cm™ !, respectively, fur-
ther establishing the presence of the amide group in the intermediate molecule. Formation of an azomethine
(-N=CH-) group due to condensation of the intermediate amine and 2,3,4-trihydroxybenzaldehyde can be
confirmed from the peak at 1639 cm™!, which is attributed to v(.c—x) vibration. It is documented that if the
nitrogen atom of the C=N bond has a more polar character, the transmission is found in the region
16591510 cm™!, whereas for normal C=N it is expected in the range 16801650 cm™' [18, 19]. The vibra-
tional frequency of —OH group of phenols is reported in the range of 3550-3200 cm™! [20]. Here, the broad
band at 3290 cm™! is due to v(om) stretching for the aromatic hydroxyl group, which is merged with
the —-NH stretching vibrations. Moreover, v.cn) of an aromatic ring can be confirmed by the appearance
of the characteristic peak at 3072 cm™".

'H NMR analysis. The chemical environment of different protons present in the ligand was determined
through the 'H NMR spectrum recorded in deuterated DMSO. In total, nine protons of a different kind were
found in the '"H NMR spectrum, as expected in the case of the ligand. Out of three methylene (-CHy-)
groups, the most deshielded protons are for the active methylene group of the central unit due to the presence
of two adjacent carbonyl moieties appearing as singlets (2H) at 3.6 ppm whereas, and the triplets at 3.2 and
3.1 ppm are attributed to the methylene groups attached to the imine group and amide group, respectively.
The imine protons (-CH=N-) appeared as a doublet (2H) at 8.2 ppm, and the multiplet in the range
of 6.2-7.0 ppm was attributed to the aromatic protons. Amide protons (-CO-NH-) were observed at
9.7 ppm (t, 2H), and the broad peak (s, 6H) observed at 3.4-3.5 ppm is due to six hydroxyl groups (-OH)
attached to the aromatic rings.

3C NMR analysis. The carbon skeleton of the ligand was established by the '*C NMR spectrum taken in
DMSO-ds. The peaks obtained in the range of 106.7-122.7 ppm correspond to the aromatic carbons, and the
chemical shift at 165.9 ppm is attributed to the carbon of -N=CH groups. Peaks obtained in the range
132.2-156.54 ppm are for the aromatic carbons (ArC-OH) at which hydroxyl groups are attached. The peaks
at 38.4 and 43.2, are attributed to two methylene groups of the spacers, whereas the —CH»- group of the cen-
tral unit (malonate) is the most deshielded one among all the methylene groups because it is flanked by two
electron-withdrawing groups (-CO-) in the vicinity, which appeared at 54.42 ppm.

Mass analysis. The molecular mass of the ligand was calculated by ESI-MS technique. The mass spec-
trum of MEP showed a parent molecular peak (m/z) at 463.3 (calc. 460.4), which can be assigned to the M+3
peak. The peak at 443 fits the formulation of C1H23N407, which can be due to the loss of one hydroxyl
group from the pendant arm followed by further loss of 5[O] and -CsH giving rise to m/z at 302.59.
The fragmented base peak at 274.57 (calc. 272.57), corresponding to the formation of CisH24N4, might be
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due to the loss of one binding unit (pyrogallol) with the rest of all the hydroxyl groups and carbonyl oxygens
from the parent compound.

Photophysical studies. The electronic spectrum of the ligand recorded in 10* M DMSO showed bands
at Amax = 310 nm (¢ = 1.19 - 10* L/(mol - cm)) and at 410 nm (¢ = 0.42 - 10* L/(mol - cm)) corresponding to
n—n and n—n transitions having energies 4.002 and 3.026 eV, respectively. A significant hypochromic
shift in the absorbance of the ligand was observed along with a prominent hypsochromic shift upon the addi-
tion of 10* M Na™ ions to the ligand solution. The band shift at 310 to 282.6 nm (g = 3.315 - 10* L/(mol - cm)
and another from 410 to 342.4 nm (¢ = 3.24 - 10* L/(mol - cm)) clearly specifies the interaction of the ligand
with the sodium metal ion, as depicted in Fig. 1. The molecular modeling studies were also carried out at the
DFT level to confirm the assignments and to compare the experimental electronic spectra. The molecular
orbitals corresponding to the transitions calculated from the DFT are presented on the right side of Fig. 1.
The hybrid functional B3LYP with 6-311G** basis set were used for the ligand, whereas the LANL2DZ
basis set was used for the calculation of the complex.
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Fig. 1. Electronic spectra of the ligand in the presence of Na(I) in DMSO at concentration 10 M at 25°C (a).
Molecular orbitals corresponding to the transitions MEP-Na and MEP calculated by DFT method using
B3LYP/6-311G** for the ligand and B3LYP/LANL2DZ for the complex (b).

The emission spectrum of MEP recorded in DMSO medium at 10~ M concentration upon excitation at
Aexc = 410 nm showed a band at 532.9 nm with intensity 345.5 a.u.. Further, the fluorescence behavior of the
ligand was investigated in the presence of various monovalent, divalent, and trivalent metal ions, viz., Na(I),
K(D), Al(II), Cr(IIl), Fe(Ill), Fe(Il), Co(II), Ni(Il), Cu(Il), and Zn(Il), in the same medium. Among all the
metal ions chosen, a remarkable change in the fluorescence emission of the ligand was detected in the pres-
ence of Na(I), which exhibited a large enhancement of about 360 a.u. as shown in Fig. 2.

Except for cobalt and zinc metal ions, no other metal ions could bring any noticeable change to the lig-
and’s emission spectrum, as depicted in Table 1, which shows the ratio of the fluorescence intensity
of the ligand over the intensity of the emission in the presence of the metal ions. However, further study
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Fig. 2. Fluorescence spectra of MEP in the presence of Na* ion at conc. 10 M at 25°C (a), non-interference
of the other interfering metal ions (Co™? and Zn*?) on the fluorescence intensity of MEP-Na in 10 DMSO (b),
and changes in fluorescent spectra of MEP on successive addition of Na(I) (0-300 uM) in DMSO (c¢).
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TABLE 1. Ratio of Fluorescence Intensities of the Ligand Upon Addition
of a Particular Metal Ion in DMSO at Concentration 107 at 25°C

Metal ions I/l
MEP (L) 1
L-Na(l) 2.04

L-K(I) 1.21
L-Al(III) 0.54
L-Cr(III) 0.75
L-Fe(III) 0.47
L-Fe(II) 0.78
L-Co(II) 1.54
L-Ni(II) 1.09
L-Cu(II) 1.22
L-Zn(II) 1.44

revealed that the change in the fluorescence emission intensity of MEP-Na is negligible in the presence of
both cobalt and zinc ions (Fig. 2), which indicates non-interference of the metal ions (cobalt and zinc) on the
ligand’s high selectivity for the detection of sodium metal ions.

To gain an insight into the effect of concentration on the ligand’s selectivity for Na(I) ion, a titration
was performed. In the successive addition of Na(I) of concentration 5-300 M to the solution of MEP (104 M),
a concentration-dependent enhancement was observed, as depicted in Fig. 2. The plot of normalized intensi-
ty against the logarithm of concentration shown in Fig. 3a illustrates good linearity in the range 5-100 uM.
The fluorescence detection limit (LOD) of MEP for Na* was obtained from the calibration curve of the ex-
perimental data. The plot of change in fluorescence intensity versus [Na] is linear, and the regression coef-
ficient was found to be 0.99845, as shown in Fig. 3. The limit of detection for Na(I) was calculated as
1.98 - 10~ by using the relation 36/K [19].
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Fig. 3. a) Plot of normalized intensity against concentration of Na(I) (5-100 uM); b) Plot of fluorescence
intensity ratio against concentration of Na(I) for determining the limit of detection (LOD);
¢) B-H Plot to calculate association constant MEP-Na(I).

Practical use of many fluorophore compounds working on the PET (photoinduced electron transfer)
mechanism has already been demonstrated [21-23]. An imino-phenol proton transfer (tautomerism) occur-
ring in the excited state through the interaction of hydrogen (of —OH) and nitrogen (of imine) favors the PET
mechanism where the free lone electron pair of nitrogen acts as a donor moiety and —OH of the phenol (here
pyrogallol) moiety acts as an acceptor group. In the present case, due to the formation of a very weak inter-
action between imine —N and hydrogen (—OH), a weak PET mechanism is observed, which leads to fluores-
cence with intensity ~345.5 a.u. However, in the presence of Na(I) ion, the interaction of Na(I) with imine
(-N) becomes prominent, and the free electron pair of the nitrogen atom is partially shifted towards metal
ions, leading to cessation of the PET mechanism with rise in fluorescence intensity [24, 25]. The sodium ion
can be considered as bonded to the imine nitrogen and deprotonated oxygen of the pyrogallol binding unit as
shown in Fig. 4. The PET on-off mechanism is shown in Fig. 5.
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Fig. 4. Formation of two sodium ions in the ligand MEP. Weak interaction between lone pair
of N and H due to hydrogen bonding, amounting toweak fluorescence. Strong fluorescence (I11)
due to N-lone pair-Na(I) interaction.
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Fig. 5. Proposed PET mechanism: a restricted “PET-on” mechanism in MEP molecule (a)
due to weak N-H interaction and “PET-off” mechanism in Na-MEP complex (b).

In order to get a clear picture of the process, DFT studies were undertaken for the ligand as well as the
Na-ligand complex. The O-H and N...H bond distance in the DFT optimized structure of the ligand were
found to be 0.7 and 1.8 A, respectively, indicating the existence of a very weak interaction between the
imine N and H of the ortho —OH of the pyrogallol unit. Interestingly, in the optimized structure of the
Na-ligand complex, it is observed that the sodium ion is captured in a pseudo-cavity generated by an oxygen
(O") of the ortho —OH, N of imine and another oxygen (O?) of the amide group. The Na-O', Na-N, and
Na-O? bond distances were found to be 2.13, 2.41, and 2.26 A, respectively. The optimized geometry of the
ligand and its sodium complex are shown in Fig 6. The existence of such pseudo-cavities for some other
Na-ligand complexes has been documented [26]. The Na-O and Na-N bond distances are comparable with
the Na-aza-macrocycle complexes (Na-O = 2.313 A, Na-N = 2.438 A) [27]. Since two pseudo-cavities are
generated in the metal-ligand complexes, the experimental observation of formation of Na;L type complex
can be justified.

The Benesi-Hildebrand plot [28], a plot of 1/(F — Fy) vs 1/[Na’] (where Fj is the initial intensity and F
is the final intensity of fluorescence emission), was obtained by continuous addition of Na(I) of concentra-
tion 10 M to the solution of ligand MEP of concentration 10~ M; a concentration-dependent enhancement
effect was observed that shows good linearity, R?>= 0.9927 (Fig. 3c). From the plot, we get the intercept and
slope values which are as follows: intercept 1/(Fmax — Fo) = 3.766 x 107, and slope 1/K, = 1.298 x 107",
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By inverting the slope, we calculate the association constant K,. The association constant K, of the complex
calculated from the B-H plot by using the above equation was found to be 7.7 - 10° M~!. By using the B-H
plot we found that the Na(I) is bound with the ligand with a large association constant, and this can have po-
tential applications in biological and environmental samples [27-29]. A comparison of association constants
of sodium ions with the other reported ligands is shown in Table 2, which confirms that the MEP ligand is
a potential chelator for the sodium ions.

Pseudo cavity

Fig. 6. DFT optimized structures of the ligand MEP (a) and Na-MEP complex (b).
Interaction of Na(I) ions with MEP creates pseudo-cavity.

TABLE 2. Comparison of Association Constants of MEP and Other Reported Ligands with Na(I) ions

Ligands Association Constants

Biginelli based ONPs [29] 7.9x10*M™!

Pyrene unit Compound 39 [24] 1.1x10* M™!

TFP [30] 2x10*M™!

CPZ [30] 3.6x10°M™!

BSA- cromolyn sodium [31] 2.7x10*M™!

BSA- sodium warfarin [32] 4.9x10*M™!

MEP 7.7x10°M 2

We used the equation
1 1 1

FFy K (Fpy—FNa' ] o~ Fy

The PET quenching phenomenon and binding stoichiometry of the ligand MEP in the presence of Na(I)
ions were further evaluated by the Stern-Volmer equation [33]. The Stern-Volmer plot, a plot of Io/I vs [Na*]
(where [y is the fluorescence intensity of the ligand and 7 is the fluorescence intensity of the ligand in the
presence of metal ion, i.e., [Na']), was obtained by continuous addition of Na(I) of 10> M concentration to
the ligand solution of the same concentration. When n = 2 in the equation /o// = 1 + Ksy{Na(I)}", the plot
gave a straight line with an excellent fit with R* = 0.953 (Fig. 7a), which confirmed the 1:2 stoichiometry of
the ligand and metal interaction in forming the complex. The same stoichiometry was also confirmed from
the Hill Plot presented in Fig. 7b. It was observed that after addition of two equivalents of Na(I) metal ions
to the ligand solution, the excess of the metal ions added remained unbound in the solution, which can be
seen by the attainment of saturation in the curve beyond a concentration of 1 x 10* M of metal ions, thus
establishing the stoichiometry of the complex as 1:2.

The decay of the fluorescence intensities of the ligand MEP in the presence of Na(I) was also studied.
The ligand fluorescence emission was shown to be at 532.9 nm when excited at 410 nm. The approximations
given by the two exponentials gave y* values from 14.63-1.53 for the ligand and 10.34-1.36 for the MEP-
Na(I) complex. The average decay time T was calculated using a Horiba TCSPC lifetime fluorimeter by em-
ploying the following equation [34]:

() = (ZAaHH(ZAm),

where 7 are the lifetimes of the components of the approximated decay curves; 4 is the corresponding rela-
tive amplitudes. The average decay time t with their confidence interval of the ligand MEP is 0.31+0.0001 ns,
and in the presence of Na(l) it is 0.32+0.0001 ns. The values of lifetimes and relative amplitudes with their
pre-exponential factors are tabulated in Table 3. The relative amplitude of the ligand MEP increased from
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81 to 83% on adding Na(I) ions in the ligand, indicating the binding of Na(I) ions with the ligand. It should
be noted that more intense decay of the ligand may exist in the presence of Na(I). Nonetheless, the Na(I)
dependent amplitudes and pre-exponential factors of the two decay times provide an explanation of why the
fluorescence intensity or decay time increased in the presence of Na(I) ions.

[/Io a 11— 1() b
08 1. M 600 T
07 B :: :‘::P' -:u::: u:::: 2>
400 1
0.6 BT
200 L I . Walue ) amnnm: Emor
05 o o Sy TR
0 4 1 1 1 L 0 1 1 1
0 3 6 9 12 0.5 1.0 1.5
1010 [Na*}? 104[Na']

Fig. 7. a) Linear Stern-Volmer plot for the enhance of MEP in the presence of Na(I);
b) Hill plot for the MEP in the presence of Na(I).

TABLE 3. Lifetimes, Relative Amplitudes, Pre-exponential Factors, and Average Lifetime
of the Ligand MEP in the Presence of Na(I) lons

Lifetimes, ns Relative amplitudes, | Pre-exponential | Average lifetime
Compound % factors with CI, ns
T © A Ar 0 o2 T
MEP 4.24 0.26 18.74 81.26 —0.01 0.99 0.31£0.0001
MEP-Na 4.18 0.27 16.97 83.03 —0.01 0.99 0.32+0.0001

Ligand protonation and metal binding constants. The protonation constant of the ligand MEP and the
formation constant of the Na(I) metal complex were calculated by both potentiometric and spectrophotomet-
ric methods. The potentiometric titrations were carried out by adding an excess measured amount of standard
HCI to the ligand and then titrating it against standard KOH at p = 0.1 M KCI and (25+1)°C in 99:1 water:
DMSO mixture in the pH range 2—11 since turbidity occurred after pH 11. The potentiometric titration curve
for the ligand analyzed by using the program Hyperquad 2008 gave the best fit for the six protonation con-
stants, along with the two hydrolysis species for the imine linkage in the ligand, as proposed by the equation

LH,+H = LH, K,=[LH,)/[LH,.]H].

Potentiometric titration of MEP with Na(I) ion was carried out in 1:2 metal-ligand molar ratios at p = 0.1 M
KCI and (25£1)°C in a highly aqueous medium (99:1 water:DMSO mixture). The deviation of the Na-L po-
tentiometric curve from the free ligand curve confirms the formation of the metal complex at a lower pH.
As turbidity occurred at higher pH, data up to pH 11 were used for the calculation. A set of possible species
formed during complexation was established, and the best-fit model was obtained when NaL and NayL spe-
cies were considered in the calculation. By using the Hyperquad 2008 program, the overall stability con-
stants (log B) of the species were calculated, as shown in Table 4.

The absorption spectra of the ligand were recorded in the pH range of 2—11 from 240 to 600 nm, as
shown in Fig. 8a. There is no apparent change in the absorption spectra from pH 2—4 but, with increase in
pH, the absorption bands showed a bathochromic shift from 290 to 317 nm (assigned to n—n") and 400 to
410 nm (assigned to n—") with a concomitant increase in the absorbance intensity, giving rise to three iso-
bestic points. Six protonation constants, of which four are related to —OH pyrogallol, can be determined for
the ligand for pyrogallol, which is the only chromophoric group present in the ligand that shows spectral
changes.
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TABLE 4. Protonation and Formation Constants (logf) of MEP at 25+1°C and p=0.1 M KCl

(A = potentiometry and B = spectrophotometry)

Equilibrium A logf B Protonation Sites
LH;+H = LHs 13.45 13.42 +0.03 (—OH, meta)
LH,+H = LH;3 12.36 12.38 £0.02 (—OH, meta)
LH+H = LH 10.87 10.85+0.02 (—OH, ortho)
L+H = LH 8.78 8.77 £ 0.01 (—OH, ortho)
LH,+H = L 4.12 4.13+0.01 (-NH, imine)
LH,+H = LH, 1.42 1.42 +£0.00 (-NH, imine)
LH;+H = LH» -0.24 -0.24 £ 0.00 (hydrolysis)
LH4+H = LH3 —-1.56 -1.57+£0.01 (hydrolysis)
Na+L = NaL 12.94 12.94 +0.02 complex formation
NaL+Na = NalL 6.88 6.87+0.01 complex formation

A a A b
pH 4 pH 8-11 03r
02r
pH 811
pH2-11
0.1
250 350 450 550 A,nm 250 350 450 550 X,nm

Fig. 8. Experimental electronic spectra of the (a) ligand MEP and (b) ligand with Na(I) ion
in 1:2 ratios with increasing pH.

In the spectrometric method, the formation constant of the Na(I)-MEP complex was also calculated by
using the HypSpec program. The model gave the best fits when NaL and Na,L species were considered in
the calculation. The values obtained are 12.94 M™! and 6.88 M2, respectively, and are given in Table 4,
which shows good agreement with each other and also with the association constant for Na;L. complex for-
mation as obtained by fluorimetric method (Table 2). The fluorimetric data, however, did not detect any 1:1
complex formation (NaL), which may be due to the absence of any significant changes in the fluorescence
spectra of both types of complexes. The absorption spectra of the ligand in the presence of Na(I) with in-
creasing pH is shown in Fig. 8b. The formation of the NacL complex can be attributed to the trapping of so-
dium ions into two pseudo-cavities created due to the interaction of two O atoms and one N atom of ortho
—OH, amide, and imine groups, respectively, as shown in Fig. 6. These structures were obtained from the
DFT optimized structures of the ligand and the complex.

Conclusions. A novel dipodal fluorescent chelator MEP with a malonate platform carrying pendants of
pyrogallol as binding units and ethylenediamine as a spacer was developed. The photophysical studies of the
ligand explored its high selectivity for Na(I) metal ions over a wide range of important metal ions by show-
ing a prominent enhancement in fluorescence emission at room temperature. The probe acted efficiently in
sensing Na(I) with a minimum detection limit of 1.98x10~* in DMSO medium. Pre-organization of the flexi-
ble pendant arms, suitable cavity size, and availability of polyfunctional donor sites in the structural frame-
work promote strong ligand-metal interaction, as indicated by the high formation constant of the complex,
7.7 x 10° M2 (logP = 6.88). The potentiometric and spectrophotometric investigation established the for-
mation of two species, NaL and Na,L, with stability constants (logB) 12.94 and 6.88, respectively. The mo-
lecular modeling studies at the DFT level suggest that the stability of the complexes is due to trapping of the
two metal ions in the two cavities created by interaction of the ortho —OH, amide —O, and imine —N atom:s.
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The Na-O and Na-N bond distances are comparable with that of Na-aza-crown ether complexes. The excel-
lent binding abilities and fluorescence behavior enable the ligand MEP to be employed for efficient detection
and measurements of Na(I) ions in environmental samples like urine, sweat, etc. There is also ample scope
for exploring the potential use of the newly developed dipodal fluorescent probe, which can serve as a prom-
ising tool for determining an important parameter, the Na(I) level, for industrial applications.
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