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Abstract

A thiazolidine carboxylic acid derivative (L) was conveniently synthesized and characterized by
spectral techniques and single crystal X-ray crystallography. The complexation of L with zinc
(L-Zn*") was studied by scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS) and further substantiated by "H NMR and ESI-MS analysis. The L showed
excellent specificity and sensitivity towards zinc-induced fluorescence response by forming a 1:1
complex (Job’s plot) in 95 % (v/v) water-methanol mixture. The presence of zinc ions causes ~
40 fold fluorescence enhancement at 481 nm (quantum yield, @= 0.19) and can be detected with
naked eye under UV-lamp. The L can detect Zn’" in nanomolar level (13.90 nM) with good
tolerance in presence of other interfering metal ions. The reversibility of L-Zn>" complexation
was checked by EDTA titration. The maximum fluorescence enhancement by Zn*" binding of L
was observed in the pH range 7.0-9.0. The dissociation constants of L and stability constant of
L-Zn*"complex in 0.15 M NaClO, were determined by pH metrically. Theoretical calculations
were done using density functional theory (DFT) to support the above findings. The L was
successfully applied for determination of Zn®" in water samples. The compound (L) detects the

presence of, klebsiella pneumoniae and E.coli in water samples.
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Introduction

Sensor is a molecule, which binds the target molecule selectively and produces detectable
signal.' Heavy metal ions are non-biodegradable and can pollute the biosphere.” Hence, the
design and synthesis of organic ligands as new sensor materials for heavy and biologically
relevant metal ions through changes in fluorescence are of growing interest. Zinc is the second
most abundant metal ion in the human body and the cellular biochemistry of Zn>" is diverse and
far ranging.’ The coordinated Zn”" ions are necessary for the function of proteins involved in
vital life processes, such as DNA replication and repair, gene expression and cellular
metabolism. It is believed that lack of zinc ions can result in an increased risk of several diseases
such as stature, mental retardation and digestive dysfunction.” Disorders in Zn*" metabolism have
been linked to several severe neurological diseases, including Alzheimer’s disease, cerebral
ischemia, and epilepsy.’ Insufficiency of micronutrient zinc can lead to impaired cognition,
immune dysfunction, diarrhea, and death, particularly in children under the age of 5 years.® The
accumulation of Zn®" ions in cells leads to death.” In addition, high levels of Zn*" ions in water
lead to environmental problems. The excessive concentration of zinc in the environment may
reduce the soil microbial activity causes phytotoxic effect.® Therefore, it is essential to get an
insight into the essential roles of Zn*" in biological processes resulting in great demand
concerning the design and development of sensors that can selectively and sensitively detect

Zn”" in living systems.

Zn*" has 3d'%4s° electronic configuration and does not produce spectroscopic or magnetic
signal. Therefore the presence of Zn®" in samples cannot be measured by common spectral
techniques. Some time-consuming and costly instrumentation techniques such as inductively
coupled plasma mass spectroscopy (ICP-MS) and atomic absorption spectroscopy (AAS)’ are
currently used to detect zinc ions. Compared with these instrumentation techniques, fluorescent
chemosensors are simple, selective, sensitive, low cost and reusable. Zinc forms fluorescent
complexes with a variety of organic molecules. These factors thus triggered for the evolution of
new class fluorescent sensors for zinc. Though a number of fluorescent sensors for Zn>" have

been studied'®'??>

, the research to develop small organic molecules as fluorescent sensors to
detect Zn*" in environmental and biological systems in the occurrence of probable challenging
cations like Cd*" is extremely significant."> Small-molecule fluorescent sensors sense the metal
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ions as (i) intensity-based probes (Zn** binding induces an increase in fluorescence intensity) or
(i1) ratiometric probes (Zn** binding shifts the excitation and/or emission wavelength). The
majority of small molecules are under the category of intensity-based probes operate on the
principle of photo induced electron transfer (PET) between the small molecule and the metal

binding group.'

Biomolecules such as amino acids, peptides, and DNA have been used as a receptor for
fluorescent chemosensors because these molecules have strong binding affinities to precise metal
ions, biological compatibility.'> Bacterial pathogens cause infections in humans and animals at
the molecular level. For health and safety reasons, the detection of pathogenic bacteria is of great
importance. The commonly used methods for the detection of pathogen are cell culture and
colony counting'®, PCR-based methods'”'® and immunological methods (ELISA)."” The main
concern of these methods is the time required for the analysis. Biosensors are developed with the

objective of reduced time of analysis in pathogen detection.*’

Thus in the present work, we demonstrate the design, synthesis and sensing behavior of a
novel thiazolidine carboxylic acid derivative, which shows extreme selectivity and sensitivity for
Zn*" through the formation of fluorescent L-Zn>" complex. The recognition of Zn*" by L has
been investigated by absorption spectroscopy and emission spectroscopy. The complexation of L
with zinc was studied by scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS) and further substantiated by "H NMR and ES-MS analysis. This paper also
presents results of a study on protonation equilibria of L and its complexation to Zn>" ions in
water methanol mixture by pH metrically. Density functional theory (DFT) and configuration
interaction singles (CIS) have also been used to understand the mechanism through which L
recognizes the zinc ions. Moreover, practical applications of the L have been discoursed by
testing the concentration of Zn>" ions in real samples such as water. As the compound enhances
the fluorescence intensity of gram (-ve) bacteria klebsiella pneumoniae and Ecoli, the detection

of bacteria in water samples was also tested.

Results and discussion

Synthesis and general aspects
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The compound L was synthesized as reported in our earlier work.>' In the present work, we
were able to isolate the single crystals of L and the structure was characterized by spectral
techniques (Fig. S1 — S4) and confirmed by single crystal XRD. The formation of L and its zinc
complex is evidenced by spectroscopic and SEM/EDAX data (Fig. 1). The UV-vis spectrum of L

shows a distinct band at 285 nm corresponds to n— 1 * transition.

Crystal structure of L

The atom numbering scheme and the thermal ellipsoid plot of L drawn at 50% probability
level using ORTEP* is given in Fig. 2. The crystal data and experimental details are listed in
Table 1. The structure of L is trigonal units plus oxygen, hydrogen and nitrogen in interstitial
positions with the space group P3. The atoms C7 [N(1)-C(7)-S(1), N(1)-C(7)-C(6)] and C8
[N(1)-C(8)-C(9), N(1)-C(8)-C(13)] are chiral in nature with the bond angles 110.1(8), 114.9(9),
101.5(7) and 115.5(11) respectively. The sulfur atom, S1 [S(1)-C(9)-C(8)-N(1), N(1)-C(7)-S(1)-
C(9) and C(6)-C(7)-S(1)-C(9)] is present at the opposite side of the nitrogen atom (N1) with the
torsion angles 49.7(8), 19.7(8) and 145.3(6) respectively. The selected bond lengths, bond angles
and symmetry codes of L are given in Table S1.Crystal packing viewed along b axis is depicted

in Fig. S5.
Absorption spectral studies

The sensing behavior of L was determined by monitoring its UV-visible spectral changes
(Fig. 3) in the presence of different metal ions (Fe2+, Ni2+, Mn2+, Hg2+, Ag+, Zn2+, C02+, K,
V02+, Cu2+, Cd2+, Fe3+, Na', Ca’" and Pb2+). The absorption band at 285 nm is due to the n- ©*
transition of aromatic chromophore of L. Upon addition of different metal ions to L in 95 % (v/v)
water-methanol mixture, only in the presence of Zn®" the band at 285 nm undergoes dramatic
change in intensity and the new band appeared at 375 nm (Fig. 3). This indicates that L has a
pronounced selectivity towards Zn?" ions over the other metal ions screened. The stoichiometry
and association constant due to complexation between L and Zn®" were determined using
Benesi—Hildebrand (B—H) relationship from the absorbance spectral data with an incremental
addition of Zn*" ion (0-100 uM) (Fig. S6). The absorption titration curve fits in a linear 1:1
binding model. The association constant of the L-Zn*" complex is found to be 5.26x10° M

(£2.5%). This is further supported by the ESI-MS spectral studies of L and its zinc complex (Fig.
5
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S3 and S4). The molecular-ion peak observed at m/z for the zinc complex is attributed to

molecular ion [L-Zn*'].

Emission study

The fluorescence response behavior of L was examined upon treatment with various metal
ions in 95 % (v/v) water-methanol mixture (Fig. 4a). Among the metal ions, selectively Zn*" ion
showed effective fluorescence enhancement under UV light and that can be detected by naked
eye (Fig. 4b). The addition of other relevant metal ions, such as Fe’", Ni*", Mn*", Hg*", Ag",
Zn*", Co*", K', VO*', Cu*", Cd*, Fe’", Na', Ca®" and Pb*" caused insignificant fluorescence
change even with excess addition. The emission spectrum of L shows almost negligible emission
at 481 nm with an excitation of 395 nm. On the addition of different metal ions, only Zn*" ions
exhibits ~40 fold enhancement of the fluorescence intensity at 481 nm with a 20 nm red-shift of
the emission maxima (Fig.S13). The binding of sensor with metal ion can change the electronic
structure and hence fluorescence is energy transfer or electron transfer between the metal and
photoexcited probes. Both processes lead to either a fluorescence quenching or enhancement.
Weak fluorescence of the present probe (L) is due to the free electrons of the -NH group in the
thiazolidine, which can quench the fluorescence of L through photo induced electron transfer
(PET). The efficient relaxation pathway developed due to PET decreases the quantum yield of
the fluorophore. The binding of zinc ion with electron-rich chelating moiety (L) shifts the charge
density and quenches the PET decay pathway and increasing the quantum yield.” The
fluorescence quantum yield of L-Zn>" determined is found to be 0.19, whereas the fluorescence
of the free ligand is insignificant (0.09) (Fig. S7). This demonstrates that an enhancement in
quantum yield can be achieved in the complexation of L with Zn®". The fluorescence
enhancement may be due to the electron transfer within a self contained fluorophore—chelate unit
upon metal binding. Upon binding Zn®', photo-excitation of an electron from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) leads
to a longer-lived excited state and thus fluorescence occurs. That is Zn®" chelation with L
decreases the loss of energy through non-radiative transition and leads to fluorescence

enhancement.

The association constant value of L-Zn”" was determined from the emission intensity data

following the modified Benesi-Hildebrand equation (Fig. S8). From the results the association
6
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constant of the L-Zn>" complex is 2.48 x10° M. The binding mode between L and Zn*" was
determined by using Job plot analysis. As shown in Fig. S9, the Job plot for the L-Zn*" complex
exhibited 1:1 stoichiometry. For the realistic applications, the detection limit is a significant
parameter. Thus, the detection limit of L for the analysis of Zn>" calculated is 13.90 nM, on the
basis of 306/K (Fig. S10)** and is compared with other reported sensors (Table S1).° The sensible
applicability of L as a selective fluorescence sensor for Zn>" over other metal ions was examined
by competition experiments. Upon the addition of 1.0 equivalent of Zn>" in the presence of other
metal ions (Fe’", Ni*", Mn?", Hg™", Ag", Zn*", Co*", K', VO**, Cu*", Cd*", Fe’", Na', Ca*" and
Pb*") the emission intensity of L-Zn** system was not quenched (Fig. 5). The results show that
other metal ions could not interfere in the interaction between L and Zn*". Therefore, L is a

. + . .
specific Zn>" sensor and be useful in real sample analysis.

In addition, the reversibility studies were also carried out. To study the reversibility of L
towards Zn>*, EDTA was added to the solution of L and Zn*" (1:1). The results show that the
fluorescence intensity of L-Zn*" was quenched after the addition of EDTA, which indicates
regeneration of the free L. Upon a further addition of Zn*" into the mixture solution, the emission
intensity was recovered to the original intensity of the L-Zn*" complex (Fig. 6). These results

show that L could be recyclable through treatment with suitable reagents such as EDTA.
NMR titration

In order to determine the binding mode of L with Zn*", the '"H NMR titration was carried out
by gradually adding Zn*" ion to DMSO-ds solution of L. Changes in the '"H NMR spectra of L
before and after the addition of Zn>" are shown in Fig. 7a. The '"H NMR spectrum of the free L
showed a broad weak signal at 9.35 ppm which corresponds to the thiazolidine N-H proton.
During the addition of Zn®", this signal is shifted to downfield region indicating that the
thiazolidine nitrogen is involved in coordination with metal ion. The L exhibits two isomers arise
from two chiral centers at the thiazolidine ring (C2 and C4).>' "H NMR spectrum of L shows two
sets of signals for each proton (C2 and C4) due to the presence of two isomers with a ratio of 3:2.
The chiral proton at C2 and C4 position of thiazolidine ring of the two isomers gives two set of
signals at 5.77 and 5.88 ppm and 3.59 and 3.63 ppm, respectively (Fig. 7b). Upon addition of 1.5

equivalents Zn®" to L solution, the signals corresponds to chiral proton at C2 is shifted to 5.78
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and 5.93 ppm (downfield shift) and chiral proton at C4 is shifted to 3.67 and 3.65 ppm. These

results confirm that Zn>* coordinate to the L.
Effect of pH

The effect of pH on the fluorescence response of L in the absence and in the presence of Zn®"
was investigated and the results are illustrated in Fig. 8. The pH of solution was adjusted by
either HC10, or NaOH and fixing the Zn®" concentration at 1x10™* mol L™". These experiments
were carried out at a pH range from 2.0 to 11.0. As it is seen from Fig. 8, the fluorescence
intensity increases with increasing pH of solution and reaches a maximum value at pH 7.0. At
7.0 < pH< 8.5, L-Zn*" is strongly fluorescent and then decreases. The ligation of L with Zn*" can
be conveniently interpreted from the curve describing the fluorescence variation as a function of
pH. The metal - ligand coordination of Zn®>" and L occurs through the thiazolidine nitrogen,
phenolic oxygen and carboxylato oxygen atoms. The decreased intensity at lower pH might be
due to the protonation of the nitrogen atom, -OH and —COOH of L, and cannot bind with the
metal center. On the other hand, the reduced optical response of the sensor at pH > 9.0 could be
due to the hydroxide formation of zinc ions, resulting in decreased concentration of free Zn®"
ions in sample solution. These results demonstrate that L possesses strong fluorescence response
towards Zn”>" ions in the pH range of 7.0-9.0. Thus, a solution of pH 7.5 is used for further

studies.
Protonation and metal complex equilibria

The protonation constants (log K px) of L and the corresponding stability constant (log Bznrx)
for the formation of the zinc complex (I = 0.15 M NaClO,) over a wide range of pH (1.8 <pH <
11.5) were determined by analyzing the pH measurements using MINIQUAD-75 program.*® The
L has three protonation centers, viz., phenolic —OH, thiazolidine —-NH and carboxylic -COOH
groups. The three protonation constants determined are listed in Table S2. Among the three
centers the phenolic —OH group is the most basic and its pK value determined is 10.93. The pK
value of 6.34 for L corresponds to the protonation of the secondary nitrogen, whereas the value
of 2.79 evidently relates to the —COOH group. The pK of 6.34 determined for thiazolidine
nitrogen compares well with the value reported earlier.”” From the species distribution diagram

(Fig. 9a), it is clear that [HsL]" occurs only at very low pH. The first proton of [H3L]" is

8
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completely released at about pH 4.0 from the carboxylic acid moiety. The next deprotonation
step occurs at pH 6.0 likely at thiazolidine -NH. The deprotonation of phenolic —OH starts at pH
9.5. The Zn>" binding ability of L was investigated by pH-metry performing the experiments in
the 2.0-11.0 pH range. The evaluation of pH-metric titration data led to the speciation model and
the overall formation constant is listed in Table S3. The species distribution curve is shown in
Fig.9b. The complex formation starts at pH 4.0 by formation of the L-Zn”>" complex and is the
most prevalent species and reaches the maximum concentration at pH 6.0. This observation
indicates that in the [L-Zn*"] complex, the Zn>" is coordinated in a tridentate pocket of the ligand
that contains carboxylate -O, thiazolidine -NH and deprotonated phenolic —O donors and fourth

position is occupied by a solvent molecule.
DFT analysis

The optimized molecular geometry of L and L-Zn>" complex both in the ground state (GS)
and excited state (ES) obtained by employing the DFT/6-31G(d,p) and CIS/6-31G(d,p) method
respectively, is depicted in Fig. S11. The selected bond lengths and bond angles of the optimized
geometry of L at DFT/B3LYP/6-31G (d,p) level are comparable with the X-ray data (Tables S3
and S4). The results from geometry optimization of the ground and excited states of the L-Zn*"
complex shows that the most significant change is the increase in the dihedral angle C(5)-C(6)-
C(7)-N(1) leading to a twisted structure (45.29°) in ES from a quite flat conformation (0.72° in
GS). Moreover, the dihedral angle C(10)-C(9)-C(8)-N(1) in the thiazolidine ring appears to be a
little distorted in ES (171.21°) than in GS (186.19°) as evident from the optimized structures
(Tables S5 and S6).

In order to investigate the absorption and emission spectra of L-Zn** complex, TD-DFT
calculation of the optimized GS and ES structures was carried out. The calculated and
experimental absorption and emission spectra of the complex and oscillator strength are
summarized in Table 2. The calculated absorption Anmax differs from the experimental value by 14
nm (Fig. S12) and in the emission spectrum the difference is only 5 nm. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) provide
information about the electronic properties of the L-Zn*" complex. With respect to L, the HOMO
electron density is mainly placed on the thiazolidine unit, while the LUMO electron density is

placed on the thiazolidine and phenol units (Fig. 10). But the binding of Zn*" to L, the HOMO
9
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electron density is mainly located on the phenol unit, whereas the LUMO electron density is
located on the thiazolidine and phenol units. When compared to L, the energy level of HOMO of
L-Zn*" complex increases but the energy level of LUMO decreases. So the HOMO-LUMO
energy gap for L-Zn>" complex is smaller than L. These changes can be attributed to the electron
redistribution after the binding of Zn®>". Thereby, it indicates that the enhanced fluorescence
spectra upon the binding of Zn** to L, due to changes in the energy level causing by the electron

redistribution.
Cell imaging studies

Very few articles in literature report bacterial targeting probes for imaging.”® In the present
investigation we have employed the thiazolidine carboxylic acid derivative (L) as a probe for
sensing bacterial cell membranes. Fluorescence micro-plate reader was used to measure the
fluorescence resulting from the biosensing assay with excitation at 375 nm and emission at 481
nm. The chemosensor shows high fluorescence enhancements with Klebsiella pneumoniae and
E.coli bacterial cells (Fig. 11). The cell walls contain peptidoglycan, a polymer of N-acetyl
glucosamine, N-acetyl muramic acid and amino acids. The fluorescence enhancement with
bacterial cells may be due to the formation of ester/amide by the interaction of L containing —

OH/-~COOH group with the -COOH/-NH; groups present in the cell wall of bacteria.
Real sample applications

We have investigated the practical applicability of using L to detect zinc ions in real samples.
The analysis was carried out using fluorescence methodology for the detection of zinc ions in
water samples (tap water, bore well water and river water). Repeated experiments, checked
consistency and the observed results are given in Table 3. The observed results show the
practical applicability of L for the detection of Zn*"ions in real samples without any interference

from other metal ions. The accuracy of Zn>" detection in different samples is almost quantitative.

Klebsiella pneumoniae and E.coli are Gram-negative bacterium found in the normal flora of
the mouth, skin, and intestines. Surface water contains Klebsiella pneumoniae and E.coli has
been identified as important common pathogens for nosocomial pneumonia, septicaemia, urinary
tract infection and wound infections. To evaluate the practical application of L for the detection

of Klebsiella pneumoniae and E.coli, different water samples were collected from tap water, bore
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well water and river water. The bacteria were incubated in these water samples. The results from
fluorescence method were compared with plate counting method (Table 4). The results reveal
that the proposed compound can be successfully employed as a bacterial detection probe for

Klebsiella pneumoniae and E.coli in water samples.

Conclusion

In summary, we have reported a novel thiazolidine carboxylic acid derivative for the highly
sensitive detection of Zn>" ions over other metal ions. Zn>" was able to enhance the fluorescence
intensity of L by 40 fold with quantum yield, ® = 0.19. The fluorescence intensity of the L-Zn*"
system can effectively be reversed by the addition of EDTA. The fluorescence can be detected
with naked eye under UV-lamp with a low detection limit of 13.90 nM. The binding mode of the
metal complex (1:1) was established by combined '"H NMR and ESI-MS and supported by Job’s
plot. The formation of L and its zinc complex is evidenced by SEM/EDAX data. The
dissociation constants of L and stability constant of L-Zn®" complex were determined.
Computational calculations using DFT/TD-DFT and CIS/TD-DFT methods confirmed the
binding mode and spectral characteristics. Finally, the sensor ability of L towards Zn>" ions was
successfully applied in real samples. The results revealed that the compound (L) itself acts as

potential sensor for klebsiella pneumoniae and E.coli in water samples.

Experimental section
Materials and Instrumentation

D-penicillamine, 3-methoxy salicylaldehyde, metal salts and 2-[[1,3-dihydroxy-2-
(hydroxymethyl)propane-2-yl]Jamino] ethane sulphonic acid (TES) were purchased from Sigma
Aldrich (USA) and used as received. The spectral grade solvent methanol was purchased from
Merck, India. Other commercially available solvents were purified and dried according to the
method described elsewhere.”” Double distilled water was used throughout the experiment. The
solutions of metal ions such as Fez+, Ni2+, Mn2+, Hg2+, Ag+, Zn2+, C02+, K, V02+, Cu2+, Cd2+,
Fe’*, Na', Ca® and Pb*" were prepared from their chloride and nitrate salts. NMR spectra (400
MHz) were recorded on a Bruker AMX-400 spectrometer using tetramethylsilane as internal
standard and DMSO-d¢ as solvent. ESI-MS were obtained using Waters UPLC-TQD mass

spectrometer. FT-IR spectra were measured on a Shimadzu-8400 spectrometer with samples
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prepared as KBr discs. UV-vis spectra were recorded on a Shimadzu-2450 spectrophotometer
using quartz cell with 1 cm path length. The fluorescence spectra were recorded on a JASCO
spectrometer at a scan rate of 1000 nm/min and slit width with Ex: 5 nm, Em: 5 nm. SEM/EDS
analysis was performed for surface morphology of L and L-Zn*" using a JEOL JSM-5610 SEM
equipped with EDS.

Synthesis of L

The compound L was reported in our earlier work.?' 0.1491g of D-penicillamine (1.0 mM)
and 0.1522 g of 3-methoxy salicylaldehyde (1.0 mM) was dissolved in methanol/water mixture
(30 mL) and refluxed for two hours. The resulting solution was kept at room temperature in
closed condition for a month. In the present investigation, we successfully isolated the single
crystals. The colorless crystals were collected by filtration, washed with acetone and dried under

vacuum.

Anal. Calcd. for C;3H;7NO4S (%): C, 55.11; H, 6.05; N, 4.94; S, 11.32. Found (%): C, 55.32;
H, 6.24; N, 5.01; S, 11.45. IR data (KBr, cm'l): (s = strong, m = medium, b = broad). 3400 -
2700 (b) [V(OH)]; 1635 (8) [Vasym(COO-)], 1369 (s) [Vsym(COO)]; 1354 (m) [v(OH)]; 1247 (s)
[v(C-0)]; 833 (W) [v(C-S—C)]; 'H NMR (400 MHz, DMSO-ds, ppm): 1.62 (singlet (s), CHs,
3H), 1.31 (singlet (s), CH3, 3H), 3.38 (singlet, -CH-COOH, 1H), 6.69 - 6.92 (multiplet, aromatic
H, 3H), 3.84 (singlet, 3H, -O-CH3), 5.79 (singlet, thiazolidine -CH-NH, 1H). Color: white. M.p.
143°C; Yield: 73%.

X-ray diffraction studies

Single crystal X-ray diffraction measurements were performed on a Bruker AXS Kappa Apex
II CCD Diffractometer equipped with graphite monochromated MK, (A = 0.71073 A) radiation
at 293(2) K. The structure was solved by direct method procedure using SHELXS-97 program.*
The refinement was carried out using full matrix least square method on F°. The geometrical
parameters were obtained using PARST’' and SHELXL-97. The non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen atoms bonded to carbon were
inserted at calculated positions using a riding model. Hydrogen atoms bonded to oxygen were
located from difference map and allowed to refine with temperature factors riding on those of the

carrier atoms.

12
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Metal sensing analysis

The test solution containing equimolar concentration of L and metal ions (M, 1:1) was
prepared by the following procedure. The stock solutions of various metal ions (5 mL, 0.01 M)
were prepared in double distilled water. Stock solution of L (5 mL, 1 mmol) was prepared in 95
% (v/v) water-methanol mixture. The test solutions were prepared by adding 100 pL of stock
solution of L into each glass bottle containing 100 uL of individual (M) ion stock solution. Then
the solution was diluted to 5 mL with distilled water. After mixing the solutions properly, the
UV-vis spectra and emission spectra were taken for each sample at room temperature. For
emission measurements, the excitation wavelength was set at 375 nm and emission was recorded
from 400 to 650 nm. UV-vis and emission titration were also carried out by keeping the same
concentration of L (20 uM) and varying the zinc ion concentration from 0.0 — 3.0 equivalents.
Competition experiments were performed in the presence of Zn*" mixed with various metal ions

in the ratio of 1:1:2 of L:Zn*":M.
pH metric measurements

The pH titrations were carried out in a digital pH meter (Systronics upH System 361) at 310
K with a combined glass electrode (accuracy + 0.01 pH unit). The instrument was calibrated
using standard buffer solutions.’ The electrode system was calibrated in terms of hydrogen ion
concentrations in both the acidic and alkaline regions. The ionic strength of each solution was
adjusted to 0.15 M with NaClO, as the supporting electrolyte. The ion product of water (K, =
[H] [OH]) at 0.15 M NaClOy in 95 % (v/v) water-methanol mixture was calculated based on
the measurement of [H'] and [OH ] and pH in several experiments.*®> Oxygen-free nitrogen gas
was bubbled through the solution before and during titrations. Multiple titrations were carried out
for each system. The dissociation constants (pK,) of L were obtained from its solutions of
concentration ranging from 1.0 x10~ to 3.0 x 10~ M. In zinc:ligand system 25 mL solutions
containing low concentration of zinc perchlorate and the ligand (1:1, 1:2, and 1:5) were used.
The pK, and stability constant (log f) values were evaluated with the aid of the MINIQUAD-75

program.”® The concentration distribution profiles were obtained’* with HYSS.

Computational details
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The ground state geometries were optimized employing Density Functional Theory using
Gaussian 03 program35 suite at the B3LYP level with the standard basis set, 6-31G(d,p) for L and
the LANL2DZ effective core potential for L-Zn>". The optimized structure of L agrees well with
the single crystal X-ray diffraction structure. All the structures corresponding to true minima of
the potential energy surface were confirmed by the vibrational frequency calculations. The
excited state geometry of L and L-Zn*" were optimized by configuration interaction singles
CIS/6-31G(d,p) method. The TD-DFT method was employed to optimize the first excited state
(S;) geometries without constraint by using the ground equilibrium geometries. The absorption
and emission spectra calculated using the TD-DFT method agrees with the results obtained from

the experimental studies.
Real samples preparation

Water samples were tested in the present investigation. The practical applicability of L to
detect zinc ions in real water samples was tested in tab water, bore water and river water. Fifteen
water samples were collected from local area and diluted with buffered solution in a 25.0 ml
volumetric flask. Insoluble materials present in the samples were removed by filtration. The
initial concentration of Zn>" in the samples was determined by AAS. Then different amounts of
Zn*" were added to each water sample and were tested by fluorescence method and AAS. The

detection of Zn®" in water samples in the presence of other metal ions was also carried out.
Bacterial cell culture and fluorescence microscopic study

Bacterial cells were cultured overnight in Luria-Bertani Miller broth and allowed to grow
overnight by incubating at 37°C and a shaker speed of 200 rpm. Cells were harvested by
centrifugation at 3500 rpm for 4 min with TES buffer (5 mM TES, 145 mM NaCl, pH 7.4). Cells
representing ~10’concentration were used for the study. The bacterial cells were treated with 10
uM of L and incubated for 30 min at 37°C. A portion of the cells was washed 3 times with TES

buffer and immediately mounted on a slide and observed under a fluorescence microscope.
Support Information

Spectra, Jobs plot, association constant and detection limit calculations, optimized geometry and
data are given in supporting information. Crystallographic data are deposited with the Cambridge

Crystallographic Data Centre: deposition number CCDC 918759 for L. These data can be
14
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obtained  free  from  the  Cambridge  Crystallographic =~ Data  Centre  via

http://www.ccdc.cam.ac.uk/cgibin/catreq.cgi.
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Fig. 1 FE-SEM elemental color mapping image of L and L-Zn*". For L (a) C, (b) N, (c) O (d) C,
N and O; For L-Zn*" (d) Zn, (f) EDS spectra.
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Fig. 2 ORTEP view of ligand L at 50% probability level (CCDC: 918759).
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Fig. 3 Changes in absorption spectra of L with different metal ions (Fe*', Ni*", Mn®", Hg*", Ag’,

Zn*", Co*", K', VO*', Cu*", Cd*", Fe’", Na', Ca®" and Pb*") in 95% (v/v) water-methanol mixture.
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Fig. 4 (a) Changes in emission spectra of L (10 uM) in the presence of various metal ions; (b)
Visual color changes of L (10.0 uM) upon the addition of different metal ions in 95 % (v/v)
water-methanol mixture (Fez+, Ni2+, Mn2+, Hg2+, Ag+, Zn2+, C02+, K', V02+, Cu2+, Cd2+, Fe3+,
Na', Ca®" and Pb*").
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Fig. 5 Competition study using Fluorescence method, after addition of different analytes (Fe’',
Ni*", Mn*", Hg*", Ag’, Co*", K, VO*', Cu*", Cd*", Fe’", Na", Ca*" and Pb*") in the solution of L

(5 uM) in presence of Zn>" in 95 % (v/v) water-methanol mixture.
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Fig. 6 Fluorescence intensity of L with Zn>" ions and EDTA in 95 % (v/v) water-methanol

mixture; Inset: visual fluorescence changes of L with Zn>" ions and EDTA.
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Fig. 7 (a) 'H NMR spectra of L by stepwise addition of Zn*"; (b) '"H NMR titration curves for L

with Zn*".
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Fig. 8 Fluorescence response of L and L-Zn*" at 481 nm (10 pM) as a function of pH in 95 %
(v/v) water-methanol mixture.
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Fig. 9 Species distribution diagram of (a) protonation equilibria of L (C{=0.003M) and (b) binary
L-Zn*" complex equilibria (CL= Cy = 0.003M) in 95 % (v/v) water/methanol mixture.
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Fig. 10 Frontier molecular orbital diagram of the L-Zn* complex.
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Fig. 11 Fluorescence images of (a) klebsiella pneumoniae; (b) klebsiella pneumoniae treated with
L; (c) Ecoli; (d) Ecoli treated with L.
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Table 1 Crystal data and structure refinement for L.

Structural parameters

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions

Unit cell Volume (A?)

No. of formula units per unit cell , Z
Calculated density

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to 6 = 22.83
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Largest diff. peak and hole
Final R indices [[>2c (I)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Goodness-of-fit on F*

Ci3H17NO4S
293.01
2932) K
0.71073
Trigonal
P3
a =14.0142) A alpha =90°
b =14.014Q2) A beta  =90°
c =6.4750(10) A gamma = 120°
1101.3(3)

3

1.325 Mg/m’
0.233 mm"-1
465
0.30x 0.20 x 0.20 mm
2.91 to 22.83 deg.

-15<=h<=135, -15<=k<=15, -6<=I<=6
4700/ 1798 [R(int) = 0.0279]
99.0 %

Semi-empirical from equivalents
0.962 and 0.910
Full-matrix least-squares on F~
1798 / 146 / 253
0.199 and -0.154 (e.A™)
R1=0.0458, wR2 =0.1072
R1=0.0542, wR2 =0.1132
-0.03(15)

0.036(6)

1.046
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Table 2 Comparison of A, and Aep of L-Zn*" complex along with oscillator strength as observed

in experimental and theoretical calculations.

Experimental Theoretical oscillator strength
Absorption 375 nm 389 nm 0.0162
Emission 481 nm 486 nm 0.0317
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Table 3 Determination of Zn®" ion in water samples with L.

Sample Determined by Added Found Recovery
AAS (mol L) (mol L) (%)
Bore water 8.5 (+0.1)x 10° 3.0(x0.1)x 10°  3.1(x0.2)x 10°° 102.3
5.0(£02)x 10°  53(x0.1)x 10° 104.2
Tap water 20=0.1)x10° 4.0+0.1)x10°  42(02)x10° 103.8
50(£02)x 10°  5.1(x02)x 10° 102.5
River water  3.5(+0.1)x 10°® 4.0(x0.1)x10°®  3.9(x0.1)x 10°° 99.1
6.0(x0.2)x 10°  6.1(x02)x 10° 102.8
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Table 4 Detection of klebsiella pneumoniae and Ecoli in water samples using L.

S. No. Sample Plate count method With L
(*CFU/200mL) (*CFU/200mL)

Klebsiella pneumoniae

1. Bore water 2.15X 10 2.18 X 10

2. Tap water 478 X 10 4.85X 10

3. River water 3.26 X 10° 3.39 X 10°
Ecoli

1. Bore water 222X 10 231X 10

2. Tap water 491X 10! 5.11 X 10

3. River water 3.39 X 10° 3.42X 10°

*CFU - Colony Forming Unit
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