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Solvato(fluoro)chromism, investigation of quenching mechanism and thermodynamic bind-
ing parameter of two azine based chemosensor for Cu?* ion, application in onsite detection
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Two solvatochromic fluorescent azine derivative 1-((E)-((Z)-(4-(diethylamino)-2-hydroxybenzylidene)hydrazono)methyl)
naphthalen-2-ol (L1) and (E)-2-((4-(diethylamino)-2-hydroxybenzylidene)amino)-3’,6’-dihydroxyspiro[isoindoline-1,9’-xanthen]-
3-one (L2) was synthesized via Schiff base condensation. The introduction of an electron-donating diethylamino group and
an electron-accepting fluorophore unit into the pi-conjugated system of L1 and L2 endowed a prominent solvatochromic emis-
sion property. In contrast with the very little changes of absorption spectra in the different solvents, the emission was strongly
dependent on the solvent polarity and could be tuned from blue region to red region by changing the solvent from less polar
tetrahydrofuran to highly polar water. Both the ligand L1 and L2 were able to binds Cu®* ion selectively via fluorescence turn-
off process. The limit of detection (LOD) for Cu?* was found to be 1.9 uM and 1.62 uM with L1 and L2, respectively. The
photophysical experimental results reveal that the Cu2* ions quenched the intrinsic fluorescence of both L1 and L2 by form-
ing the ligand-metal complexes, but the quenching process different (static or dynamic) for the two probes. In addition, the
binding spontaneity was mainly entropy-driven. Again both ligands successfully detect Cu2* by means of TLC paper as well

as simple filter paper based strips and hence, they would be very useful for onsite detection purpose.

Keywords: Solvato(fluoro)chromism, Cu2* ion, quenching, LOD, thermodynamic spontaneity, paper strips.

Introduction

Luminescent materials derived from Schiff base com-
pounds have attracted great attention in the past few de-
cades owing to their potential applications in the fields of
organic electronics, optoelectronics, sensors and informa-
tional displays". It is well known that the absorption and emis-
sion spectral responses of chemical compounds may be in-
fluenced by the surrounding medium and that medium can
bring about a change in the position, intensity, and shape of
absorption and/or emission bands. Hantz schlater termed
this phenomenon solvatochromism?3. The term often
solvatofluorchromism was defined for the emission position
change upon solvent polarity variation. Obviously, this phe-
nomenon is caused by differential solvation of the ground
and first excited state of the light-absorbing molecule (or its
chromophore). Differential solvation of these two states is
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responsible for the solvent influence on emission spectra®.
In general, molecules with a large change in their permanent
dipole moment upon excitation exhibit a strong
solvatochromic behaviour®. Besides the dipole moment
change on excitation, the ability of a solute to donate or to
accept hydrogen bonds to or from surrounding solvent mol-
ecules in its ground and Franck-Condon excited state deter-
mines further the extent and sign of its solvatochromism*6:7.

Fluorescent molecules possessing solvatochromic prop-
erties display different emission spectra depending on sol-
vent polarity whose fluorescence intensity, color, and wave-
length are sensitive to the environment®2. The absolute value
of the red shift depends, usually linearly, on the solvent po-
larity. The more polar solvent with a higher static dipole mo-
ment polarizes molecules more strongly, the stronger the red
shift. Due to their sensitivity to polarity and hydration,
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solvatochromic dyes have been successfully applied to bio-
logical systems*. Such fluorescent molecules can be used
as polarity-sensitive molecular probes with non-destructive
properties.

In addition, fluorescence quenching is one of the impor-
tant phenomenon used in fluorescent chemical sensors,
where the presence of small traces of a particular analyte is
revealed by the decrease in emitted light intensity by a sens-
ing probe® 0. In any case, a variety of molecular interac-
tions, viz. excited-state reactions, molecular rearrangement,
energy transfer, ground state complex formation (static
quenching) and collisional or dynamic quenching are respon-
sible for sensing. Static and dynamic quenching can be dif-
ferentiated by their differentdependence on temperature and
excited state life time. The classical Stern-Volmer model
states that the lifetime is independent of quencher and re-
mains unchanged (t = 7;) with the addition of quencher due
to the formation of ground-state complexes. In addition, the
quenching ratio should increase linearly with the quencher
concentration as described by the Stern-Volmer equation. A
similar linear behaviour is also predicted by the classical
model in the case of pure collisional quenching, while a qua-
dratic dependence with an upward curvature is expected in
the presence of both mechanisms. However, positive devia-
tion from linearity, i.e. upward curvature, was also frequently
observed in systems involving only one of the two processes,
either static or dynamic quenching. This has led to the intro-
duction of a variety of second-order processes, such as in
the “sphere of action” model or in the diffusion-limited treat-
ment. Dynamic quenching is diffusion controlled because the
quencher must diffuse to the fluorophore during the life time
of excited state. Liu et al. and Mishra et al. recently sepa-
rately reported two turn-off chemosensor for Cu* using un-
symmetrical azine based Schiff base'"-12. However, the ex-
act nature of quenching mechanism (static or dynamic) re-
mains unclear. In this study, we have measured the fluores-
cence quenching in two Schiff base fluorophore L1 and L2,
interacting with the quencher Cu?* ions, in a broad range of
their respective concentrations and finalize the mechanism
of quenching.

Again, thermodynamic parameters and the nature of bind-
ing forces responsible for the binding interaction3. The posi-
tive values of AH indicate that the processes are endother-
mic and binding between the metal ions and ligand is mainly

AS-driven, with little contribution from the enthalpy factor .
In this study, we have also investigated the nature of binding
force operated in Cu2* ion binding. Moreover, change in cor-
responding thermodynamic parameters did not investigate
to explain the binding spontaneity. Herein, we have paid our
attention on these issues by means of a number of spectro-
scopic studies. Again, the usefulness of the ligand for onsite
Cu?* detection has been checked by means of TLC paper
as well as simple filter paper based strips.

Experimental
Material, method and measurements:

The chemicals were purchased from different commer-
cial suppliers. Solvents used were of spectroscopic grade.
2-Hydroxy-1-naphthaldehyde (= 99.0%), fluorescein
(=97.0%), 4-N,N-diethylsalicyldehyde (98.0%), Na,EDTA
(98.0%), hydrazine hydrate (98.0%) were purchased from
Avra Scientific Ltd. The stock solutions of different metal ions
were prepared in distilled water from their chloride (Na*, K*,
Ba?*, Hg?*, Fe3*, Cr*) or perchlorate (Mg2*, Mn2*, Cu?*,
Co?*, Ni2*, Zn?*, Cd?*, and Pb?*) or nitrate salts (Ca?*, AI%*,
Zn?),

The electronic absorption and steady-state fluorescence
spectra were obtained from a UV-Visible spectrometer
(Model: Shimadzu UV, evolution 201) and a JASCO FP-8500
spectrophotometer equipped with a thermostated compart-
ment, respectively. NMR spectra were taken on a Bruker
DRX-400 spectrometer with tetramethylsilane (TMS) as an
internal standard and CDCl or DMSO-dj as a solvent. Mass
spectra were recorded on Qtof Micro YA263 mass spectrom-
eter. Melting point was measured on a local made apparatus
in open capillary. Fluorescence lifetime was obtained by the
method of Time Correlated Single-Photon Counting (TCSPC)
using Horiba Yvon DeltaFelx Modular Fluorescence Lifetime
System.

Synthesis of ligand L1 and L2:

Ligand L1: To an excess amount of hydrazine-hydrate (1
ml, 20 mol) the solution of 2-hydroxy-1-naphthaldehyde 1a
(345 mg, 2 mmol) in methanol was added and stirred over-
night at room temperature. The excess solvent and hydra-
zine was removed by vacuum evaporation. The off white solid
was washed with chilled methanol to get the product 1b'°.
This product constituted the Schiff base having a mono-imine
bond and a free amine group of hydrazine (Scheme 1). Calcu-

1499



J. Indian Chem. Soc., Vol. 97, No. 9b, September 2020

lated yield was: 81%, m.p. 148-150°C, Elemental analysis:
C44H4oN,0, Found (%): C, 70.88; H, 5.47; N, 15.08; O, 8.57.
Calcd. (%): C, 70.95; H, 5.41; N, 15.04; 0, 8.59; 'H NMR
[400 MHz, CDCls, TMS, J (Hz), & (ppm)] (Fig. S1): 12.28
(1H,s), 8.79 (1H, s), 7.99 (1H, d, J 8.4),7.75 (2H, t, J 8.0),
7.5(1H, 1, J 8), 7.35-7.17 (2H, m), 5.53 (2H, s). In the next
step, the mono-imine 1b (186 mg, 1 mmol ) was added to a
solution of 4-N,N-diethylsalicyldehyde (192 mg, 1 mmol) in
methanol and stirred overnight. The solution volume was
reduced to one third of initial to get an orange solid L1. The
solid was washed with cold methanol several times to re-
move undesirable materials. Purity was checked by TLC
paper (80:20 hexane:ethyl acetate, R; ~ 0.25). Yield: 72%,
m.p. 203-205°C Anal. Calcd. for Chemical formula:
CyoHy3N30,: C, 73.11; H, 6.41; N, 11.63; O, 8.85. Found: C,
73.87;H,6.49; N, 11.16%; "HNMR (Fig. S2, ESI) [400 MHz,
CDCls] & (ppm): 13.16 (1H, s), 11.69 (1H, s), 9.51 (1H, s),
8.57 (1H, s), 8.13-8.15 (1H, d, J 6.8 Hz), 7.77-7.83 (2H, dd,
J6.4Hz,7.2Hz), 7.54-7.57 (1H, m), 7.36-7.39 (1H,t, J6.0
Hz),7.21-7.23 (1H,d, J7.2 Hz), 7.14-7.15(1H, d, J 7.2 Hz),
6.29-6.27 (1H, d, J6.8 Hz), 6.247 (1H, s), 3.39-3.43 (4H, q,
J 5.6 Hz), 1.2-1.23 (6H, t, J 5.6 Hz). MS (Fig. S3, ESI): m/z
=361.18 (calculated), 362.1864 (100.0%) [M+H]* (observed).
IR (KBr, cm™") (Fig. S4, ESI): 3469 (-OH), 2970, 2368, 1629
(C=N), 1580, 1515, 1479, 1410, 1350, 1244, 1186, 1128,
1070, 946, 815.

Ligand L2: To an excess amount of hydrazine-hydrate (2
ml, 41.6 mmol) the solution of fluorescein 2a (662 mg, 1.91
mmol) in methanol was added and refluxed for 8 h and then
it was poured into ~200 ml of ice-cold water, kept for over-
night. The off white precipitate formed was filtered, washed
with water and chilled methanol thoroughly, and dried in
vacuum to get the desired product 2b'6. Yield: 490 mg, m.p.
260°C. In the next step, to the methanolic solution of fluores-
cein hydrazine 2b (250 mg, 0.72 mmol) the solution of 4-
N,N-diethylsalicyldehyde (140 mg, 0.72 mmol) in methanol
was added. The mixture was refluxed for 8 h with simulta-
neous TLC monitoring. A very faint yellow solid appeared
after reducing the volume of solvent to a quarter of its initial,
and it was collected by filtration, washed repeatedly with
chilled methanol to remove unwanted material. TLC shows
its purity with 80:20 hexane:ethyl acetate (R; 0.15). After dry-
ing the product ~78% vyield was obtained (Scheme 1). m.p.
280-282°C, Elemental analysis: Cs4H,7N305, Found (%):
C,70.88;H,547;N, 15.08; O, 8.57. Calcd. (%): C, 71.39; H,
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5.22; N, 8.06; O, 15.34; "H NMR [600 MHz, DMSO-d, TMS,
J (Hz), & (ppm)] (Fig. S5): 10.43 (1H, s), 9.92 (2H, s), 9.0
(1H,s),7.89 (1H,d, J7.2), 7.61-7.58 (2H, t, J 7.2), 7.12 (1H,
d, J7.2),7.02 (1H, d, J 9.0), 6.62 (2H, d, J 1.8). 6.48-6.45
(4H, dd, 8.4), 6.18-6.17 (1H, m), 3.33-3.3.27 (4H, q, J 6.6),
1.05-1.03 (6H, t, J 6.6); 1*C NMR [150 MHz, DMSO dg, TMS,
& (ppm)] (Fig. S6, ESI): 162.7, 159.68, 158.58, 154.62,
152.22, 150.49, 150.04, 133.58, 132.06, 129.52, 129.09,
128.17,123.61,122.9, 112.42,109.61, 106.27 103.81, 102.4,
97.33, 65.21 (spiro), 43.82, 12.43. m/z (Fig. S7) = 521.1951
(1H, d, J 1.2) (100.0%) (calculated), 521.2 (observed); IR
(KBr, cm™); (Fig. S8): 3469 (-OH), 2970, 2368, 1629 (C=N-
), 1580, 1515, 1479, 1410, 1350, 1244, 1186, 1128, 1070,
946, 815.

Preparation of L1-Cu?* and L2-Cu?* complex:

The receptor L1 (100 mg, 0.27 mmol) and Cu-perchlor-
ate (112 mg, 0.31 mmol) salt were dissolved separately in
methanol, and mixed together in a small round bottle. The
mixed solutions were stirred overnight at room temperature
and kept for solvent evaporation. After one week a grey solid
obtained. This was characterized by ESI-MS and FTIR spec-
tra. ESI-MS (Fig. S10): 441.8507 (obtained for L1 - 2H +
Cu? + H,0 + H*], Calcd. m/z: 440.103 and 483.8832 (ob-
tained for L1 - 2H + Cu2* + H,0 + CH4CN + H*], Caled. m/z:
481.1301, 483.1283; IR (KBr, cm™") (Fig. S11, ESI): 3465,
2966, 1616, 1454, 1314, 1078, 793, 755.

The receptor L2 (150 mg, 0.28 mmol) and Cu-perchlor-
ate (102 mg, 0.28 mmol) salt were dissolved separately in
methanol, and mixed together in a small round bottle. The
mixed solutions were stirred overnight at room temperature
and kept for solvent evaporation. After one week a grey solid
obtained. This was characterized by ESI-MS and FTIR spec-
tra. ESI-MS (Fig. S12): m/z 583.53, 601.54 and 631.72 cor-
respond to [L2 - H* + Cu?*], [L2 - H* + Cu?* + H,0] and [L2
- H + Cu?* + H,0 + CH,0H]; IR (KBr, cm™") (Fig. $13, ESI):
3543 (-OH, broadened), 1622(C=N).

Photo-physical studies:

For UV-Vis absorbance and PL experiment, stock solu-
tion of L1 and L2 (¢ = 1x10=3 mol L=") was prepared in ac-
etonitrile. Solutions of different metal cations (¢ = 1x10~3 mol
L-") were prepared in water (20 uM HEPES buffer, pH 7.2).
For metal selectivity and titration experiment solutions of
desired concentrations of probes and cations were prepared
separately. For investigating metal ions selectivity of the sen-
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sor L1 and L2 and in titration experiments, quartz optical cell
of 1 cm optical path length was filled with 2 mL solvent with
40 ulL of L1 and L2 (20 uM) and the metal ions solutions
were added to L1 and L2 using a micropipette. Each spec-
trum recorded at 298 K after 1 min of addition of the metal
ion solution. For detailed steady state PL study excitation
wavelength was set at 380 nm (Ex bandwidth 2.5 nm, Em
bandwidth 5 nm) emission was acquired from 380 nm to 650
nm.

Fluorescence lifetime measurements:

Fluorescence lifetimes were measured by the method of
Time-Correlated Single- Photon Counting (TCSPC) using a
HORIBA Jobin Yvon Fluorocube-01-NL fluorescence lifetime
spectrometer. The sample was excited using a laser diode
at 375 nm and the signals were collected at the magic angle
of 54.7° to eliminate any considerable contribution from fluo-
rescence anisotropy decay'”:8. The typical time resolution
of our experimental setup is ~100 ps. The decays were
deconvoluted using DAS-6 decay analysis software. The
acceptability of the fits was judged by 2 criteria and visual
inspection of the residuals of the fitted function to the data.
Mean (average) fluorescence lifetimes were calculated us-
ing the following equation'®:

S
Tav= ZT
in which o; is the pre-exponential factor corresponding to
the i-th decay time constant, T;.
Calculation of detection limit (LOD):
The detection limit was calculated from the fluorescence

T NHyNH,

methanol rt,12 hrs

NH,
=N
‘OOH
1a 16

0

titration using the equation'?:
Detection limit = 3 o/k

where G is the standard deviation of blank measurement,
and k is the slope between the fluorescence emission inten-
sity versus [Cu*]. To obtain the slope, the fluorescence
emission intensity at wavelength 543 nm (for L1) or 528 nm
(for L2) was plotted as a function of the concentration of
Cu?*,

Preparation of paper based strips:

The test strips were made by absorbing the solution of
L1 and L2 (103 M) on filter paperthin layer chromatogra-
phy paper using capillary glass at different separate place
and air dried. Then, different metal ion solutions (102 M)
were spotted on the previous spots, dried.

Results and discussion
Synthesis and characterization:

The target compound L1 and L2 was conveniently ob-
tained from fluorescein, 2-hydroxy-1-naphthaldehyde and 4-
N,N-diethylsalicyldehyde via Schiff base condensation reac-
tion in two steps (Scheme 1). All of the synthesized com-
pounds were well characterized by H NMR, ESI-MS, FTIR,
and 13C NMR (see the Supporting Information).

Solvatochromism:

The probe L1 and L2 shows distinctive colored emission
in various solvent under the light of UV-cabinet (A = 366 nm)
as shown in Fig. 1B, inset. With increasing solvent polarity,
we observe different emission with the probe L1 and L2. In
non-polar or mild polar solvent-like tetrahydrofuran (THF),
L1 shows bluish PL and whereas with highly polar solvents

CHO

B e
N NEt,

NEt,

methanol, r.t 12 hrs

CHO

o 0 r@ua,_
0 ( NH,=NH, O _NHz NEtz O N-N
O O ethanol, reflux 8 hrs methanol, reflux B hrs O
HO o OH

2a

Scheme 1. Synthetic scheme for the probe L1 and L2.
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like acetonitrile (ACN), dimethylformamide (DMF), ethanol
(EtOH), methanol (MeOH) and water (H,0) the probe shows
greenish PL although the absorption spectral position remains
same for several solvent except in water where slight red
shifting occurs (Fig. 1A-B). The shift in emission spectral
position from 475 nm to 528 nm indicates the probe is
solvatochromic. The probe L2 shows distinct emission in
various solvents under the light UV chamber (A = 366 nm)
as shown in Fig.1C, inset. Using different solvent with in-
creasing solvent polarity, we get different emission shift with
the probe L2. In non-polar or mild polar solvent like THF, L2
shows bluish PL and with highly polar solvent like ethanol,
methanol, water the probe shows reddish PL, although there
is no marked change in absorption maxima with different polar
solvents. The shift in PL intensity from 521 nm to 558 nm
makes the probe solvato (fluoro)chromic (Fig. 1C-D).
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Fig. 1. (A,C) Solvent effect on absorbance of L1, L2 (B,D) solvent
effect on emission of L1, L2 (A, =380 nm). inset: correspond-
ing photographic image under UV-lamp (A = 366 nm).

Selective Cu?* sensing via fluorescence quenching:

Both the ligand L1 and L2 capable to binds Cu®* ion
strongly shown in absorption spectra (Fig. S9A-S9B) which
was successfully described by two groups with these
ligands!":12. Again they also represent selective turn off Cu%*
sensing which was verified our group (Fig. 2A-2D). The ligand
L1 and L2, both show turn off sensing knack towards Cu?* in
all the solvent we used. We take acetonitrile for the study as
its polarity index lies in between less polar solvent THF and
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highly polar water [polarity index value for THF =4, MeOH =
5.1, EtOH = 5.1, MeCN = 5.8, DMF = 6.4 and H,0 = 9.0].
Separate addition (10 equiv.) of Na*, K*, Ba2*, Mg?*, Ca?*,
Mn2*, Cu*, AI%* Fe3*, Cr¥* Co?*, NiZ*, Zn?* Cd?*, Hg?"
and Pb2* solutions to the solution of L1 (20 uM) followed by
fluorescence spectra recording shows that the fluorescence
of L1 was quenched selectively with only Cu2* (Fig. 2A) over
the other metal ions, which was observed even with naked
eyes under UV-cabinet (Fig. S14A, inset). Similar observa-
tion was also noted from ligand L2 (Fig. 2B).
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Fig. 2. Metalion selectivity study by fluorescence spectra for (A) ligand
L1 and (B) ligand L2 (A, = 380 nm).

To gain deep insight in binding and sensing phenomenon
absorbance as well as fluorescence titration were performed
with Cu2* for both L1 and L2. With the gradual addition of
Cu?* to the solution of L1, systematic decrease in the absor-
bance at 416 nm with simultaneous increments near 470 nm
(Fig. 3A) was observed. Again, in case of L2, addition of
Cu?*, ~48 nm bathochromic shift from 384 nm to 432 nm
along with formation of two clear isosbestic point at 330 nm
and 403 nm (Fig. 3B) was noticed. This two titration results
indicates both ligand L1 and L2 undergoes new complex
formation with Cu%* addition.

Absorbance
o o o
'S o o

Absarbance

o
[N

0.0- -
250 300 350 400 450 500 550
Wavelength (nm)

300 400 500 600
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Fig. 3. Absorption titration plot of (A) L1 (20 uM) with Cu?*, (B) L2
(20 M) with Cu?*.
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Again, the incremental addition of Cu?* to the solution of
L1 readily decreases the emission intensity without marked
shifting of emission wavelength from 543 nm (Fig. 4A). The
limit of detection for chemosensor L1 as a fluorescent sen-
sor for Cu?* detection was determined from a plot of fluores-
cence intensity as a function of Cu2* concentration. It was
found that chemosensor L1 has a limit of detection of 1.9
uM (Fig. 4B). Similarly, the titration for L2 with incremental
addition of Cu®* reveals the regular decrease of emission
intensity at 528 nm (Fig. 4C). The LOD value for Cu2* with
L2 was calculated to be 1.62 uM (Fig. 4D). Both the detec-
tion limit was below from the recommended range (1.3 mg/
L) by USEPA (Unites States Environmental Protection
Agency).
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Fig. 4. Fluorescence titration plot of (A) L1 (20 M) with Cu?*, (B) L2
(20 uM) with Cu2* (Agy =380 nm), (C) Linear regression plot
for detection limit calculation for L1 and (D) Linear regression
plot for detection limit calculation for L2.

Binding and sensing (quenching) mechanism of L1 and
L2:

The recognition of Cu?* with L1, and Cu?* with L2 was
confirmed from Mass spectra (Figs. S10, S11) as well as
from FTIR spectral analysis (Figs. S12, S13). The peak at
441.8507 obtained for [L1 - 2H + Cu?* + H,0 + H] and
483.8832 obtained for [L1 - 2H + Cu2* + H,0 + CHCN + H'].
Again, FTIR spectral shift to 3465 cm™" (broad) from 3479
cm~"and to 1616 cm~" from 1629 cm~* confirms strong bind-
ing. The mass analysis of L2-Cu%* complex shows the peak

at583.53,601.54 and 631.72 correspond to [L2 - H* + Cu?*],
[L2 - H* + Cu®* + H,0] and [L2 - H + Cu?* + H,0 + CH;OH]
complex formation.

The "H NMR spectra of the complex (we tested with both
L1-Cu?* and L2-Cu?*) shows a broad proton signal at & =
10.3 ppm (-OH) with low integration value upon the addition
of Cu?* (Figs. S14, S15). The proton signal (imine) at & =
8.02 ppm (for L1-Cu2* ) and 8.9 ppm (for L2-Cu®*) became
broader as Cu?* was added, indicating that Cu%* binds to
the nitrogen atom at the imine bond. Due to the paramag-
netic nature of Cu* present in the complex fail to give de-
tectable NMR signals or give very broad, poorly resolved
signals as a consequence of rapid nuclear spin relaxation
induced by the paramagnetism?0-22. The characteristic
stretching frequency of C=0 bond of the L2 at 1633 cm™ is
shifted to a lower wavenumber at 1622 cm™"in L2-Cu2* com-
plex indicating a binding through imine N-atom. IR stretch-
ing frequency of O-H bond of L2 at 3435 cm™" is shifted to
3543 cm™" with broadening the signal upon addition of Cu?*
indicating the possibility that the oxygen of O-H group in-
volves in co-ordinate bonding interaction as shown in the
Scheme 2. The strong emission of both probes L1 and L2
are due to the presence of -OH and -NEt, donor groups in
conjugation, which increases the electron density and also
the lifetime of the excited fluorophore. The electron cloud of
the excited fluorophore deformed as the Cu?* ion formed a
tightly bound complex at the receptor end. Due to the para-
magnetic nature of Cu* the non-radaitive decay becomes
increasingly significant with Cu2* bounded receptor, and

HO

g%@
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L1 1
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S

H;

TN T NE,
\ JTNE e adh
7% L | A \N_Ji:j)\/l
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L2+Cu**complex
Static quenching

Dynamic quenghing

Scheme 2. Probable binding and quenching mechanism.

1503



J. Indian Chem. Soc., Vol. 97, No. 9b, September 2020

hence fluorescence quenching also becomes much more
efficient?324. These experimental data reveals the probe L1
and L2 quenched by Cu?* due to CHEQ effect. Out of two
quenching path (static and dynamic quenching), in our probe,
there was two distinct trends for L1 and L2. To understand
the possible mechanism of our detection system, we at-
tempted to fit Stern-Volmer relationship to describe the con-
centration of Cu* ions and temperature dependence on the
luminescence intensity of L1, L2. Fig. 5 shows the Stern-
Volmer analysis of the quenching experiment (Fq/F versus
[Cu?*)). It is interesting to note the non-linear nature of the
Stern-Volmer plot over the Cu®* ions concentration ranges
of 0-20 uM was observed with our probe. Several explana-
tions of positive derivations from Stern-Volmer behavior have
been advanced?®26. One most commonly used is that a
‘static” quenching mechanism is important at higher quencher
concentrations. Again, the temperature effects on emission
intensity are very helpful for predicting the exact mechanism
of quenching’28. If such Stern-Volmer plots are obtained
as a function of temperature, a determination might be made
from the change in slope. As shown in Table 1, increased
temperature often causes the slope (K) to increase for the
probe L1 indicating the dynamic quenching process is oper-
ated. In another case (for probe L2) the slope (K) decreases
with increasing temperature indicating the quenching is
static2®-31,

4 8 12 16 20

[Cu™] uM
c D
84 84
64 6
iy g
;_: a4 oo 4
24 24
4 8 12 16 20 1 8 12 16 20
[Cu™] uM [Cu™] uM
Fig. 5. (A) Stern-volmer plot at 298 K for L1, (B) temperature effect

on Stern-Volmer plot for L2, (C) Stern-Volmer plot at 298 K for
L2 and (D) temperature effecton Stern-Volmer plot for L2 (A,
=380 nm).
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Table 1. Stern-Volmer quenching constants K,

Temperature 298 K 313K 323 K
K, for L1 38.7x10% 40.5x10* 41.4x104
Kq, for L2 43.2x10* 29.8x10% 22.7x10%

To further study the quenching process, time-correlated
single-photon counting (TCSPC) experiments have been
used to test the charge transfer and exciton recombination
process of L1 and L2, in the presence and absence of Cu?t
ions. The fluorescence decay behavior in the absence and
presence of Cu2* is shown in Fig. 6A-6B and the exponen-
tial fit results are summarized in Fig. 6 (inset table) for the
probe L1 and L2. In the absence of Cu?*, the fluorescence
decays of L1 being double exponentially by 0.07 and 1.42
ns time constants, which is the lifetime of the S1 state of free
receptor L1. The lifetime of L1 is found to be 1.29 ns. After
10 equiv. of Cu?* is added into a buffer solution of L1, the
fluorescence decays mostly by 0.09 and 1.88 ns time con-
stants. The average luminescence lifetime of the L1-Cu?*
system decreased to 0.40 ns, which is ascribed to the chela-
tion quenched fluorescence (CHQF) process via dynamic
quenching pathway.

Lifetime study in Fig. 6B shows that before and after in-
troducing Cu?* ions to L2 solution, the average fluorescence
lifetime remained almost the same (0.61 ns and 0.57 inset;
Table). The suggestion is that, in this case, the mechanism
of the quenching process involves complexation (static
quenching) rather than collisional deactivation (dynamic
quenching). Static quenching will not reduce the lifetime of
the sample since those fluorophores which are not complexed
—and hence are able to emit after excitation — will have nor-
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Fig. 6. Time-resolved fluorescence decay of (A) L1 (red), L1-Cu2*
(violet), (B) L2 (red), L2-Cu?* (blue) and prompt (black) (Aey=
372 nm).
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mal excited state properties. The fluorescence of the sample
is reduced since the quencher is essentially reducing the
number of fluorophores which can emit. The static quench-
ing mechanism for the probe L2 is in the form of molecular
association as Fy/F > 7y/t.

Binding constant and thermodynamic parameters:

In order to further elucidate the interactions between L1
and Cu?* ions, the binding constant was investigated at two
different temperatures (298 K and 313 K) and the thermody-
namic parameters, the enthalpy changes (AH), the entropy
changes (AS) and the free energy changes (AG), were also
calculated using the following well-known thermodynamic
equations.

In (Ky/Ky) = (1/T4 = 1/T,)AHIR

AG=-RTInK

AG=AH-TAS
where K is the binding constant at the corresponding tem-
perature, R is the gas constant and T4, T, and T is the ex-
perimental temperature. From the thermodynamic param-
eters for the interaction between L1 and Cu?* ions in Table
2, the positive AH values showed that their interaction was
an endothermic process (as with increase of temperature,
binding constant decreases), the negative values AG indi-
cated their binding process was spontaneous 332, The posi-
tive AS values exhibited the chelating properties between
L1 and metal ions and their binding was mainly AS-driven.
This causes an increase in the entropy of the solvent, since
the water and solvent surrounding an ion is oriented to a
degree which depends on the ionic charge and the distance
from the charged center, and most, (if not all) of this order is
lost in chelate formation'?. It is apparent that there is an in-
crease in the number of molecules in chelate formation, and
hence increases the entropy in the formation of the copper
chelate. Similar conclusion regarding thermodynamics may
also be drawn for the probe L2.

Table 2. Thermodynamic parameters (AH, AG and AS) of L1-Cu?*

system
Temp. AH AG Ky AS
(K) (kdmol™)  (kJmor)  (mo!)  (Umol~' k)
298 47.643 -20.301  0.481x10* 0.2354
313 -26.199  2.357x10% 0.2359

Practical application of the sensor: Onsite detection:

The probe L1 as well as L2 shows bright yellowish emis-
sion when kept holds in UV-lamp in different solvent as well
as in solid state, and also in filter/TLC paper. Different metal
ion solutions (102 M) were spotted on the previously made
spots with L1 and L2 separately, dried. The filter paper shows
yellow color at most of the spots in ambient light, however a
minute difference at Cu* (Fig. 7A, 7C). Remarkably, the spot
at Cu?* became darken when expose the paper to UV-light
(366 nm), whereas all other spots illuminating yellow color
yet (Fig. 7B, 7D). Therefore, the probe L1 could be useful for
onsite Cu%* detection exclusively without requirement of any
sophisticated high costly instruments. From these two ex-
periments, it was clearly seen that the probe L1 and L2 dis-
played yellowish green fluorescence and get quenched com-
pletely with CuZ* under UV-light and thus could be useful for
direct qualitative estimation of Cu2* in practical laboratory.

K Ba Ca g
Na Co
Pb Ch
Cu
Ni Cu
M Al
Me Zn
Hg Fe
C ERY Badh "Cazi S CotN G G2
Cu* Zn** AP Fe¥* Mg* Mn*

Hg* Ni* Pb* Na+ K- Pd*

Fig. 7. Bare eye visualization of paper strips made using L1 (top), L2

(bottom) and different metal ions (A,C) under ambient light,
(B,D) under UV-lamp (A = 366 nm)

Conclusion

In this study, naphthol and fluorescein-based reliable two
fluorescent chemosensor L1 and L2 have been synthesized
for Cu2* sensing mechanistic investigation. Both the ligand
shows excellent intense color change from bluish/greenish
to reddish with a 53 nm/45 nm bathochromic shift of the
emission maxima in the emission spectrum by solvent polar-
ity changing. The selective sensing ability of the probes to-
wards Cu2* ions through a turn-off fluorescence signaling
mechanism occurred via dynamic and static quenching phe-
nomena for L1 and L2, respectively. The limit of detection
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for Cu%* was found to be 1.9 uM and 1.62 uM with L1 and
L2, respectively. The thermodynamic parameter reveals the
binding of metal ion is associated with entropy favorable path.
The complete quenching of the emission intensity was ob-
served with Cu* ions in paper strips unravel the efficiency
of the probe L1 and L2 to detect Cu®* ions as an onsite
Sensor.
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