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Experimental and Theoretical Exploration of ESIPT in a
Systematically Constructed Series of Benzimidazole Based
Schiff Base Probes: Application as Chemosensors
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Abstract: Herein, we have utilized 2-(2-
hydroxyphenyl)benzimidazole (HBI) to synthesize 3-(1H-ben-
zoimidazol-2-yl)-2-hydroxy-5-methyl-benzaldehyde (HBIA) fol-
lowed by three Schiff bases by using -ortho (H,Blo), -meta
(H;Bldm) and -para (H,Blp) substituted amino benzoic acids
and studied their photophysical properties. We have success-
fully derived molecular structures of HBI, HBIA and H;Bldm
which reveals that in HBI and HBIA, the phenolic —OH is
intramolecularly hydrogen bonded with sp> N of benzimida-
zole group whereas in H;Bldm, it is hydrogen bonded with

imine C=N of Schiff base moiety, which is responsible for
different solid state emission properties of the reported
compounds. Extensive experimental and theoretical studies
show that for all three Schiff bases, in solution due to
activation of C=N isomerization, ESIPT operates through
benzimidazole site and displays different emission from the
solid state. Furthermore, H,Blo, H;Bldm and H,BIp selectively
sense Cu’' in semi aqueous medium with nano-molar
detection limit and in HuH-7 cells through the inhibition of
ESIPT of process.
)

Introduction

During past two decades, luminescent organic materials based
on excited state intramolecular proton transfer (ESIPT) gained
immense attention because of its broad range of applications in
chemical and biological systems.? At 1955, ESIPT was first
reported by Weller in methyl salicylate.” In ESIPT process,
basically a photo-tautomerization occurs in the excited state via
intramolecular hydrogen bonded chelate. The fundamental
requirement of ESIPT process is the presence of both acidic and
basic moieties in close proximity within a molecule. In general,
molecules having intramolecular hydrogen bonding interaction
between a proton donor (—OH/-NH) and proton acceptor
(—C=O/heterocyclic N) are ideal candidates to exhibit ESIPT
phenomenon. ESIPT process comprises of the following four
levels of photochemical processes: (i) excitation from ground
state of the enol from to first excited state (enol—enol*), (ii)
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charge distribution in the excited state increases acidity and
basicity of proton donor and acceptor group which leads to
proton transfer from donor to acceptor and converts enol*—
keto*, (iii) in the next step with the emission of fluorescence,
keto* returns to the keto form (keto*—keto) and (iv) in final
step, due to thermodynamical instability of keto form, it comes
back to the more stable enol form (keto—enol) (Scheme S1).
Due to this rapid four-level photochemical process, ESIPT active
molecules generally exhibit dual emission: (i) enol emission at
shorter wavelength and (ii) keto emission at higher wavelength.
As photo-tautomerization is the key requirement for ESIPT
process, so blocking of donor-H--acceptor interaction leads to
loss of keto emission with the inhibition of ESIPT process. In this
context polar or H-bonding solvents can suppress ESIPT process
by forming intermolecular hydrogen bond.”

ESIPT operative organic compounds, owing to their multiple
photophysical properties, such as, dual fluorescence, large
Stokes’ shifts and photostability, find suitable analytical applica-
tions as fluorescence chemosensors. Till now several groups
have reported ESIPT based fluorophores for selective sensing of
environmentally and biologically important analytes.”® The
sensing of analyte by ESIPT active sensor is based on either
destroying the donor-H--acceptor bond by the analyte or
regeneration of donor-H--acceptor bond through breaking of
donor-blocking agent bond. The system significantly contrib-
uted to ESIPT research is 2-(2-hydroxyphenyl)benzothiazole
(HBT),® " in which phenolic —OH acts as proton donor, while
nitrogen of thiazole ring serves as proton acceptor.'”

Based on the above discussion, herein we have taken 2-(2-
hydroxyphenyl)benzimidazole (HBI) in place of 2-(2-
hydroxyphenyl)benzothiazole (HBT) and then incorporated an
aldehyde group at the sixth position of HBI compound to

© 2023 Wiley-VCH GmbH
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Scheme 1. Synthetic scheme of H,Blo, H;Bldm and H,Blp.

generate HBIA (3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-methyl-
benzaldehyde) and finally synthesized three Schiff bases, 2-{[3-
(TH-benzoimidazol-2-yl)-2-hydroxy-5-methyl-benzylidenel-
amino}-benzoic acid (H,Blo), 5-{[3-(1H-benzoimidazol-2-yl)-2-
hydroxy-5-methyl-benzylidene]-amino}-isophthalic acid
(H;Bldm) and 4-{[3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-meth-
yl-benzylidenel-amino}-benzoic acid (H,Blp) by using HBIA and
-ortho, -meta and -para substituted amino benzoic acids and
studied their ESIPT properties. We have successfully derived
molecular structures of HBI, HBIA and H;Bldm. Furthermore, to
support the experimental results, extensive DFT/TD-DFT calcu-
lations have been performed. In addition, we have employed
these ESIPT exhibiting compounds as sensing platform and all
the three probes successfully sense Cu®’" with nano-molar
detection limits in semi aqueous medium and in complex
matrix of live cells.

Results and Discussion
Design, syntheses and general characterization

Excellent fluorescence property of 2-(2-
hydroxyphenyl)benzimidazole (HBI) group prompted us to
design and synthesize three structurally similar benzimizaole-
amino benzoic acid analogues, H,Blo, H;Bldm and H,Blp, which
is depicted in Scheme 1. In '"HNMR spectra of the probes
(Figures S5, S7 and S9), H. (imine proton) appears at slightly
downfielded region compared to HBIA (Figure S3) indicating
formation of Schiff base. In ESI-MS spectra, presence of
molecular ion peak at 372.1515amu [(H,Blo+H)"],
416.1856 amu [(H;Bldm +H) "] and 372.1476 amu [(H,Blp+H) "]
confirms the formation of respective probes (Figures S13-S15).
Furthermore, in FT-IR spectra of Schiff base compounds shows
Vicwy at 1620 cm™' (H,Blo), 1625 cm™' (H;Bldm) and 1600 cm ™
(H,BIp). The peak for —C=0 group appears at 1675 cm™' for
both H,Blo and H,Blp, while FT-IR spectra of H;Bldm shows
two peaks at 1726 cm™' and 1676 cm™' corresponding to two
—C=0 groups (Figures S20-522). The 'H, *C NMR, ESI-MS and
FT-IR spectra are given in the Figures S1-522.
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SC-XRD study

The single crystal structure determination was carried out for
the probe H;Bldm and its precursor HBI and HBIA to elucidate
the hydrogen bonding behaviour of phenolic —OH (donor) to
the two potential hydrogen bonding acceptor sites (sp®> N of
benzimidazole vs. -CHO and —CH=N) in solid state to establish
the ESIPT mechanism. HBI, HBIA and H;Bldm were crystallized
in monoclinic P21/c, tetragonal /-4, orthorhombic Pbcn space
group respectively (Figure 1). The most common features of
these three ligands are the presence of benzimidazole group
-ortho to the phenolic group. In all the molecules the C—O, C—N
and C=N bond lengths are in the acceptable range to the
similar compounds in literature.>” In solid state the dihedral
angle between the phenolic group and benzimidazole group
decreases with increase in the functionalization of the -ortho

b/\a (B)

05
< H50

04

Figure 1. Molecular structures of A) HBI, B) HBIA and C) H;Bldm. Hydrogen
atoms attached to carbon and two solvent molecules in H;Bldm were not
shown for clarity. Color code: C=grey; N=blue; O =red; H=light grey,
Hydrogen bond =green.
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group, 5.08° in HBI, 3.75° in HBIA and 2.24° in H;Bldm. Thus, we
can assume that derivatisation of HBI leads to a more planar
molecule. In HBI and HBIA, the phenolic —OH is intramolecularly
hydrogen bonded with sp? N of benzimidazole group whereas
in H;Bldm it is hydrogen bonded with imine C=N of Schiff base
moiety (Table S1). Another interesting feature of H;Bldm is the
simultaneous presence of acidic —CO,H of 5-amino-isophthalic
acid and basic N of benimidazole leads protonation of sp* N
(N1) of benzimidazole and deprotonation of —CO,H group.
Crystallographic data and the metric parameters of all three
structures are tabulated in Tables S2 and S3, respectively. The
phase purity of all three compounds were confirmed by the
powder XRD experiment which shows comparable peak
position of experimental and simulated SC-XRD patterns (Fig-
ure S23).

Normal Light

UV Light

Figure 2. Visualization of fluorescent compounds, HBI, HBIA, H,Blo, H;Bldm
and H,BIp in solid and DMSO medium under UV light.
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Photophysical studies

Existence of ESIPT liable intramolecular O—H--N hydrogen bond
within the system allows us to check emission properties of all
three probes in various solvents as well as in solid state. So, we
initiated our experiment by recording solid state absorption
and emission spectra of the synthesized compounds. Under UV
lamp, solid compounds of HBI and HBIA show sky blue and
green fluorescence respectively which indicates solid state
ESIPT phenomenon (Figure 2)."®™ Upon excitation at 358 nm,
solid HBI shows strong emission at 470 nm, whereas on
excitation at 380 nm, solid HBIA shows strong emission at
520 nm (Figure 3A). As in solid state, in solution, HBI and HBIA
also show sky blue and green fluorescence respectively through
ESIPT mechanism (Figure 2). Upon excitation at 350 nm, HBI
shows a strong emission at 470 nm (Figure 3B), whereas upon
excitation at 360 nm HBIA shows dual emission at 510 nm and
430 nm (Figure 3B). H;Bldm and H,Blp show slight orange
fluorescence (Figure 2) with emission maxima at 610 nm and
620 nm respectively in the solid state (Figure 3A) but on the
contrary, H,Blo does not show any fluorescence (Figures 2 and
3A). It can be observed from Figure 1that in HBI or HBIA, ESIPT
active six membered H-bonded chelate ring formation takes
place through O—H--N (benzimidazole), but in case of H;Bldm it
forms through imine nitrogen which is responsible for weak
emission at 610 nm. The -ortho analogue (H,Blo) is stabilized
further by the H-bonding between O, o—H""Ophenciis @s shown
in Scheme 2. So, like H;Bldm or H,Blp, no intramolecular
protonation-deprotonaion between sp? N of benzimidazole and
—CO,H group is possible for H,Blo. The non-emissive behavior
of H,Blo in solid state (Figures2 and 3A) suggests that
OLaboxy—H*Oppenoiic bONding interferes with the ESIPT phenom-
enon in someway (Scheme 2).

Surprisingly, in DMSO medium all three compounds (H,Blo,
H;Bldm and H,BIp) show a green fluorescence (Figure 2) with
strong emission at 512 nm and a weak emission at 410 nm
(Figure 3B), i.e., completely different emission spectra were
generated in solid and solution. In polar solvents, compounds
of HBI can exist as cis-enol (I) and open-enol (I') conformers
(Scheme 52).2% The existence of this conformational equilibrium
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Figure 3. Emission spectra of HBI, HBIA, H,Blo, H;Bldm and H,BIp in A) solid and B) DMSO medium.
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Scheme 2. Schematic representation of structure dependent emission behavior of H,Blo, H;Bldm and H,BIp in solid and solution state.

in the solution is responsible for dual emission, with longer
wavelength emission at 512 nm corresponding to excited keto
emission and a weak blue-shifted emission at 410 nm due to
the open-enol conformer ascribed to normal emission. The
existence of this conformational equilibrium is further con-
firmed by the different position and nature of the peak in the
excitation spectra of synthesized compounds at the two
emission wave lengths (Figure S24). With the excited keto
emission wavelength, the obtained excitation spectra (Fig-
ure S24B) completely resemble with the absorption spectra
(Figure 4A), while with the normal emission wavelength, the
nature and/or position of the peak (Figure S24C) did not remain
the same. This implies that a major amount of cis-enol (I) exist
in the ground state.

The absorption spectra also give different outputs. In solid
state all three compounds are red in color (Figure 2) with
absorption maxima at 500 nm, 484 nm and 498 nm for H,Blo,
H;Bldm and H,Blp respectively (Figure S25A). Whereas, in
DMSO medium H,Blo show absorption maxima at 340 nm and
306 nm, H;Bldm show bands at 360 nm and 275 nm and H,Blp
has absorption maxima at 367 nm, 340 nm and 295 nm (Fig-
ure S25B). This different outcome of solid and solution phase is
the results of combined effect of two well-known florescence
mechanisms, ESIPT and C=N isomerization. Molecular structure

of HBIA reveals, in solid state, the —C=0 bond is at trans
position and phenolic proton forms H bond with benzimidazole
nitrogen, on the other hand, in the solid state structure of
H,;Bldm, imine bond (—C=N) is at cis position and phenolic
proton forms H bond with imine nitrogen. But in solution
medium, due to facile C=N isomerization, imine bond is at trans
position and phenolic hydrogen rotates towards benzimidazole
ring and forms ESIPT active six membered H-bonded chelate
ring with benzimidazole nitrogen. So, in solid state, due to
inhibition of C=N isomerization, only ESIPT is operative through
imine site and hence weak emission was observed, on the other
hand, in DMSO, due to activation of C=N isomerization, ESIPT
operates through benzimidazole site and emits strongly like
HBIA (Scheme 2).

We have then proceeded to study ESIPT phenomenon of
the synthesized compounds in different organic media and
aqueous solution. In organic solvents, like CH;CN, EtOH, MeOH,
IPrOH, DMSO and DMF, H,Blo shows peaks at 340-327 nm and
295-306 nm, in addition a new peak at 420 nm and 448 nm
was observed in IPrOH and DMF medium respectively (Fig-
ure 4A, Table S4). In aqueous medium, H,Blo generates com-
pletely new spectra with absorption maxima at 420 nm and
303 nm (Figure 4A). We then further recorded absorption
spectra of H,Blo in semi aqueous medium and it showed that
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Figure 4. UV-Vis absorption spectra of H,Blo in A) different solvents, B) semi aqueous medium and C) at different pH.
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with increasing amount of water, the absorbance at 340 nm
continues to decrease and the peak at 420 nm gradually
increased (Figure 4B). Generation of red shifted peak in aqueous
medium indicates formation of anionic species of the probe.
This was further confirmed by taking absorption spectra of
H,Blo with the variation of pH (Figure 4C). Presence of strongly
electron withdrawing —CO,H group in the system makes —OH
proton sufficiently acidic and facilitates formation of HBlo™ in
aqueous medium. In this context -meta (H;Bldm) and -para
(H,Blp) substituted probes show similar behavior as like -ortho
substituted probe (H,Blo) in organic and aqueous medium
(Figures S26 and S27, Table S4).

Upon excitation at 340-330 nm, H,Blo shows dual emission
at 500-512 nm (keto emission) and 400-407 nm (normal
emission) in CH;CN, DMSO and DMF (Figure 5A). In alcoholic
medium (EtOH, MeOH and IPrOH) 30-40 nm blue shift in keto
emission (470 nm), whereas, in normal emission, 4-5 nm blue
shift was observed (Figure 5A). The possibility of extensive H-
bonding in polar protic solvents becomes responsible for the
blue-shifted keto emission compared to polar aprotic solvents.
In polar aprotic solvents, along with cis-enol (I), normal open-
enol (I') is present (Scheme S2). However, H-bonded conformers
are present in polar protic solvents (Scheme S2). In polar aprotic
solvents, both the open-enol and keto forms showed a mono-
exponential decay pattern with lifetime values of 6.96-8.76 ns
and 4.28-4.53 ns respectively (Figure S30, Table 1). But in polar
protic solvents (EtOH and MeOH), a bi-exponential decay
pattern was observed in both emission wavelengths (Fig-

ure S30, Table 1). In the case of a more hindered alcohol, IPrOH,
only one H-bonded species was observed in the excited state
(Figure S30, Table 1). Like H,Blo, H;Bldm also shows dual
emission at 504-525 nm and 405-415nm in all the studied
solvents except MeOH where keto emission appeared at
473 nm (Figure S28A). -Para substituted ligand, H,Blp, on the
other hand, shows only keto emission at 505-525 nm in CH;CN,
IPrOH, DMSO and DMF medium and 480 nm in EtOH and MeOH
medium (Figure S29A). In H,Blp, due to —R effect of —CO,H
group at -para position with consequent extended conjugation,
phenolic hydrogen becomes more acidic and easily undergoes
enolisation at excited state and generates only keto emission.
We have then measured excited state life time of H;Bldm and
H,BIp in different solvents. Like -ortho analogue (H,Blo), in polar
aprotic solvents both the open-enol and keto forms of H;Bldm
showed a mono-exponential decay pattern with lifetime values
of 3.25-5.54ns and 4.23-4.42ns respectively (Figure S30,
Table 1). In case of polar protic solvents, in MeOH medium, keto
form showed bi-exponential decay pattern with two differently
populated species having lifetime values of 1.66 (26 %) and 4.16
(74%) ns, but in other two protic solvents, it showed existence
of one species in the excited state (Figure S30, Table 1). The
presence of two carboxylic groups at the -meta position, as well
as hydrogen bonding with more alkyl group substituted
alcohol, might be responsible for the existence of single species
in the excited state for H;Bldm in EtOH and IPrOH medium.
Again, in case of keto form of -para analogue (H,Blp) a bi-
exponential decay pattern was observed in EtOH and MeOH
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Figure 5. Emission spectra of H,Blo in A) different solvents, B) semi aqueous medium and C) at different pH.

Table 1. Excited state lifetime parameters of H,Blo, H;Bldm and H,Blp in different solvents.

Solvent  H,Blo H;Bldm H,Blp
Aem [NM] 7, [NS] T, [ns] Ty [NS] Aem [nM] 74 [ns] 7, [ns] T [NS] A [NM] T, [NS] T, [ns] T, [NS]

DMSO 512 453 - - 512 4.42 - - 512 4.46 - -
404 8.76 - - 420 5.54 - -

DMF 510 441 - - 510 433 - - 510 434 - -
400 791 - - 410 473 - -

IPrOH 470 4.80 - - 525 4.80 - - 525 4.79 - -
410 8.08 - - 420 5.34 - -

EtOH 470 4.64(82%) 7.96(18%) 5.23 525 4.74 - - 480 0.03(62%)  4.46(38 %) 1.71
410 1.18(15%) 8.24(85%) 7.18 422 1.44(43%) 5.53(57%) 3.78

MeOH 470 1.0723%) 4.21(77%) 3.49 473 1.66(26%) 4.16(74%) 3.51 475 251(31%) 4.43(69%) 3.83
402 2.25(59%) 4.92(41%) 3.34 402 2.00(41%) 3.60(59%) 2.94

CH;CN 500 4.28 - - 504 4.23 - - 505 4.27 - -
400 6.96 - - 407 3.25 - -
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medium as like -ortho analogue (H,Blo) with lifetime values of
0.03 (62%) and 4.46 (38 %) ns for EtOH and 2.51 (31 %) and 4.43
(69%) ns for MeOH (Figure S30, Table 1). We have calculated
quantum vyields of H,Blo, H;Bldm and H,Blp in different
solvents which are enlisted in Table 2. Due to insolubility of the
synthesized compounds in less polar to non-polar solvents like,
CHCIl; and hexane, we are unable to study ESIPT properties of
the compounds in these solvents.

We further examined this double emission phenomenon in
aqueous medium. However, in 100% aqueous solution, all three
probes become non-emissive (Figures 5A, S28 A and S29 A). To
get better insight we recorded emission spectra of probes in
semi aqueous medium and the emission intensities for both the
tautomers gradually decreased with increment of water (Figur-
es 5B, 5S28B and S29B). The newly generated peak (417-422 nm)
in the absorption spectra of all three probes in aqueous
medium (Figures 4A, S26A and S27A) indicates generation of
anions of the probes, which restricts keto=enol tautomerism
and became responsible for decreased emission intensity.
Hence, emission property of the probe was dependent on
basicity of the medium. This was further confirmed by emission
intensity vs. pH plot, where increasing pH leads to decrease in
emission intensity (Figures 5C, S28C and $29C).

Theoretical calculations and TD-DFT studies

To validate experimental findings, herein we have optimized
multiple conformers for each compounds based on C=N
isomerization and/or keto-enol tautomerisaion and compared
their TD-DFT computed absorption spectra with the experimen-
tal ones. In case of starting compound, HBI, enol form (l) is the
principle component in the solution, whereas keto form (ll) has
no stability in ground state. The computed spectral pattern for
conformer | (310 nm and 280 nm) matches well with the
experimental spectra (330 nm and 292 nm) of HBI but slightly
blue shifted (Figure S31). Experimental 330 nm band is corre-
lated with the Sy—S; (3.994 eV, 310 nm, f=0.5032) electronic
transition and 292 nm band is correlated with S,—S, (4.460 eV,
278 nm, f=0.1801) and S,—S; (4.419eV, 280 nm, f=0.2219)
electronic transitions (Figure S31, Table S5).

For the next compound, HBIA, which shows dual emission
phenomena corresponding to open-enol (I') and excited keto
emission, the comparison of the relative energies of the three
conformers shows the enol form (l) to be 29.90 kJ/mol and
63.06 kJ/mol more stable than the keto form (ll) and open-enol
(I’ conformers respectively. HBIA shows two absorption maxima

Table 2. Quantum yields of H,Blo, H;Bldm and H,Blp in different solvents.

Solvent ¢ (H,Blo) ¢ (H;Bldm) ¢ (H,BIp)
DMSO 0.84 0.78 0.80
DMF 0.63 0.67 0.58
IPrOH 0.68 0.62 0.65
EtOH 0.67 0.59 0.62
MeOH 0.70 0.68 0.75
CH,CN 0.67 0.60 0.69
H,O 0.05 0.04 0.05
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in the experimental spectra at 362 nm and 291 nm. In the
calculated TD-DFT spectra of conformer | of HBIA, 362 nm peak
corresponds to one single vertical transition (S,—S,, 3.246 eV,
f=0.2647) at 382 nm whereas 291 nm peak corresponds to
another single vertical transition (Sy—Ss, 4.449 eV, f=0.4943) at
279 nm (Figure S32, Table S6). TD-DFT computed absorption
spectra of open-enol conformer (I') show blue shifted spectra
with absorption maxima at 327 nm (S,—S,, 3.789 eV, f=0.1300)
and 246 nm (S,—Ss, 5.040 eV, f=0.1377) (Figure S32, Table S6).
A red shifted TD-DFT computed absorption spectra was
obtained for keto conformer () with absorption maxima at
407 nm  (Sp—S;, 3.045eV, f=0.4819) and 295 nm (S,—Ss,
4.197 eV, f=0.2663) (Figure S32, Table S6). The relative energy,
TD-DFT computed spectral pattern and excitation spectra
obtained from the open-enol emission wavelength support the
co-existence of enol (I) (major) and open-enol (I') (minor) forms
in the solution.

Like HBIA, H,Blo also shows dual emission properties and
from the structure optimization and TD-DFT study, it was clear
that a minor amount of the open-enol conformer (I) of HBIA
was present in the solution, which becomes responsible for
blue-shifted emission. Because Schiff base compounds also
exhibit blue-shifted normal emission like HBIA, it could be said
that a minor amount of the respective open-enol conformer is
present in the solution. As the experimental results indicate
that in the synthesized Schiff base compounds (H,Blo, H;Bldm
and H,BIp) C=N isomerization modulates the keto-enol tauto-
merisation site, therefore, in order to identify the major species
in solution, here we have optimized total four conformers.
Conformers | and Il are enol tautomers of trans and cis isomers
respectively, whereas conformers Il and IV are keto tautomers
of trans and cis isomers respectively. For all three compounds,
comparison of relative energies of four conformers indicates
stabilities of enol tautomers over keto tautomers (Figures 6, S33
and S34). The overlay of UV-Vis spectra of Schiff base
compounds (H,Blo, H;Bldm and H,Blp) and TD-DFT of con-
former I, Il, Il and IV of the respective compounds shows
matching of spectral output in terms position and intensity
majorly with the conformer | which concludes existence of
trans-enol conformer (1) in solution (Figures 6, S33 and S34).

Experimental absorption spectra of H,Blo show two bands
at 340 nm and 306 nm. In conformer |, 340 nm and 306 nm
bands are correlated with S,—S, (3.078 eV, 403 nm, f=0.2284)
and S,—S, (3.544 eV, 350 nm, f=0.1358) vertical transitions
respectively (Figure 6 and Table S7). In conformer Il, the low
energy band becomes red shifted and appears at 434 nm (S,—
S, 2.854eV, f=0.5117), whereas experimental maxima at
306 nm is attributed to multiple vertical transitions, S,—Ss
(4.110 eV, 301 nm, f=0.1727) and S,—S, (4.166 eV, 297 nm, f=
0.1235) (Figure 6 and Table S8). In conformer Ill along with
absorption bands at 330 nm (S,—S,, 3.725¢eV, f=0.6179, A=
333nm and S,—S;, 3.973eV, f=0.1135, A=312nm) and
286 nm  (S,—S, 4.255eV, f=0.1812, A1=291nm; S,—S,
4.337 eV, f=0.4683, 1 =289 nm and S,—S,, 4.546 eV, f=0.1193,
A=273 nm), a new band at 416 nm (S,—S,, 2.982 eV, f=0.2221)
was generated which was absent in experimental spectra
(Figure 6 and Table S9). Like conformer I, similar spectral
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Figure 6. A) DFT-B3LYP optimized molecular structures of H,Blo and B) Correlation between experimental and TD-DFT computed UV-Vis absorption spectra of

H,Blo.

pattern was observed for conformer IV but with red shifted
absorption bands. Low energy band at 444 nm is attributed to
one single vertical transition, S,—$S; (2.793 eV, f=0.6044), while
other two bands at 370 nm (S,—S;, 3.345 eV, f=0.0985) and
280 nm (S,—Ss, 4.019eV, f=0.2042, A=308 nm; S,—S,,
4.107 eV, f=0.1708, =302 nm; S,—S,, 4.325 eV, f=0.1031, 1=
286 nm and S,—S,, 4.437eV, f=0.4097, 1=279nm) are
attributed to multiple vertical transitions (Figure 6 and Ta-
ble S10). For other two ligands (H;Bldm and H,BIp) similar type
of spectral patterns are observed (Figures S33 and S34). Details
of the TD-DFT results are tabulated in Tables S11-S18. So, the
TD-DFT outcome also suggests that in solution imine bond
becomes trans and keto-enol tautomerisation occurs through
benzimidazole site.

Based on the photophysical properties of H,Blo and the
molecular structure of H;Bldm in the solid state, we have also
optimized the molecular structure of H,Blo (conformer V) that
can exist in the solid state (Figure 7). The solid state absorption
spectra of H,Blo show three bands at 512 nm, 386 nm and
333 nm. The TD-DFT computed absorption spectra of conformer
V also show three peaks both in gas (434 nm, 335 nm and
284 nm) as well as solution medium (449 nm, 337 nm and
285 nm) but with slightly blue shifted absorption maxima
(Figure 7 and Table S19). The TD-DFT computed spectral pattern
and non-emissive nature of H,Blo both support existence of the
conformer V in the solid state.

Analytical studies

We investigated the sensing capabilities of these fluorescent
probes in presence of various metal ions such as, Na*, K™, Ca?*,
M92+ A|3+ Cr3+ Fe3+ Fe2+ Mn2+ C02+ Ni2+ Cu2+ Zn2+ Cd2+

and Hg?" in (7:3) DMSO:HEPES-buffer solution (25 mM, pH=
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Figure 7. DFT-B3LYP optimized molecular structure and correlation between
experimental and TD-DFT computed UV-Vis absorption spectra of solid state
conformer of H,Blo.

7.2). A significant quenching in emission spectra (4,,=340 nm,
Aem=7512 nm, H,Blo; 1.,,=360 nm, 1,,=512 nm, H;Bldm; 1., =
360 nm, A, =512 nm, H,BIp) of H,Blo, H;Bldm and H,Blp with
change in color of the solution from green to color less under
UV lamp was observed in presence of Cu®" ion, whereas no
significant spectral changes were observed for other metal ions
(Figure 8, Figure 9 and Table S20). The competitive experiment
was performed to validate the selectivity of these probes
towards Cu®* (Figure S35). To assure applicability these probes
for sensing of Cu?* in waste water effluent, emission spectra of
H,Blo, H;Bldm and H,Blp were recorded with different salts
(CI, Br, NO;-, ClO,”, OAc” and SO,%") of Cu’" and anion
independent sensing of Cu’" was observed (Figure S36).
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Figure 8. Visual color change of H,Blo under UV light (=254 nm) with
addition of different metal ions in (7:3) DMSO :HEPES-buffer solution
(25 mM, pH=7.2).

Furthermore, Cu>* quenched the emission intensity of H,Blo,
H;Bldm and H,Blp at the pH range 4-10 (Figure S37).

To get better insight, we have carried out emission titration
experiment by adding increasing concentration of Cu®" to the
solution of H,Blo, H;Bldm and H,Blp the emission intensity at
512 nm continuously decreased (Figures 10 and S38). Further-
more, the absorption profile of H,Blo, H;Bldm and H,Blp in
presence of Cu®* have shown a new peak around 410-420 nm
and each titration profile exhibits an isosbestic point indicating
the presence of equilibrium between two species (Figure S39).
Moreover, the emission intensity at 512 nm can be reversibly
switched by alternative addition of Cu’* and EDTA, permitting
H,Blo, H;Bldm and H.Blp to act as a reversible fluorescent
sensor for Cu>* (Figure S40).

The calculated limit of detection (LOD =307/s, where, ¢ is the
standard deviation of the blank solution and s is the slope of
the calibration curve) of Cu?* by H,Blo, H;Bldm and H,Blp from
emission titration experiment were 26.2nM, 47.2nM and
45.5 nM respectively (Figure S41), which are much lower than
the permissible limit Cu*™ in drinking water directed by WHO.
To determine binding stoichiometry between probes and Cu?",
Job’s plots are constructed and it indicates 1:1 complexation
between ligand:Cu®" (Figure S42). Based on 1:1 complexation,
Benesi-Hildebrand Equation (1),2'#

1T 1 1
Ix_ IO_ Imax_ IO+ <lrnax_ l0> Ka[c}n> (1)

where, Iy, I, and I.,,, are the emission intensities of probes in the
absence of Cu*", with intermediate concentration of Cu?>* and
the concentration of Cu" at saturation level, respectively, [C] is

4000000

3000000 -

20000004

Emission intensity (a.u.)

10000004

400 450 500 550 600 650
Wavelength (nm)

Figure 10. Emission titration spectra of H,Blo (0.1 uM) upon incremental
addition of Cu* in (7:3) DMSO:HEPES-buffer solution (25 mM, pH=7.2).

the concentration of Cu**, n refers to the number of Cu®>" ions
associating with each molecule of probes and K, is the
association constant, has been used to determine association
constant. A plot of {(l,..—lo)/(l=l,)} vs. 1/[Cu?*]" yields associa-
tion constant 3.55x10° M~' for H,Blo, 2.22x 10° M for H;Bldm
and 2.36x10°M™" for H,Blp, which indicates Cu*" has more
affinity towards H,Blo over H;Bldm and H,Blp (Figure S43). As
H,Blo have an extra coordination site in form of o-carboxylate
group which provide an extra stability to H,Blo-Cu>* complex
compared to other two Cu’" complexes (carboxylate are far
apart to chelation) and hence H,Blo has higher association
constant as well as lower limit of detection for Cu?* than
H;Bldm and H,Blp. The ESI-MS spectra of all three ligand-metal
complexes show peaks for [(H,L)Cu+H]™ and [(H,L),Cu, HI"
fragments at 433.0505 [(HBlo)Cul*, 865.0859 [(Blo),Cu, HI",
477.0455 [(H,Bldm)Cu]™, 955.0247 [(HBIdm),Cu, H]™ amuy,
433.0548 [(HBIp)Cul"™ and 865.0920 [(Blp),Cu, HI* (Figur-
es $16-518). On complexation, vy, shifts to lower region
compared to free ligands, which indicates complexation
through imine nitrogen. Furthermore, in all the complexes,
Vo) and v o also shifts to lower region which indicates
deprotonation of —CO,H group, but a noticeable change either

H Bldm + (C) H,Blp + Other
Oth.er metal 3 2700000 metal ions
ions ]
z
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E 1800000 4
; H,Blp + Cu™
u
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Figure 9. Emission spectra of A) H,Blo (0.1 pM), B) H;Bldm (0.1 pM) and C) H,Blp (0.1 uM) upon addition of 5 equivalents metal ions in (7:3) DMSO :HEPES-

buffer solution (25 mM, pH=7.2).
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in peaks position or in shape were observed for -ortho analogue
compared to -meta and -para compounds, which supports
involvement of carboxylate group in coordination of Cu>* in
case of -ortho analogue (Figures S20-522).**! Finally, the
fluorescence quenching of the probes in presence of Cu®* is
the consequence of inhibition in ESIPT process during complex-
ation with Cu>* (Scheme 3).

Application of H,Blo, H;Bldm and H,BIp for Cu®>* detection in
live cells

It has been found that the synthesized probes, H,Blo, H;Bldm
and H,Blp selectively interact with Cu’" to turn-off their
fluorescence. The probes were further investigated for detec-
tion of intracellular Cu** using fluorescence microscopy. Human
cancer cell HuH-7 was used as model. Before assessing the
intracellular Cu®*, we have performed the cytotoxic effect of the
probes and probe-Cu’* complexes on live cells. The MTT
assay™ was adopted to study cytotoxicity of probes and probe-
Cu’" complexes at varying concentrations. A cytotoxicity
measurement for each experiment shows that the H,Blo,

Aox = 340 nm

Fluorescence “on”

Scheme 3. Proposed sensing mechanism of Cu®>* by H,Blo.

H;Bldm and H,Blp do not have any toxicity on the tested
Human cancer cell HuH-7 and [(Blo),Cu,], [(HBIdm),Cu,] and
[(Blp),Cu,] complexes do not apply significant effect on cell
viability at tested concentrations (Figure S44).

Fluorescence microscopic studies revealed bright green
fluorescence in HuH-7 cells when treated with the probes
(H,Blo/H;Bldm/H;Blp) alone (Figure 11). Upon incubation with
(H,Blo/H;Bldm/H;BIp) followed by Cu®’, the existing
fluorescence of the probe treated HuH-7 cells have been
turned-off. The fluorescence microscopic analysis strongly
suggested that probes (H,Blo/H;Bldm/H;Blp) and Cu®* could
readily cross the membrane barrier of the HuH-7 cells. It is
significant to mention here that bright field images of treated
cells did not reveal any gross morphological changes, which
suggested that HuH-7 cells were viable.

Conclusion
In this paper, we have systematically designed three benzimi-

zaole-aminobenzoic acid bearing Schiff base probes, 2-{[3-(1H-
benzoimidazol-2-yl)-2-hydroxy-5-methyl-benzylidene]-amino}-

Aok =340 nm

X

“ ESIPT Inhibited
P +
» Fluorescence “off”

Figure 11. Fluorescence microscopic images of HuH-7 cells: A and B) Cells treated with H,Blo (1 uM); C and D) Cells treated with H,Blo and Cu®>* (2.5 uM); E
and F) Cells treated with H;Bldm (1 uM); G and H) Cells treated with H;Bldm and Cu®>* (2.5 uM); | and J) Cells treated with H,BIp (1 uM); K and L) Cells treated
with H,Blp and Cu®* (2.5 pM). All images were acquired with a 40 x objective lens.
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benzoic acid (H,Blo), 5-{[3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-
methyl-benzylidene]-amino}-isophthalic acid (H;Bldm) and 4-
{[3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-methyl-benzylidene]-
amino}-benzoic acid (H,Blp) by employing -ortho, -meta and
-para substituted aminobenzoic acids with elaborate spectral
and crystal structural characterizations. The ESIPT activities have
been extensively studied by means of experimental and
theoretical calculations. At first, the solid state ESIPT phenom-
enon has been checked and interestingly, H;Bldm and H,Blp
exhibited slight orange fluorescence but H,Blo remained non-
fluorescent. On the other hand, different emission spectral
outcomes were observed for all the three probes in DMSO
solvent. In DMSO, they produced a strong emission and a weak
emission corresponding to keto and open-enol forms respec-
tively. This difference in solid and solution behaviors have been
analyzed in terms of combined effect of two florescence
mechanisms, ESIPT and C=N isomerization. In the solution
phase, facile C=N isomerization can take place, and therefore,
imine bond is at trans position and the phenolic -OH rotates
towards benzimidazole ring and forms ESIPT active six mem-
bered H-bonded chelate ring with benzimidazole nitrogen.
ESIPT activities have been studied in other common organic
solvents also and the experimental outputs have been
explained by means of -R effects of the substituted groups.
These experimental findings are reinforced with the help of
detailed DFT/TD-DFT calculations. The three probes, H,Blo,
H;Bldm and H,BIp can sense Cu’" in semi aqueous medium
and in live cells like HuH-7 via fluorescence turn-off mechanism
with nano-molar detection and are supported by the necessary
experimental parameters.

Experimental Section

Materials and apparatus: 2-Hydroxy-5-methylbenzaldehyde, o-
phenylenediamine, anthranilic acid, 4-aminobenzoic acid, 5-amino-
isophthalic acid and HEPES buffer were purchased from Sigma
Aldrich. All solvents for synthesis were purchased from commercial
sources and used without further purification. Spectroscopic grade
organic solvents were used for spectral analysis. Elemental analyses
for C, H and N were performed on a Perkin-Elmer 2400 Il analyzer.
'H and “C NMR spectra were recorded in DMSO-d; solvent using
TMS as standard on a Bruker AV 300 Supercon Digital NMR system.
The FT-IR spectra were recorded using KBr pellet in the range of
4000-400 cm™" on Perkin-Elmer Spectrum 100 spectrometer. The
ESI-MS analysis was carried out on Waters Xevo G2-S QTOF mass
spectrometer. Powder X-ray diffraction (PXRD) patterns were
recorded on a Rigaku SmartLab diffractometer using monochro-
mated Cu-K, radiation of A1=1.5405A and a Ni-Beta filter. A
Systronics digital pH meter (model 335) was used to adjust the pH
of the solution. The absorption and emission spectra were recorded
on a Hitachi UV-Vis U-3501 spectrophotometer and HORIBA
Scientific Fluoromax-4 spectrofluorometer respectively at room
temperature in a quartz cuvette with 1cm path length. Time-
resolved fluorescence lifetime measurements were performed with
a DeltaFlex Time Correlated Single Photon Counting (TCSPC)
spectrometer with a hybrid photomultiplier detector (HPPD). The
excitation source was the second harmonic output of a tuneable
Mai-Tai Laser (1.,=360 nm) with a pulse picked repetition rate of
8 MHz. The full width at half-maxima (FWHM) of the Instrument
Response Function (IRF) was 88 ps.

Chem. Eur. J. 2023, 29, €202203399 (10 of 12)

Evaluation of fluorescence quantum yield: The fluorescence
quantum yield was determined using quinine sulphate (¢; =0.546
in 0.5M H,S0,) as a reference. The quantum vyield is calculated
using the Equation (2)

Ay s

Fs
¢s—¢5R><F_R><AS><nRz (2)

where, ¢ is the fluorescence quantum yield, F terms denotes
integrated area under the fluorescence curve, A denotes absorb-
ance and 1 is the refractive index of the medium. Subscripts S and
R denote the respective parameters for the studied sample and
reference, respectively.?®

Computational details: All the theoretical calculations reported in
this article were done with the ORCA 4.1 program package™? and
Avogadro software® was used as visualization tool and producing
molecular orbital picture. The DFT calculations were performed at
the level of Becke three parameter hybrid functional with the non-
local correlation functional of Lee-Yang-Parr (B3LYP).?*** Gas phase
optimized geometry of the ligand and complex were carried out
using def2-TZVP,®*38 a valence triplezeta basis set with new
polarization function for all the atom. Resolution of Identity (RI)Z**"
approximation with def2/J auxiliary basis set for Coulomb and HF
exchange integral for HF was employed for self-consistent field
(SCF) gradient calculations.*” TD-DFT calculation was performed for
the first 75 singlet state with CPCM salvation™® model using the gas
phase optimized coordinate.

Single-crystal X-ray crystallography: X-ray crystallographic data for
HBI, HBIA and H;Bldm were collected with Bruker-Nonius APEX-II
diffractometers with CCD-area detectors using graphite-monochro-
mated Mo-K, radiation (1=0.71073 A) at 296 K. Empirical absorp-
tion corrections were applied to the collected reflections using
SADABS." The structures were refined on F* by full-matrix least-
squares technique using the SHELXL16/6 program package.* In all
cases, non-hydrogen atoms were refined anisotropically. Hydrogen
atoms bonded to carbon were refined isotropically in calculated
positions. Those bonded to nitrogen and oxygen was located in
difference Fourier maps and refined with distance constraints.

Deposition Number(s) 2121175, 2121176 and 2121179contain(s)
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Cell culture: HuH-7 cell lines were cultured through continuous
culture using Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma
Chemical Co., St. Louis, MO) supplemented with 10% fetal bovine
serum (Invitrogen), penicillin (100 pg/mL), and streptomycin
(100 pg/mL). Cells were cultured in 75 cm? filter-capped tissue
culture flask, made up with polystyrene, in CO, incubator with 5%
CO, and 95% air at 37°C. From the logarithmically grown culture,
the cell density was adjusted to 10° per/well with fresh media. The
cells were then used to inoculate in a glass bottom dish, with
1.0 mL (10* cells) of cell suspension. After cell adhesion, culture
medium was removed. The cell layer was rinsed twice with
phosphate buffered saline (PBS) (pH 7.0), and then treated accord-
ing to the experimental need.

Cell imaging study: For microscopic studies, 10* HuH-7 cells in
1 mL of medium were seeded on three sterile 35 mm glass bottom
culture dish (ibidi GmbH, Germany), and incubated at 37°C in a CO,
incubator for 10 h. Then cells were washed with 500 mL of fresh
DMEM medium followed by incubation with the H,Blo (1 puM),
dissolved in 1000 uL. DMEM, at 37°C for 1 h in a CO, incubator. Cells
were washed thrice with phosphate buffered saline (PBS) (pH 7.0)

© 2023 Wiley-VCH GmbH
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to remove excess H,Blo observed under an Olympus IX73
fluorescence microscope. Images obtained were analyzed by FITC
filter with excitation at 360 nm, and emission spectra were
integrated over the range 520 nm. The cells were further incubated
with Cu>* (2.5 uM) for 20 min and excess Cu>* was washed thrice
with PBS (pH 7.0) followed by analyses under fluorescence micro-
scope. We have performed similar experiments with H;Bldm and
H,BlIp also. For all the images, the fluorescence microscope settings,
such as transmission density and scan speed were held constant to
compare the relative intensity of the intracellular fluorescence.

Synthesis

Synthesis of 2-(1H-benzoimidazol-2-yl)-4-methyl-phenol (HBI):
To a 15mL methanolic solution of 2-hydroxy-5-meth-
ylbenzaldehyde (5 mmol, 0.680 g), NaHSO; (15 mmol, 2 g) was
added and stirred for 3 h. A 15 mL DMF solution of o-phenyl-
enediamine (5 mmol, 0.504 g) was slowly added to the previous
solution and the mixed solution was further stirred at 80 °C for
another 2 h. After cooling at room temperature, the reaction
mixture was added to 500 mL distilled water and off-white solid
was precipitated out. The product was filtered and washed
many times with water. After complete drying the product was
recrystallised in methanol and white needle shaped crystals
were obtained after one day. Yield: 84%. C, 74.98; H, 5.39; N,
12.49%. Found: C, 74.91; H, 5.34; N, 12.56. '"H NMR (DMSO-d
300 MHz): 6 (ppm): 12.95(2H, s), 7.89(1H, s), 7.66(2H, brs), 7.29-
7.26(2H, m), 7.20-7.16(1H, m), 6.96-6.93(1H, d) and 2.33(3H, s).
BCNMR (DMSO-d, 75 MHz): ¢ (ppm): 156.38, 152.26, 132.87,
128.13, 126.64, 123.34, 118.55, 117.45, 112.69 and 20.58. ESI-MS:
m/z, 225.0431 amu (calc.: 225.1028) [(HBI+H)*1. FT-IRwv_, and
Vory =3292 cm™.

Synthesis of 3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-meth-
yl-benzaldehyde (HBIA): 3-(1H-benzoimidazol-2-yl)-2-hydroxy-
5-methyl-benzaldehyde (HBIA) was synthesized according to a
reported  method.®®  Hexamethylenetetramine  (2.26 g,
16.1 mmol) was added to a stirred solution of HBI (604 mg,
2.69 mmol) dissolved in 15 mL of CF,CO,H and refluxed for
27 h. After cooling to room temperature, water was added to
quench the reaction. Yellow solid was collected by filtration and
washed with water. Diffraction quality yellow needle shaped
crystals were obtained from saturated solution of the HBIA in
DMSO during the time period of 5 days. Yield: 87%. C, 71.42; H,
4.79; N, 11.10%. Found: C, 71.46; H, 4.72; N, 11.07. 'H NMR
(DMSO-d,, 300 MHz): 6 (ppm): 10.43(1H, s), 8.14(1H, s), 7.70-
7.67(2H, q), 7.58 (1H, s), 7.34-7.31(2H, q) and 2.34(3H, s).
PCNMR (DMSO-ds, 75 MHz): 6 (ppm): 189.79, 159.54, 150.87,
136.78, 133.33, 130.35, 128.38, 123.91, 123.84, 115.24, 114.22
and 20.39. ESI-MS: m/z, 254.0280 amu (calc.: 253.0977) [(HBIA +
H)*1. FT-IR: v(c_0y=1663 cm ™', v and v y=3337 cm™".

Synthesis of 2-{[3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-
methyl-benzylidene]-amino}-benzoic acid (H,Blo): To a 10 mL
methanolic solution of 3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-
methyl-benzaldehyde (HBIA) (1 mmol, 0.252 g), anthranilic acid
(1 mmol, 0.137 g) was added and refluxed for 6 h. The reaction
mixture was cooled at room temperature and then placed it at
4°C for overnight. A red solid product was obtained after
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filtration and dried under vacuum. Yield: 79%. C, 71.15; H, 4.61;
N, 11.31%. Found: C, 71.34; H, 4.67; N, 11.17. "H NMR (DMSO-d,,
300 MHz): 6 (ppm): 10.45(1H, s), 8.14(1H, s), 7.71(1H, s), 7.68-
7.65(2H, m), 7.55(1H, s), 7.32-7.29(2H, m), 7.24-7.19(1H, 1), 6.76-
6.73(1H, d), 6.53-6.48(1H, t) and 2.33 (3H, s). *C NMR (DMSO-d,
75 MHz): 6 (ppm): 189.47, 170.04, 159.68, 151.95, 151.17, 134.16,
133.13, 131.62, 129.95, 128.26, 123.96, 123.68, 116.79, 115.03,
114.35, 110.08 and 20.40. ESI-MS: m/z, 372.1515 amu (calc.:
372.1348) [(HBlo+H)']l. FT-R: v =1675cm, v =
1620 cm ™', v, =1240 cm ™, vo_yy and vy =3472 cm ™.

Synthesis of 5-{[3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-
methyl-benzylidene]-amino}-isophthalic acid (H;Bldm): 5-{[3-
(1H-benzoimidazol-2-yl)-2-hydroxy-5-methyl-benzylidenel-
amino}-isophthalic acid (H;Bldm) was prepared according to
similar procedure of H,Blo taking 5-aminoisophthalic acid
(1 mmol, 0.181 g) in place of anthranilic acid. The product was
recrystallised in methanol and orange block shaped single
crystals were obtained after two days. Yield: 77%. C, 66.41; H,
4.18; N, 10.08%. Found: C, 66.50; H, 4.12; N, 10.12. '"H NMR
(DMSO-d,;, 300 MHz): 6 (ppm): 10.44(1H, s), 8.12-8.10(2H, d), 8.05
(TH, s), 7.68-7.63(3H, m), 7.38(1H, s), 7.31-7.27(2H, m), and 2.32
(3H, s). ®C NMR (DMSO-d, 75 MHz): & (ppm): 189.47, 167.69,
166.72, 159.68, 158.24, 151.19, 149.65, 133.04, 132.12, 129.91,
128.27, 126.12, 123.95, 123.67, 118.67, 114.35 and 20.40. ESI-MS:
m/z, 416.1856 amu (calc.: 416.4061) [(H;Bldm+H)*]. FT-IR:
Veey=1726 and 1676 cm™, v =1190cm 'y _y=
1625 cm™, vy and vy =3407 cm™.

Synthesis of 4-{[3-(1H-benzoimidazol-2-yl)-2-hydroxy-5-
methyl-benzylidene]-amino}-benzoic Acid (H,Blp): 4-{[3-(1H-
benzoimidazol-2-yl)-2-hydroxy-5-methyl-benzylidene]-amino}-
benzoic acid (H,Blp) was prepared according to similar
procedure as H,Blo taking 4-aminobenzoic acid (1 mmol,
0.137 g) in place of anthranilic acid. Yield: 75%. C, 71.15; H, 4.61;
N, 11.31%. Found: C, 71.31; H, 4.69; N, 11.21. "H NMR (DMSO-d,
300 MHz): 6 (ppm): 10.45(1H, s), 8.13(1H, s), 7.69-7.62(4H, m),
7.55(1H, s), 7.32-7.28(2H, m), 6.58-6.55(2H, d) and 2.33 (3H, s).
BCNMR (DMSO-ds 75 MHz): ¢ (ppm): 189.45, 167.99, 167.41,
157.83, 133.09, 132.07, 131.69, 131.25, 129.89, 128.26, 123.96,
123.67, 121.57, 117.37, 114.36, 113.05 and 20.41. ESI-MS: m/z,
372.1476 amu (calc: 372.1348) [(H,Blp+H)*l. FT-IR: v o=
1675cm™, v y=1600cm™, vcq=1176cm™, Vo, and
Ve =3369 cm™".

Synthesis of [(Blo),Cu,] complex (1): To a 5 mL methanolic
solution of H,Blo (0.1 mmol, 37.1 mg), CuCl,-2H,0 (0.1 mmol,
17 mg) was added followed by addition of triethylamine
(0.1 mmol, 13.8 pL) and the reaction mixture was stirred for 3 h.
Green solid of 1 was obtained after filtration and the solid was
washed with cold methanol. Yield: 62%. ESI-MS: m/z, 433.0505
(calc: 433.0588) [(HBlo)Cu]l*; 865.0859 (calc.. 865.1097)
[(Blo),Cu, HI*. FT-IR: vco andvey=1550cm™, v o=
1080 cm™~'and vy =3414 cm ™.

Synthesis of [(HBIdm),Cu,] complex (2): [(HBIdm),Cu,] (2)
was synthesized following same procedure by using H;Bldm in
place of H,Blo. Yield: 66%. ESI-MS: m/z, 477.0455 (calc.
477.0486) [(H,Bldm)Cu]*; 955.0247 (calc.: 955.1050)
[(HBIdm),Cu,, H]*. FT-IR: v(_o,=1708 and 1631 cm™, v =

1560 cm ™, ¥c_0,=1086 cm™",vo_y and vy =3430 cm ™.
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Synthesis of [(Blp),Cu,] complex (3): [(Blp),Cu,] (3) was
obtained similarly to [(Blo),Cu,] (1), by using H,Blp in place of
H,Blo. Yield: 66%. ESI-MS: m/z, 433.0548 (calc.. 433.0588)
[(HBIp)Cul*; 865.0920 (calc.: 865.1097) [(Blp),Cu, H]*. FT-IR:
Vieeoy=1632cm™", v y=1562cm™", v =1112cm™" and
Voo =3407 cm™.

Sample preparation for spectral studies: The stock solution
of H,Blo (107 M), H;Bldm (1073 M) and H,Blp (107> M) were
prepared in different organic solvents. The stock solutions of
various metal ions (107> M) were prepared by using their
perchlorate or chloride salts in triple distilled water. For
emission and absorption experiments, final concentrations of
probes were maintained as 0.1 uM and 10 uM respectively. The
required amount of metal ion stock solutions were added using
a micropipette to the probe solution in the whole spectral
analysis. Spectral data were recorded at 1 minute interval after
the addition of the metal ions.
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