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Graphical Abstract

A water soluble non-fluorescent structurally characterised distorted square planar copper(Il)
complex (1) selectively senses HSO, ions as low as 3.18x107 M in water : DMSO (9 : 1, v/v)
HEPES buffer at biological pH, which has been established by thorough experimental and
theoretical studies. This biofriendly probe is also useful for the distribution of intracellular HSO4

ions under a fluorescence microscope.
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A water soluble non-fluorescent copper(Il) complex (1) of a quinazoline derivative formulated

DOI: 10.1039/x0xx00000x as [Cu(L")(C1)] (1) has been synthesized in a facile synthetic method and characterized by

www.rsc.orgl physico-chemical and spectroscopic tools along with the single crystal X-ray crystallography
for detailed structural analysis. 1 behaves as a highly selective and sensitive for HSO, ions
through the enhancement of fluorescence of the system based on intermolecular hydrogen
bonding assisted chelation enhanced fluorescence (CHEF) process in ‘turn-on’ style, which has
been confirmed by systematic optical techniques and electrochemical studies. This mode of
sensing pathway and binding of HSO, ions with the receptor 1 has also been validated by
optimizing the structures of [Cu(L")(C1)] (1) and [Cu(L")(C1)].HSO, adduct (2) with the help
of theoretical calculations. This non-cytotoxic probe senses HSO, ions as low as 3.18x107 M
in water : DMSO (9 : 1, v/v) at biological pH (using 1 mM HEPES buffer) and it is also useful
for the detection of intracellular HSO, ions under a fluorescence microscope.

Introduction selectivity, low water solubility, and laborious multistep synthetic
procedures, not practicable for intracellular imaging. But in all
cases, organic moieties have been reported as chemosensor and
report of non-fluorescent coordination complex as HSO, ion
selective chemosensor is not on hand in literature. Therefore, it is
a challenging to the coordination chemists to obtain a water
soluble cell permeable coordination complex as HSO, ion
selective chemosensor with high sensitivity and low detection
limit.

Keeping all the above facts in mind, we have synthesised a
water soluble copper(Il) complex of quinazoline based ligand
(HL), to act as a cell permeable HSO, ion selective sensor in
aqueous solvent. Here, both HL and the complex [Cu(L")(C1)] (1)
have been structurally characterized by single crystal X-ray
crystallography. Complex 1 behaves as a highly selective and
sensitive fluorescent probe for HSO, ions in water : DMSO (9 :
1, v/v) at biological pH (using 1 mM HEPES buffer) at 25 °C
upto a very low concentration (3.18 x 107 M) of HSO, ions
through intermolecular hydrogen bonding assisted chelation
enhanced fluorescence (CHEF) process. The probe (complex 1)
was also useful to detect the presence of bisulphate ions by
acquiring image of HeLa cells under a fluorescence microscope.
To the best of our knowledge so far, the paramagnetic water
soluble copper(Il) complex as a cell permeable HSO, ion
selective ‘turn on’ fluorescence probe is still unexplored.

Anions play a crucial role in a wide range of agricultural,
biological systems, environmental and industrial processes.'
Hence, the design and development of selective optical
chemosensors for various anions have gained considerable
attention.” Sulfate and hydrogen sulfate are among the most
important macronutrients in cells and is the fourth most abundant
anion in human plasma (300 mM). They are required for proper
cell growth and development of the organism. They are involved
in a variety of important biological processes, including
biosynthesis and detoxification via sulfation of many endogenous
and exogenous compounds.’ They also play appreciable role in
radioactive waste remediation.* Amphiphilic hydrogen sulfate
tends to dissociate at high pH to yield sulfate ions. Despite their
importance in cellular activities, high levels of sulfate in rain
water, surface water and ground water correlated with emissions
of sulfur dioxide from anthropogenic sources decreases the pH
level of soil and water. Health concerns regarding contamination
of sulfate in drinking water have been raised because of reports
of diarrhea and it also causes irritation of skin and eyes and even
respiratory paralysis.’ Hydrogen sulfate anion has a large
standard Gibbs energy of hydration (-1080 kJ mol™), the
recognition and separation of the hydrogen sulfate anion from an
aqueous media is a challenging task.®

However, there are several fluorogenic chemosensors for
HSO, ions have been reported’ and most of them are lack of
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Experimental section

Synthesis of 2-(5,6-dihydro-benzo[4,5]imidazo[1,2-c]quinazolin-
6-yl)-phenol (HL)

HL was prepared following a reported procedure by refluxing
2-(2-aminophenyl)benzimidazole, (2.09 g, 10.0 mmol) with 2-
10.0 mmol) in methanol
(Scheme S1 ESIY).® Pale yellow colored rectangular shaped
single crystals of (HL) suitable for X-ray crystallography were
obtained on slow evaporation of the DMF-methanol mixture.

HL. C,)H;5sN3;O: Anal. Found: C, 76.89; H, 4.95; N, 13.17;
Calc. C, 76.66; H, 4.82; N, 13.41. ESI-MS: [M + H]", m/z,
314.3490 (100 %) (Fig. S1 ESIt) (caled.: m/z, 314.12; where
M = molecular weight of HL]; 'H NMR (8, ppm in DMSO-de):
10.26 (s, 1H, O-H) 7.96 (dd, 1H); 7.65 (d, 1H); 7.31-7.23 (m,
4H); 7.20-7.11 (m, 2H); 6.87-6.73 (m, 3H); 6.60 (dd, 1H); 6.44
(dd, 1H); 4.40 (s, 1H, N-H) (Fig. S2 ESIt). Yield: 90%.

hydroxy-benzaldehyde (1.22 g,

Synthesis of [Cu(L’)(Cl)] (1) and 1-HSO, assembly (2)

The preparation of [Cu(L')(Cl)] complex (1) and 1-HSOj
assembly was carried out viz. Scheme 1.

[Cu(L)(CDH]. A solution of copper(Il) chloride dehydrate
(0.5 mmol, 86 mg) in methanol was added drop wise into the
solution of HL (0.5 mmol, 157 mg) in MeOH-DMF at stirring
condition. The mixture was stirred for another 8.0 h and then
the resulting solution was kept aside at ambient temperature.
After a few days, green colored rod shaped crystals were
collected by filtration followed by washing with cold water and
methanol.

[Cu(L)(CD]. CyoH4N3;OCuCl: Anal. Found: C, 58.19; H,
3.32; N, 10.57; Cu, 15.19; Calc. C, 58.40; H, 3.43; N, 10.22;
Cu, 15.45. ESI-MS: [M+Na]’, m/z, 433.2409 (obsd. with 9 %
abundance) (calcd.: m/z, 433.02) (Fig. S3 ESIt).

Na[Cu(L)(CD)].HSO4. The preparation of the solid
compound of hydrogen sulphate was carried out by mixing 2 ml
MeOH solution of NaHSO, (one drop of water is added just to
moist) (30 mg, 0.25 mmol) slowly to the stirred 8 mL MeOH
solution of [Cu(L")(Cl)] (102.8 mg, 0.25 mmol) and stirred for
5.0 h. Green colored reaction mixture was filtered and kept for
slow evaporation. After a few days, green colored mass was
obtained by filtration followed by washing with cold methanol
and then dried in vacuo for performing the characterization.

Na[Cu(L")(CD].HSO,. NaC,,H;5N305SCuCl: Anal. Found:
C, 45.01; H, 2.91; N, 8.11; S, 5.91; Cu, 11.77. Calc. C, 45.20;
H, 2.85; N, 7.91; S, 6.03; Cu, 11.96. IR (KBr, cm™): vy,
1608.63, vs—o 1184.29 (Fig. S4 ESIY). ESI-MS: [M+H]", m/z,
532.53 (obsd. with 8 % abundance) (calcd.: m/z, 532.24) (Fig.
S5 ESIY).

X-Ray crystallography

X-ray data of the suitable crystal of HL and complex 1 were
collected on a Bruker’s Apex-II CCD diffractometer using
MoK, (A = 0.71073). The data were corrected for Lorentz and
polarization effects and empirical absorption corrections were
applied using SADABS from Bruker. The structures were
solved by direct methods using SIR-92 and refined by full-
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matrix least squares refinement methods based on F?, using
SHELX-97.° All calculations were performed using Wingx
package.'® Important crystallographic parameters are given in
Table S1 (ESIf). The crystallographic data of HL.NMe,CHO
and complex 1 have been deposited to Cambridge
Crystallographic Data Centre bearing the CCDC nos. 953037
and 953036 respectively.

1,5 sigmatropic

rearrangement
& OH

D™ N
O30 e

'CuCIz , DMF

- Complex-1
1-HSO4 assembly

Scheme 1 Synthetic strategy of 1 and 1-HSO, assembly.

General method of absorption and fluorescence study

The pH study was done using 1 mM HEPES buffer solution by
adjusting pH with HCI or NaOH. The stock solutions (~ 107
M) for the selectivity study of the probe (1) towards different
anions were prepared taking sodium salt of perchlorate,
cyanide, bi-carbonate, disodium hydrogen arsenate, tetra butyl
ammonium salt of chloride, bromide, iodide, acetate, fluoride,
hydrogen phosphate, dihydrogen phosphate and sodium
hydrogen sulphate to the above solvent. In this selectivity
study, the amounts of these anions were taken hundred times
greater than that of the receptor. Fluorescence titration of 1 was
performed with NaHSO,. All the fluorescence and absorbance
spectra were taken after 15 minutes of mixing of the
components to acquire the optimized spectra. Fluorescence
measurements were performed using 5 nm x 5 nm slit width.
Fluorescence quantum yields (@) were estimated by
integrating the area under the fluorescence curves with the

equation:

OD
¢samp1e = OD

sample

standard sample

¢stm1dard
standard

where A4 is the area under the fluorescence spectral curve and
OD is optical density of the compound at the excitation
wavelength. The standard used for the measurement of
0.29 in
ethanol). The binding constant values were determined from the

fluorescence quantum yield was anthracene (@ =

This journal is © The Royal Society of Chemistry 2014
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emission intensity data following the modified Benesi-
Hildebrand i

1/AF=1/AF 1y H(1/K[C])(1/AF 1a), AF=F,-F, AF jy0x=F.,-F

equations

where Fy, F,, and F,, are the emission intensities of probe
considered in the absence of any ion, at an intermediate
concentration, and at a concentration of complete interaction,
respectively, and where K is the binding constant and [C] is the
concentration of the probe.

Job’s plot from fluorescence experiments

A series of solutions containing complex 1 and NaHSO, were
prepared such that the total concentration of complex 1 and
NaHSO, remained constant (10 uM) in all the sets. The mole
fraction (X) of NaHSO, was varied from 0.1 to 0.9. The
fluorescence intensity at 480nm was plotted against the mole
fraction of NaHSO,.

Theoretical Calculation

To clarify the understanding of the ground state configurations
of complex 1 and its corresponding [1.HSO,]” adduct DFT
calculations were performed using Gaussian-09 software over a
Red Hat Linux IBM cluster. Molecular level interactions have
also been studied using density functional theory (DFT) with
the B3LYP/6-31G (d,p) functional model and basis set."
Vertical electronic excitations based on B3LYP optimized
geometry was computed using the time-dependent density
functional theory (TD-DFT)'* formalism in water using
conductor-like polarizable continuum model (CPCM)" to
calculate the fractional contributions of various groups to each
molecular orbital. The lowest 20 singlet states along the vertical
excitation energies are computed here.

Redox studies

The electrochemical properties of complex 1 and 1 in presence
of different ions have been studied by cyclic voltammetry (CV)
on a Pt-wire as working electrode, a glassy carbon as a counter
electrode, and an Ag/AgCl as reference electrode in DMF
solution (0.1 M TBAP as supporting electrolyte) at room
temperature.

In vitro cell imaging

Human cervical cancer cell, HeLa cell line was purchased from
National Center for Cell Science (NCCS), Pune, India and was
used throughout the study. Cell were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco BRL) supplemented
with 10% fetal bovine serum (FBS) (Gibco BRL), and 1%
antibiotic mixture containing penicillin, streptomycin and
neomycin (PSN, Gibco BRL), at 37 °C in a humidified
incubator with 5% CO,. For experimental study, cells were
grown to 80-90 % confluence, harvested with 0.025 % trypsin
(Gibco BRL) and 0.52 mM EDTA (Gibco BRL) in phosphate-
buffered saline (PBS, Sigma Diagnostics) and plated at desire
cell concentration and allowed to re-equilibrate for 24h before
any treatment. Cells were rinsed with PBS and incubated with
DMEM-containing 1 (10 uM, 1% DMSO) for 30 min at 37 °C.

This journal is © The Royal Society of Chemistry 2014

All experiments were conducted in DMEM containing 10%
fetal bovine serum (FBS) and 1% PSN antibiotic. The imaging
system was composed of a fluorescence microscope (ZEISS
Axioskop 2 plus) with an objective lens [10x].

Cell Cytotoxicity Assay

To test the cytotoxicity of complex 1, MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,S-diphenyl tetrazolium bromide] assay was
performed by the procedure described earlier.'® After
treatments of the probe (5, 10, 20, 50, and 100 puM), 10ul of
MTT solution (10 mg/ml phosphate-buffered saline) was added
in each well of a 96-well culture plate and incubated
continuously at 37°C for 12 h. All mediums were removed
from wells and replaced with 100ul of acidic isopropanol. The
intracellular formazan crystals (blue-violet) formed were
solubilized with 0.04 N acidic isopropanol and the absorbance
of the solution was measured at 595 nm wavelength with a
microplate reader. Data are given as the mean + S.D. of three
independent experiments. The cell cytotoxicity was calculated
based on a cell viability of 100%.

Results and discussion

Synthesis and structural characterisation

Organic moiety HL was synthesized by simple facile
condensation of 2-(2-aminophenyl) benzimidazole with 2-
hydroxy-benzaldehyde in MeOH. Complex 1 was prepared by
the complexation reaction of HL with CuCl, in DMF-methanol
mixed solvent. The structures of HL and complex 1 were
characterized by physico-chemical and spectroscopic tools
along with the detailed structural analyses by single crystal X-
ray diffraction (Fig. 1). Complex 1 was formed through 1,5-c
shift®'” to generate 2-{/2-(1H-benzoimidazol-2-yl)-

phenyl-imino]-methyl}-phenol (HL') leaving a free N-H for

tropic

which the solubility of complex 1 in water is much more than
that of HL (Scheme 1).

The solid 1-HSO, ensembled species was obtained from the
reaction of sodium hydrogen sulphate with methanolic solution
of [Cu(L")(CD] in 1:1 mole ratio at stirring condition. The ESI
mass spectrum of 1-HSO,  in methanol shows a molecular-ion
peak at m/z 532.53 with ~8% abundance, which can be
assigned to [M+H]" (calculated value at m/z, 532.40). A
characteristic peak for vg_o at 1184 cm™ in the FTIR spectrum
of [Cu(L")(C1)] confirms the existence of sulphate ion.'

Single crystals of the organic moiety (HL) and the probe, 1
were obtained as HL.NMe,CHO and [Cu(L")(Cl)] respectively
from the DMF-MeOH mixed solution. The HL.NMe,CHO
crystallizes in the monoclinic space group Cc and [Cu(L")(Cl)]
crystallizes in the triclinic space group P-1. ORTEP view of the
complex 1 and probe (HL) with atom labelling scheme are
illustrated in Fig. 1 and Fig. S6t. The selected bond distances
and bond angles are listed in Table S2 and S3 (ESI{)
respectively.

The bond C20-01 (1.356(5) A) in HL is somewhat longer than
the corresponding bond, C16-O1 (1.311(3) A) in complex 1 due
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to the complexation. The occurrence of 1,5-sigmatropic shift
(Scheme 1) helps the rearranged form of HL to act as tridentate
monobasic ligand to form the four coordinated complex 1 which
is distorted square planar copper(Il) complex coordinating with
phenolate-O, imine-N and imidazolic-N of the rearranged form of
HL and chloride ion. Here, the bond distance of C7-N2 (1.354(4)
A) in HL is reduced to 1.336(3) A (C7-N3) in the complex-1,
Hydrogen bonds along with some other weaker interactions are
responsible for the crystal packing to form a 1D chain and a 2D
layered arrangement (Fig. S7 ESI¥).

Fig. 1 An ORTEP view (50% probablity) with atom numbering
scheme of complex 1.

UV-vis spectroscopic studies

Addition of NaHSO, to the solution of 1, green color changed to
light green color depicted in Fig. 2 due to the formation of 1-
HSO4 ensembled species in water : DMSO (9 : 1, v/v) at
biological pH (using 1 mM HEPES buffer). Here, the
characteristic d-d band for copper(II) complex centered at ca. 403
nm was gradually decreased along with the band at ca. 293 nm.

SEE

0.2
] w
g
2 e
2 1 1-H3h
=
< 0.1

0.0

400
Wavelength (nm)

300 500

Fig. 2 UV-vis titration spectra of complex 1 (10 uM) upon
incremental addition of HSO, ions (0-20 uM) in water :
DMSO (9 : 1, v/v) at 25 °C, Inset: naked eye colour change
of complex 1 followed by addition of NaHSO,.

Fluorescence spectroscopic studies

HL has blue fluorescence with an emission peak ca. at 430 nm.
Addition of HSO, ions to the solution of HL results in quenching of
the fluorescence due to the assistance of reductive PET process

4| J. Name., 2014, 00, 1-8
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towards fluorophore benzimidazole unit (vide Scheme S2). As a
result, gradual addition of HSO, ions led to a systematic decrease in
the fluorescence ntensity (Fig. S8 ESIf). This process has been
hindered by blocking the phenolic-OH through complex formation.
For this purpose we performed the selectivity study with different
metal ions (Fig. S9 ESIt) and we found that HL is highly selective
and specific toward Cu”" ions and get a systematic decrease in the
fluorescence intensity with the gradual increase of the Cu®" ions
concentration resulting in a complete quenching of fluorescence
intensity through complex formation (complex 1) (Fig. S10 ESIf).
Complex 1 was formed via 1,5-sigmatropic shift resulting in a free
imidazolic N-H which helps to welcome the HSO, ions to form the
six membered cyclic ring adduct [1.HSO,] through intermolecular
H-bonding (vide Scheme 2, S27). On addition of HSO, ions to the
solution of 1, an emission band appeared at ca. 480 nm when excited
at A= 390 nm and was gradually enhanced with the increasing
concentration of HSO,4 ions (Fig. 3) with a high quantum yield (&¢ =
0.51) (vide Table 1).

Emission intensity of the off-on system at various pH recorded in
HEPES buffer. In presence of HSO, ions lower intensity was
observed below pH 6.0 and showed pH independency over the pH
range ~6.0 to 8.0 i.e. in the biological pH range (Fig. S11 ESIt). This
variable pH test suggests that the probe is reliable, selective, and
biocompatible fluorescence probe for HSO, in the biological pH
reasonably. This pH region for sensing HSO, also makes it very
useful application in detection in waste water, industrial trade
analysis and physiological treatment.

4004

300+

200+

100

Emission Intensity (a.u.)

450 500 550

Wavelength(nm)
Fig. 3 Emission spectra of complex 1 (10 pM) upon
incremental addition of HSO, ions (0-20 uM), Inset:

fluorescence colour change of complex 1 with the addition
of NaHSO4 (A= 390 nm).

To investigate compatibility of the ensemble-based anion
detection ability of 1, emission spectra of complex 1 in water :
DMSO (9 : 1, v/v) were examined with respect to various
anions. Indeed, as shown in Fig. S12 in the SI, complex 1
revealed remarkable enhancement of emission intensity only in
the presence of HSO, ions, whereas no noticeable changes
were observed with other anions F, CI', Br, I, CN’, AcO’,
HCO;, HPO,”, H,POy4, SO,*, NO5y, ClO,, N5 and H,AsOy".
This competitive experiment shows high selectivity of complex
1 towards HSO, ions. On gradual addition of HSO, ions to the

This journal is © The Royal Society of Chemistry 2014
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aqueous solution of complex 1, emission intensity at 480 nm
simultaneously increases.
observed when different anion salts were added in 1.HSO,
assembled mixture (Fig. S13 ESIT). Job’s plot analysis from the
fluorescence titration spectra exhibited a maximum at 0.5 mol

No significant interference was

fractions of HSO, ions, indicating formation of a 1:1 complex
between complex 1 and HSO, ions (Fig. S14 ESI{). On the
basis of the 1:1 stoichiometry and fluorescence titration data
from Fig. 3, the association constant (K,) of complex 1 for
HSO, was calculated to be 1.4 x 10° M™' (Fig. S15 ESI{) which
indicate a stronger binding affinity towards the HSO, ions. The
detection limit in this process was significantly low to be
3.18x107 M HSO, ions in water : DMSO (9 : 1, v/v) (Fig. S16
ESIY). The linearity of this experimental method of detection of
HSO, ions was verified (vide Fig. S17 ESIt) and it was found
to be 3.18 x 107 to 1.25 x 10™ mol L' of HSO, ions within a
very short responsive time (5-10 s).

The fluorescence average life time (7) of the complex 1 in
water: DMSO (9 : 1, v/v) was determined by time resolved
spectrum (Fig. 4) and it was found to be 7.64 ns. After gradual
addition of NaHSO, the value of B, increases and B; decreases
indicating strong interactions with complex 1. According to the
equations: 7 ' =k, + k, and k., = ®J/75" the radiative rate
constant, &, and total nonradiative rate constant k. of 1-HSO,4
assembly are given in (Table 1). The data suggest that the factor
which induce fluorescent enhancement is mainly ascribed to the
gradual increase of &, and decrease of k.

@ Prompt
@ Complex 1
b o 1+HSO47(1:0.5)
1000 § o 1+HSO4T(1:1)
@
&
=
=
S 1004
®
104 8

20 40 60 80 100 120
Time (ns)

Fig. 4 Time-resolved fluorescence decay of complex 1 and 1-
HSO, system (0.5 equivalent and 1.0 equivalent) in water :
DMSO (9 : 1, v/v) at 25 °C using a nano LED of 377 nm as
the light source at A.;, = 480 nm.

Table 1 Fluorescence quantum yield (®y and life time (tin ns) of
the corresponding singlet excited states at A, = 480 nm.

Bl B t,ms) ¥ ¢ k(@10°sT) k, (10°s™)
Complex1 13.8 865 7.64 1.067 0.07 0.092 0.122
1+HSOy
(i0s) 1196 88.04 1008 1073 - ; ;
1HHSOC 19 9582 1244 1.068 051 0409 0.039

(1:1)

This journal is © The Royal Society of Chemistry 2014

Electrochemical study

To insight this fact of the sensing pathway, the electrochemical study
of the isolated complex 1 in absence and, in presence of HSO, ions
and some closely competitive anions was carried out using
tetrabutylammonium perchlorate (TBAP) as supporting electrolyte
in DMF (vide Fig. 5, and Figs. S18 and S19 ESI}). Cyclic
voltammograms depicted in Fig. 5 indicates that the Cu®*/Cu" redox
couple of complex 1 in presence of HSO, ions appeared at less
cathodic (ca. -0.29 V (vs. Ag/AgCl)) compared to that of complex 1
in absence of HSOy ions (ca. -0.38 V (vs. Ag/AgCl)). The electron-
deficient nature of the Cu®" ion in [1.HSO,] adduct is clearly evident
in the potentials difference, which were shifted by 90 mV toward
less negative compared to that of Cu?" ion in complex 1, pointing out
the easy reduction of Cu**-benzimidazole unit in [1.HSO,] adduct.
This significant shift in the reduction potentials supports the strong
electron-withdrawing effect of the HSO, ion in ring form present in
[1.HSO,] adduct.

To strengthen the fact of binding of HSO, ions with the pyrolic-N
through hydrogen bonding, the electrochemical behavior of complex
1 was verified in presence of HCI and HCI plus SO,* ions (viz. Fig.
S18 ESIY). Here, the Cu**/Cu” redox couple of complex 1 duly
protonated by HCl was significantly shifted to anodically to ca. -
0.23 V (vs. Ag/AgCl) (vide Table S4), but in case of the addition of
SO, ions after HCI, the Cu**/Cu’ redox couple was observed at ca.
-0.28 V (vs. Ag/AgCl) which is very close to the observed potential
for this couple in presence of HSO, ions (ca. -0.29 V vs. Ag/AgCl).

1

04 03  -02

Potential / V

-0.1

Fig. 5 Cyclic voltammogram (scan rate 100 mV/s) of complex 1 and
1.HSO, adduct in DMF solution containing 0.1 M TBAP, using
platinum working electrode.

The binding of HSO, ion with the pyrrolic-N of 1 through
hydrogen bonding is also in support of the DFT calculation and p-
MO electron distribution which showed that the energy of LUMO (--
2.3082 eV) in [1.HSO,4] adduct is less than that of LUMO (-2.0881
eV) in complex 1. And this is also reflected in the reduction of the
bond length of Cul-N3 (theoretically caled. 1.8739 A) in [1.HSO,]
adduct from that of Cul-N3 (obsd. 1.9591(18) A or caled. 1.9589 A
both) in complex 1 by significant value.

ESR Spectra

ESR spectrum of the complex 1 at liquid nitrogen temperature
(120 K) in MeOH showed four well resolved peaks in the low
field region (Fig. S20 ESIY) corresponding to g (2.259) and gv

J. Name., 2014, 00, 1-8 | 5
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(2.019). The trend g| (2.259) > g1 (2.019) > g. (2.0023)
observed for the copper complex suggests that the unpaired
electron is localized in the d,,.,, orbital of the copper ion.?° The
fact that the unpaired electron lies predominately in the d..,»
orbital is also supported by the value of the exchange
interaction term G estimated from expression:
G = (g —2.0023) / (gL —2.0023)

If G > 4.0, the local axes are aligned parallel or only slightly
misaligned. If G < 4.0, significant exchange coupling is present
and the misalignment is appreciable. The observed value for the
exchange interaction parameter for the Cu(Il) complex (G =
15.37) suggests that the local tetragonal axes are aligned
parallel or slightly misaligned and that the unpaired electron is
present in the d,,., orbital.

ESR spectrum of the [1.HSO,]™ adduct (Fig. 6) at liquid
nitrogen temperature also showed four well resolved peaks in
the low field region corresponding to g| (2.265) and g1 (2.026)
conforming the same square planer geometry by putting the
unpaired electron in the d,,.,, orbital (G = 11.08).

[r10%3]

2200 2400 | 2800 2800 | 3000 e 3200 3400 3600 3800 4000
Fig. 6 EPR spectrum of the [1.HSOy4]™ adduct in methanol at

120 K.

Geometry optimization

The interaction pattern of complex 1 with HSO, was confirmed
by theoretical DFT calculations. The HSO, ions interacts with
complex 1 by forming intermolecular H-bonding. It was
interesting to note that, the 1:1 stoichiometry may be possible
by linear interaction (A path) or by ring formation (B path)
(Fig. 7). But energy gap between HOMO and LUMO in the B
path is lower (2.4383 eV) than that of path A (2.8923eV)
(Table S5-S6 ESIt). So, chelate ring formed structure is more
stabilized and conjugated (i.e.; extension of @ conjugation) than
linear structure. Such introduced of the ring system may reduce
the paramagnetic effect of Cu”* in complex 1 which was further
cleared by investigation of the contours of the electronic
distribution. The p-MO surfaces of the electronic distribution in
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) states on these
molecules suggested that there were very essential differences
between compounds [1.HSO,]” and complex 1 (Fig. 7).
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Precisely, the HOMO and LUMO states of the complex 1
resided over the salicylaldehyde moiety. Addition of HSO,4
ions in complex 1 shifted the HOMO from Cu®* ion to HSO,
ring. This restoring of electron density was more promising in
the ring system over chain. The electron withdrawing ability of
the [1.HSO,] in ring system give a clear idea that the Cu** ion
in [1.HSO,4] adduct are easily reducible, which is in agreement
with our experimental results getting from cyclic voltammetry.

The UV spectra computed from TDDFT calculations in water
show two important peaks in the range of 310-450 nm. For complex
1, the band around 397.43 nm is dominated by the HOMO —
LUMO; HOMO — LUMO+I1 excitation, while the band around
313.01 nm is mainly due to HOMO-4 — LUMO+1; HOMO-1 —»
LUMO+1 transitions (Fig. S21 ESIt). The details of the vertical
excitation energies, oscillator strengths, and salient transitions are
shown in Table S7 in the SI. For 1.HSO, adduct the band around
410.25 nm is dominated by the HOMO-1 — LUMO; HOMO-2 —
LUMO; HOMO-3 — LUMO transitions while the band around
321.58 nm is mainly due to HOMO — LUMO+2; HOMO —
LUMO+3; HOMO — LUMO+4 transitions (Fig. S22 ESIt) as
tabulated in Table S8 (ESI}). Here, the calculated spectra of the
complexes are found to be in well match with the experimental ones.

1-1 IS(}4' (Linear)

Comples-| 1-HSO,” (Ring)

Fig. 7 Molecular orbital (MO) diagram of complex 1 with
energy difference and for the interactions of HSO, ions
with complex 1 by linear interaction (path A) or by ring
formation (path B).

Probable Mechanism

On the basis of the above observation in fluorescence spectroscopic
studies, the probable mechanism could be stated as follows. If the
enhancement of the fluorescence would be related with the
phenomena of coordination of HSO4 ions to the copper(Il) then
fluoride/cyanide ions which are of more coordinating nature than
that of weak HSO, ions, could interfere the selectivity of the probe
towards HSO, ions. Spectroscopic study is against the removal of
Cu(Il) centre by HSO,4 ions. Again, the ligation of imidazolic-N
with copper(Il) ion through chelation helps the other pyrrolic-N to
bind HSO, ions through hydrogen bonding in support of the
selective enhancement of fluorescence of the system in ‘turn-on’

This journal is © The Royal Society of Chemistry 2014
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style based on intermolecular hydrogen bonding assisted chelation
enhanced fluorescence (CHEF) process; and this is similar with the
previous report in which the attachment of the proton to the
imidazolic-N of the organic moiety facilitate the recognition of
HSO4 ions by ring formation through hydrogen bonding with

pyrrolic-N atom.”®!

0\ /0 (‘,7
/ \) 6_\‘]
N ©
(L0 CE@
N, )
Cu—N HSO4
Ll /1\
O cr"
Complex-1 [1.HSO |

No Fluorescence Strong Fluorescence

Scheme 2 Plausible mechanism of hydrogen sulphate sensing.

The formation of complex 1 was possible via 1,5-sigmatropic
shift in HL leaving the pyrolic-N to welcome the HSO, ions to
form the adduct [1.HSO4] (vide Scheme 2). Added HSOy, ions
bonded with the pyrolic-N through intermolecular H-bonding
by forming stable six membered chelate ring (viz. theoretical
calculation), which has pulled the electron density from the
metal centre Cu®" ion and this fact is in support of the
enhancement of the fluorescence through chelation.

The electron density over N1, N2, O1, H1 etc (viz. Fig. S23
ESIY) these atoms in HL were partially pulled when the organic
moiety (HL') binds with Cu(Il) ions which was in favor of
paramagnetic effect (quenching) of Cu(Il) ions. But addition of
HSO, ions to the complex-1 enhancement of the fluorescence
intensity (CHEF) by partial back pulling of electron density
towards the benzimidazole unit. This fact was established by
NPA calculation (Fig. S23 ESI}), where the NPA charge
density over the above mentioned atoms was first dragged due
to chelation with Cu(Il) ions and it was again partially
recovered when HSO, ions was added to the solution of
complex-1.

Biological studies

To examine the utility of the probe in biological systems, it was
applied to human cervical cancer HeLa cell. In this experiment
complex 1 was allowed to uptake by the cells of interest and the
images of the cells were recorded by the fluorescence
microscopy following excitation at ~390 nm. After incubation
with complex 1 (10 uM) for 30 min the cell displayed very faint
intracellular fluorescence image due to the very weak emission
ca. at 430nm. However, cells exhibited intensive fluorescence
when exogenous HSO, ions were introduced into the cell via
incubation with NaHSOQ, in the previously preloaded complex 1
cells (Fig. 8).
Fluorescence intensity increases due to significant
interactions of complex 1 with HSO, ion at biological pH. In

addition, the in vitro study showed that 10 pM of complex 1 did

This journal is © The Royal Society of Chemistry 2014

not show any cytotoxic effect to cell upto 6 h (Fig. S24 ESIY).
These results indicate that the probe, 1 has a huge potentiality
for both in vitro and in vivo application as well as imaging in
different ways as same manner for live cell imaging.

Fluorescence
Image

Phase Contrast

Image Ratio Image

(A)

(B)

Fig. 8 Fluorescence image of HeLa cells encumbered with (A)
complex 1 (10.0 uM); (B) Complex 1 (10.0 uM) with 10.0
uM HSO, solution. All the samples were excited at 390 nm
with emission 480 nm by using a [10X] objective.

Conclusion

In summary, a water soluble copper(Il) complex (1) has been
developed as a HSO, ion selective chemosensor in ‘furn-on’ style
based on intermolecular hydrogen bonding assisted chelation
enhanced fluorescence (CHEF) process in water : DMSO (9 : 1, v/v).
To establish the proposed ‘off-on’ mechanism for selective sensing
of the HSO, ions, thorough experimental and theoretical studies
have been carried out systematically. Interestingly, the competitive
anionic species do not affect the detection of HSO, ions and it is
also useful for bioimaging of the intracellular HSO,4 ions. Herein,
HSO, ion neither coordinate with Cu?* centre nor replace the Cu®*
ion to be a HSO, ions selective chemosensor but it happens through
intermolecular hydrogen bonding to form the six membered cyclic
adduct [1.HSO4], which has
electrochemical and spectroscopic including theoretical studies.

ring been ascertained by
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