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A new fluorescent probe (SAPH) has been introduced which shows specific sensing towards Zn** and Hg®" in two different

wavelength maxima at physiological pH. The probe shows a brilliant ratiometric red shift in emission spectra upon addition
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of Zn>" at 678 nm while Hg2+ shows a turn-on ratiometric emission enhancement with a red shift at 647 nm. Job’s plot

confirms the 1:1 complexation for both Zn* and Hg2+. Binding constants have been calculated using Benesi-Hildebrand
equation and found to be 3.03x10° M and 6.05x10* M respectively for SAPH-Zn* and SAPH—Hgy. DFT and TDDFT studies

are conducted with the probe to establish a similarity between theoretical

Introduction

In recent days, the area of highly luminescent chemosensors
has been of great interest owing to their various applications
in photoelectronic diodes, biotechnology and memory
system.l"‘r’ A large amount of fluorescent chemosensors which
have been reported till are based on organic moieties as they
are simple-to-use, cost effective and easy to handle.”® The
development of bifunctional fluorescent probes which
selectively discriminates more than two metal ions or anions
have been a very interesting area in the fluorescence studies
recently.lo'16 Environmental contamination by heavy toxic
metals is becoming a great threat in recent days due to the
accumulation of these pollutants in water and foods which
have led to various dangerous diseases in living beings.17
Among the heavy metals, mercury is a highly toxic metal
whose presence in environment causes great threat not only
for the ecological system but also for the human health.*®
Mercury can be widely spread into the environment via
various sources such as gold production, coal plants,
thermometers, barometers, mercury lamps etc.’® Even
exposure to very small concentration of mercury can cause
strong damage to the central nervous system.20 Thus the long
term accumulation of mercury in the human body can lead to
various cognitive and motor disorders along with pulmonary
edema, cyanosis, nephritic syndrome and Minamata disease.”
So although many fluorescent probes are reported for the
detection of Hg2+ in Iiterature,22 there is still an urgent need of
developing a sensitive and appropriate Hg detection method.
Zinc being the second most abundant transition metal after
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and experimental outcomes.
iron has various important roles in catalytic activity,
neurological activity, gene transcription and cellular

transport.23 But unregulated zinc level in human body may
lead to several dangerous diseases such as B-thalassemia,
Friedreich’s ataxia, and neurodegenerative diseases including
Alzheimer’s disease, Parkinson’s disease and epilepsy.u'26 The
disorder of zinc level also leads to the probability of prostate
cancer.”’” Furthermore detection of zinc is also very much
needed for the sake of environment as it is a harmful metal
pollutant highly desirable and
demandable to develop a powerful and sensitive analytical
tool for the detection of Hg2+ and zn®* in environmental
sample. There are many fluorescent probes
reported to date which can selectively detects these two metal
ions individually.zg'30
individually, there is some interference observed from the

t00.”® Therefore it is

successful
However, to detect one of these metals

other one.™ Therefore, it remains a challengeable task to
design a single molecular probe that not only can recognize
but also can discriminate these two metal ions belonging to
the same group.

In this paper, we have investigated a simple idea for zn** and
Hg2+ specific probe design. So we have introduced a new
fluorescent switch which exhibits fluorescence “turn-on”
response towards zn** and Hg2+ specifically in two different
wavelength regions thereby discriminating the duo via one

probe.

Experimental
General Procedures

All reagents and solvents used in this synthesis were
purchased from Aldrich. All other organic chemicals and
inorganic salts were available from commercial sources and
used without further purification. 'H and *c NMR spectra
were recorded on Brucker 300 MHz instrument. For NMR
spectra, CDCl; and DMSO-dg were used as solvents (mentioned

J. Name., 2013, 00,1-3 | 1


http://dx.doi.org/10.1039/c8nj01212a

Published on 14 April 2018. Downloaded by Freie Universitaet Berlin on 14/04/2018 04:19:29.

New' Journal of Chemistry

in the spectra for each case) using TMS as an internal standard.
Chemical shifts are expressed in & units and '"4-'H and 'H-C
coupling constants in Hz. HRMS mass spectra were recorded
on Waters (Xevo G2 Q-TOF) mass spectrometer. Thin layer
chromatography (TLC) was carried out using Merck 60 Fys,
plates with a thickness of 0.25 mm. Electronic spectra were
taken on a PerkinElmer Lambda 750 spectrophotometer.
Luminescence property was measured using Shimadzu RF-
6000 fluorescence spectrophotometer at room temperature
(298 K). Fluorescence lifetimes were measured using a time-
resolved spectrofluorometer from IBH, UK.

Determination of fluorescence Quantum Yields (¢) of SAPH
SAPH-zn>* and SAPH-Hg**

For measurement of the quantum yields of SAPH and its
complexes with Zn*" and Hg2+, we recorded the absorbance of
the compounds in acetonitrile solution. The emission spectra
were recorded using the maximal excitation wavelengths, and
the integrated areas of the fluorescence-corrected spectra
were measured. The quantum yields were then calculated by
comparison with fluorescein (¢, = 0.79 in ethanol) as reference
using the following equation:

2
o= 0x ()% (2% (2)
Ig Ay ng
Where, x & s indicate the unknown and standard solution
respectively, ¢ is the quantum vyield, / is the integrated area
under the fluorescence spectra, A is the absorbance and n is
the refractive index of the solvent.
We calculated the quantum vyields of SAPH and SAPH—Hg2+ and

SAPH-Zn%* using the above equation and the values are 0.01,
0.48 and 0.35 respectively.

Synthesis of 2-(hydrazono(phenyl)methyl)pyridine (1)

N,H4.H,O (excess) was added to the solution of 2-benzoyl
pyridine (0.5 g, 2.73 mmol) in ethanol (10 mL). The mixture
was stirred for 2 hour in refluxing condition. After cooling at
room temperature, the solvent was evaporated under reduced
pressure and water (10 mL) was added to the crude product
and then extracted using dichloromethane (3 x 20 mL). Then
the DCM portion was dried over the anhydrous sodium
sulphate and evaporated. The evaporation of the solvent
under reduced pressure affords a yellowish compound (0.43 g,
80%). The compound is pure enough and used directly for the
next step without further purification.

'H NMR (300 MHz, CDCls): 6 5.71 (s, 2H), 7.16 (t, J
1H), 7.36 (m, 4H), 7.47 (d, J= 7.1 Hz, 1H), 7.55 (t, J
1H), 7.64 (m, 1H), 8.55 (s, 1H).

HRMS: calculated for C;,HiN; [M + H]Y (m/z): 198.1031;
found: 198.0953.

5.9 Hgz,
7.2 Hz,

Synthesis of 5-(diethylamino)-2-((2)-((E)-(phenyl(pyridin-2-
yl)methylene)hydrazono)methyl) phenol(SAPH)

To a solution of compound 1 (0.5 g, 2.5 mmol) in ethanol (15
mL), 4-(diethylamino)-2-hydroxybenzaldehyde (0.49 g, 2.5
mmol) was added. The solution was refluxed for 4 h. The
reaction mixture was cooled to room temperature and
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evaporated. After cooling to room temperature, the reaction
mixture was kept to evaporate completely that yields a solid
product which was purified through column chromatography
using dichloromethane as eluent to afford SAPH (0.71 g, 75%)
as orange yellow semi-solid.

'H NMR (300 MHz, €DCls): 6 1.16 (t, J = 6.9 Hz, 6H), 3.34 (m,
4H), 6.08 (d, J = 9.0 Hz,1H), 6.21 (d, J = 9.0 Hz, 1H), 7.11 (d, J =
8.8 Hz, 1H), 7.30 (m, 1H), 7.38 (t, J = 6.4 Hz, 3H), 7.47 (m, 2H),
7.74 (m, 1H), 7.90 (m, 1H), 8.70 (t, J = 5.4 Hz, 1H), 11.59 (s, 1H).
3¢ NMR (75 MHz, CDCly): & 12.6, 44.6, 97.73, 104.0, 107.1,
123.8, 124.0, 124.6, 128.4, 128.9, 130.3, 133.9, 135.5, 136.5,
149.9, 151.9, 155.8, 162.0, 163.6, 164.0, 164.8.

HRMS: calculated for Cy3H,sN,O [M + H] (m/z) = 373.2028;
found =373.2209.

Synthesis of SAPH-zn** complex

The receptor, SAPH (62 mg) and ZnCl, (23 mg) were mixed
together and dissolved in 10 mL of acetonitrile. After refluxing
for 1 hour the reaction mixture was cooled to room
temperature. A wine red colored precipitate appeared which
was filtered and dried. Single red colored crystals of the
complex was obtained by slow diffusion of n-hexane into DCM
solution.

'H NMR (300 MHz, DMSO-dg): 6 1.06 (t, J = 6.8 Hz, 6H), 6.28
(d, J = 8.9 Hz, 1H), 7.26 (d, J = 8.8 Hz, 3H), 7.44 (d, } = 6.5 Hz,
4H), 7.93 (m, 1H), 8.15 (s, 1H), 8.56 (s, 1H), 8.76 (s, 1H), 11.28
(s, 1H). HRMS: calculated for C,3H,3N,OCIZn [M + H]" (m/z):
471.0919; found: 471.1536.

Synthesis of SAPH-Hg2+ complex

The receptor, SAPH (64 mg) and HgCl, (47 mg) were mixed
together and dissolved in 8 mL of acetonitrile. After refluxing
for 0.5 hour the reaction mixture was cooled to room
temperature. An orange red coloured precipitate appeared
which was filtered and dried. Single orange-red colored
crystals of the complex was obtained by slow diffusion of n-
hexane into DCM solution.

'H NMR (300 MHz, DMSO-d): 6 1.06 (t, J = 6.8 Hz, 6H), 6.29
(d, J = 8.8 Hz, 1H), 7.27 (m, 3H), 7.46 (m, 4H), 7.95 (t, ] = 7.8
Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 8.59 (s, 1H), 8.78 (s, 1H), 11.24
(s, 1H). HRMS: calculated for C,3H,3N,OCIHg [M + H]" (m/z):
609.1334 ; found: 609.1273.

Theoretical study

All calculations were performed with Gaussian 09 program
package32 with the support of the Gauss View visualization
program. Full geometry optimizations were carried out using
the density functional theory (DFT) method at the B3LYP*
level for the compounds. All elements except zinc and mercury
were assigned 6-31+G(d) basis set. The LanL2DZ basis set with
effective core potential (ECP) set of Hay and Wadt®* was used
for both Zn and Hg. Vertical electronic excitations based on
B3LYP optimized geometries were computed using the time-
dependent density functional theory (TDDFT) formalism® in
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acetonitrile using conductor-like polarizable continuum model
(cPcm).*

Results and discussion

The chemical structures of SAPH and its zZn** and Hg*

complexes are confirmed by 'H and *C NMR spectroscopy and
ESI mass spectrometry. Compound 1 was obtained via addition
of excess N,H;.H,O to the ethanolic solution of 2-benzoyl
pyridine with the yield of 80%. Synthesis of the probe, SAPH
involved reflux condensation of compound 1 and 4-
(diethylamino)-2-hydroxybenzaldehyde (2) in ethanol (scheme
1). The yield is 75%.

NH,
o N -
| Ny NaHgH0 | Na
—_—
~  Ethanol, =

reflux, 2 h (

1
Ho. N
NH; W
N N \
‘N\ . \/N\@C’H Ethanol, N
=
CHO

1 2

0
reflux, 5 h | N\
=

SAPH

Scheme 1. Synthetic scheme for the probe, SAPH

Photophysical Properties

The absorbance and fluorescence properties of SAPH were
studied in acetonitrile-water (1/1, v/v) solution at 25°C under
physiological pH (10 mM HEPES buffer, pH=7.4). The
absorption spectral changes of SAPH upon gradual addition of
different metal ions were recorded. The UV-vis spectrum of
SAPH itself (10 uM) in CH3CN/H,0 (1/1, v/v) shows a peak at
408 nm. Upon gradual addition of Hg2+ to the solution of the
probe, the band at 408 nm decreases along with formation of
a new peak at around 467 nm and three distinct isosbestic
points at 287 nm, 341 nm and 440 nm respectively (Fig. 1a).
Consequently, the light yellow solution of the probe turns to
orange (Fig. 1a, Inset). In case of Zn2+, the band at 408 nm
decreases on gradual addition of Zn** while a new band is
generated at 479 nm. Here three well defined isosbestic points
at 283 nm, 351 nm and 439 nm were observed (Fig. 1b)
accompanying a color change from light yellow to red which
was easily detectable via naked eye. The change in absorption
spectra of SAPH in presence of Hg2+ and zn** may be due to
the internal charge transfer (ICT) process. Color change of
SAPH from light yellow to orange and red (i.e bathochromic
spectral shift) in presence of Hg2+ and zn** respectively also
suggests that the ICT process occurs after complexation. To
establish the selectivity of the probe to these two metal
cations, the absorption spectral changes of the probe in
presence of other metal cations were recorded too which
shows that only cu® and Ni** undergo changes in absorption
spectra (ESI, Fig. S10).

This journal is © The Royal Society of Chemistry 20xx

SAPH, upon excitation at 415 nm, gives a weak emission band
(¢ = 0.01) at 500 nm in CH5CN /H,0 (1/1, v/v) solution. With
increasing concentration of Hg2+, the peak of SAPH at 500 nm
gradually vanishes out and a new red shifted band is generated
at 647 nm and increases regularly (Fig. 2a). Almost 80 fold of
enhancement in emission intensity is observed after addition
of Hg2+ to SAPH solution. Consequently, enhancement of
fluorescence quantum yield from 0.01 to 0.48 is observed.
Similarly, the gradual addition of Zn®* to the CHsCN /H,0 (1/1,
v/v) solution of the probe results in an increase of emission
intensity of the relatively weak emission band at 500 nm with
a ratiometric red shift at 678 nm (Fig. 2b). After addition of
Zn2+, the emission intensity of SAPH increases to about 61 fold
thereby accounting for a quantum vyield (¢ = 0.35) higher than
that of SAPH (¢ = 0.01). These emission changes may also be
attributed to ICT process. The increase in the emission
intensity may be due to the chelation induced enhanced
emission (CHEF) process.

(a)

Absorbance

250 300 350 400 450 500 550 600
i (nm)

Fig. 1. Change in UY-Vis spectrum of SAPH (10 uM) upon addition of (a) ng" (0-
20 uM) and (b) Zn“" (0-20 uM) in CH3CN/H,0 (1/1, v/v) (10 mM HEPES buffer,
pH=7.4). (Inset shows the change in colour in visible light)

To evaluate its specific selectivity profile towards Zn** and
Hg”*, a group of metal ions such as Na*, K*, Co*, Ni**, cu®,
cd®, Mn?, Al¥, Fe¥, Ag', Ca®*, cr*, Fe**, Mg®* and Pb>" were
chosen as the competing ions to perform the fluorescence
tests and it is found that none other metal ions caused any
significant change in emission profile (Fig. 3). Therefore SAPH
can serve as a selective fluorescent probe for both Zn** and
Hg2+ ions in the presence of other competing metal ions at
physiological pH. An interference experiment was carried out
by measuring the emission intensity of SAPH (10 pM) in
presence of other metal ions (20 uM) in order to study the
selectivity of the probe. It is observed that the fluorescence
enhancement of SAPH is specific towards both Hg2+ (Fig. 4a)
and zn* (Fig. 4b) respectively and is hardly affected by the
presence of other metal cations.

(a)

S 1.2x10°

FI. Intensity (

450 500 550 600 650 700 750

A (om) A (nm)

Fig,,2. Change in emission gpectra of SAPH (10 uM) upon gradual addition of (a)
Hg™" (0-20 uM) and (b) Zn“"(0-20 uM) in CH5CN /H,O (1/1, v/v) (10 mM HEPES
buffer, pH=7.4). (Inset shows the change in colour in UV-chamber)
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Now in order to quantify the stoichiometry of the complex of
SAPH with these metal ions duo, Job’s plot analysis was carried
out. The maxima appears at a mole fraction of 0.5 for each of
the metal ions, which correspond to the 1:1 complex
formation of SAPH and Hg2+ and zn* respectively (ESI, Fig.
Slla and S11b). The HRMS of SAPH shows a peak at m/z
373.2209 possibly for [SAPH + H]* (ESI,* Fig. S5) whereas the
zn* complex and Hg2+ complex show peaks at m/z 471.1536
and 609.1273 respectively accounting for the probable
composition [SAPH + Zn®" + H]* and [SAPH + Hg”" + H]*, which
also prove the mononuclear complex of SAPH with Zn** and
Hg2+ (Fig. 5 and ESI,* Fig. S7 and S9). The association constant
(K,) of SAPH for Hg2+ was determined to be 6.05x 10 M from
Benesi-Hildebrand plot using the data obtained from
fluorescence titration (ESI, Fig. S12a). Similarly for Zn2+, the K,
was also calculated and was found to be 3.03 x 10°> M™ (ESI,
Fig. S12b) respectively.

160000 - Ho®*

120000

80000 Fe®, ug?*, co?*, Fe?* \
Ci
40000 \ \

0 T T T T T T
450 500 550 600 650 700 750
2 (nm)

Fl. Intensity (a.u.)

Fig. 3. Change in emission intensity of SAPH (10 uM) upon addition of different
metal ions (20 uM) in CH3CN/H,0 (1/1, v/v) (HEPES buffer, pH=7.4).

The emission intensity of the probe (SAPH) at 647 nm
increased linearly with the amount of Hg2+ added in the range
of 0 to 11 uM (R® =0.9952) (ESI,* Fig. S13a). The limit of
detection of SAPH for Hg2+ was determined from the emission
spectral change upon addition of Hg2+ to be 4.98 x 10° M
(ESI,* Fig. S14a). Similarly for Zn2+, the emission intensity of
SAPH increased linearly at 678 nm in the range of 0 to 6 uM (R2
=0.9870) (ESI, Fig. S13b) and detection limit was calculated to

be 1.23 x 10° M (ESI, Fig. S14b).
8x10'{ EENSAPH EEISAPH+M™ g SAPH+ M™+Zn'
6x10*4 ‘ ‘ ] ‘ ‘
0 -, A L - -
£s3eQ

S

C

Fl. Intensity (a.u.) at 678 nm
N
3

(a
axiot [EENSAPH I SAPH+ U SAPHS M+ Hg"

6x10*

4x10°"

4
=

Fl. Intensity (a.u.) at 647 nm
»
3

® 3 5 % i & % WA

Fig. 4. Bar diagram representation of the relative emission intensity of SAPH

upon addition of various metajs (10 uM) in CH;CN:H,0 (1:1, v/v) (HEPES buffer,

H=7.4) Sred bars) and (a) H% (20 uM) in Presence of other metal ions (navy
M

lue bars) and (b) Zn™" (20 uM) in presence of other metal ions (navy blue bars)

pH study

The acid-base titration of SAPH was carried out in absence and
presence of both Hg2+ and zn**. The study clearly reveals that

4| J. Name., 2012, 00, 1-3

SAPH does not undergo any significant change in emission
intensity at 500 nm within the pH range of 2-12 thereby
suggesting that the probe is sufficiently stable in this pH range.
On addition of Hg2+ in the solution of SAPH, the emission
intensity increases rapidly within the pH range of 6-10 thus
establishing the fact that SAPH can efficiently detect Hg2+
within the aforementioned pH range (ESI, Fig. S15a). The
increase in emission intensity may be due to the sufficiently
strong complexation between SAPH and Hg2+ within the pH
range of 6-10. On further increase in pH, the complexation
process is inhibited thereby observing decrease in the emission
intensity. Similarly, on addition of Zn** into the SAPH solution,
the emission intensity again increases with increasing pH and
acquires maxima at pH 7 but further increase in pH results in
sharp drop of emission intensity within the pH range of 8-10
thus suggesting the dissociation of the SAPH-zZn** complex (ESI,
Fig. S15b). Hence the probe SAPH can detect Zn** in the
neutral pH range with brilliant efficiency.

732200 411536 6091273
|ar1s083 | 6001738
ananz, 6090815
LAaT12318 saee 600.2731
3733612
|
| |
| | 4721851
6101211
3521123 | 4722161
| (
3742245 | preze0
| 4731281 11216
|
300 400 400 500 400 500 600 00|
(a) (b) ()

Fig. 5. Partial HRMS spectra of (a) SAPH, (b) SAPH-Zn>" and (c) SAPH-Hg”*

Computational study

To further understand the relationship between the structural
changes of SAPH and its complexes with Zn®" and Hg>", we
carried out the density functional theory (DFT) calculations
with the B3LYP/6-31+G(d) method using the Gaussian 09
program. Optimized structures of the probe SAPH, SAPH-Zn*"
and SAPH-Hg2+ complexes are shown in Fig. 6. Selected highest
occupied molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) of SAPH and its Zzn’* and Hg?
complexes are presented in Figs. S16-18. Energy and % of
composition of selected molecular orbitals of SAPH-zn*" and
SAPH-Hg2+ are summarized in Table S1 and Table S2
respectively. The HOMO-LUMO energy gap of SAPH (3.35 eV)
is significantly reduced in SAPH-Zn>" (2.82 eV) and SAPH-Hg*"
(2.98 eV) complexes which reflects in the shifting of low
energy band in the complexes. Further, to interpret the
electronic transitions, time dependent density functional
theory (TDDFT) was carried out to the optimized geometries of

This journal is © The Royal Society of Chemistry 20xx
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the compounds. The low energy transition for SAPH at 425 nm
(Aexpt, 408 nm) corresponds to HOMO — LUMO transition.
For, SAPH-Zn*" and SAPH—Hg2+ the low energy band shifted to
489 nm  (Aepr, 479 nm) and 482 nm  (Reyr, 467 nm)
respectively (Table S3).

Fig. 6. Optimized structures of (a) SAPH, (b) SAPH-Zn>* and (c) SAPH-Hg”" by
DFT/B3LYP/6-31G(d) method

Test-kit for the detection of Hg** and Zn>*

Stimulated by the distinct discrimination of SAPH towards Hg2+
and Zn2+, we decided to bring out some potential application
by using the single molecule as a handy portable tool for
sensing of these two metal cations. This experiment has huge
importance as without the aid of any instruments, it can give
some vital qualitative data. So in order to fulfil this
experiment, few thin-layer chromatography (TLC) plates were
prepared and then immersed into the solution of SAPH (2 x 10~
* M) in acetonitrile and then kept for few minutes to evaporate
the solvent, followed by dipping the TLC plates to zn** (2 x 1073
M) and Hg2+ (2 x 1073 M) solutions and then again evaporate
the solvent. The colour of the TLC plates show the change from
light yellow to orange-yellow under ambient light for both the
metal ions whereas colorless to brown in case of Zn®* under
UV light and colorless to bright red for Hg2+ (Fig. 7).

 Hg" Zn™

(@ @

Hg2+ Zn2+
g N &N
(@) (b)

Fig. 7: Photographs of TLC plates after immersion in the SAP;—i—acetonitriIe
solution and after immersion in (a) SAPH-Hg"" and (b) SAPH-Zn"" acetonitrile
solution (i) taken in ambient light and (ii) under han_g—held uy light. Exgitation
wayelengt of the UV light is 360 nm. [SAPH] =2 x 10™ M, [Hg"'] and [Zn"] = 2 x
107 M.

Conclusions

This journal is © The Royal Society of Chemistry 20xx
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So we reported here the synthesis of a new fluorescent
ratiometric probe which showed selective fluorescence
response upon complexation with two same group metals viz.
zn** and Hg2+ ions. This newly developed probe SAPH exhibits
a noteworthy ratiometric emission enhancement showing a
red-shift in the emission maxima at 647 nm along with a visible
colour change from light yellow to orange on addition of
increased concentration of Hg2+ while in presence of Zn2+,
SAPH shows similar red shift at 678 nm along with a color
change of light yellow to red in visible region. Moreover, the
present fluorescent probe shows high selectivity towards Hg2+
and Zn** over other metal cations with sufficiently low
detection limits of the order of 10™° and 10° M respectively in
physiological conditions.
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