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A selective fluorescence ‘turn-on’ chemodosimeter N,N0-bis-(4-cyanobenzylidene)-2,4,6-trimethylben-
zene-1,3-diamine (3) based on a Schiff base for femto-molar detection of the Hg2+ has been described.
It presents the highest level of detection limit for Hg2+ through Schiff base hydrolysis.

� 2014 Elsevier Ltd. All rights reserved.
Heavy and transition metal ions like Cd2+, Hg2+ and Pb2+ are
well known for their high toxicity towards the environment and
biological systems.1 Amongst these, mercury is the most lethal
for living organisms as it causes neurological and digestive disor-
ders, malnutrition and hereditary dysfunctions.2 In the environ-
ment, it may be present in various forms like elemental (Hg0),
ionic (Hg2+) and organic mercury (CH3Hg+).3 Methylmercury (CH3-

Hg+) enters the human body via food chain by ingestion of fishes or
sea mammals, wherein it is bioaccumulated by reaction of the or-
ganic molecules with Hg2+.4 The so called ‘Minamata disease’, is a
harsh consequence of methylmercury.5 Considering these issues,
the detection and control of mercury is a major challenge and
development of suitable methodologies for its detection at trace
level is highly demanding.5

In this context, fluorescence based molecular sensing is extre-
mely beneficial due to its simplicity and high sensitivity.6

Although, a large number of fluorescence ‘turn-off’ probes for
Hg2+ are well known, those exhibiting ‘turn-on’ are rather scarce.
In addition, limit of detection (LOD) for the available fluorescent
‘turn-on’ probes has always been a major concern.7 Therefore, the
development of sensitive fluorescence ‘turn-on’ probes for Hg2+ is
highly demanding.8 In this direction, chelation enhanced fluores-
cence (CHEF) and Hg2+ triggered chemodosimetric systems have
drawn special attention.9 Further, it has been observed that in
some cases the CHEF based systems are not very effective due to
the strong quenching nature of Hg2+; in such cases chemodosimet-
ric routes offer an excellent alternative.9,10 Even though numerous
chemodosimeters have been reported for the detection of Hg2+,
most of these are associated with either moderate sensitivity and
selectivity or poor solubility in aqueous systems.6

To overcome these problems compounds containing aldimine
moieties have been used as excellent chemodosimetric probes.11

Although, several systems involving facile hydrolysis of an azome-
thine (–HC@N–) linkage under the influence of metal ions like Fe2+

and Cu2+ have been extensively studied;11 those exhibiting Hg2+

promoted hydrolysis have scarcely been investigated.12 Therefore,
the development of a highly sensitive chemodosimeter for Hg2+

through fluorescence ‘turn-on’ signaling is highly desirable.
The present work deals with three simple non-chelating Schiff

bases viz N,N0-bis-(4-bromobenzylidene)-2,4,6-trimethylbenzene-
1,3-diamine (1), N,N0-bis-(4-nitro-benzylidene)-2,4,6-trimethyl
benzene-1,3-diamine (2) and N,N0-bis-(4-cyanobenzylidene)-2,4,
6-trimethylbenzene-1,3-diamine (3) (Scheme 1). Amongst these, 3
acts as an excellent chemodosimeter in the detection of Hg2+ with
‘femto-molar’ (fM; 10�15 M) sensitivity which is superior to the
exceeding limit of Hg2+ in drinking water (2 ppb).13 Further, fM-level
detection of Hg2+ using biogenic gold nano particles and protein
based biosensors has been reported;14 but to the best of our knowl-
edge, the present work describes the highest level of Hg2+ detection
through chemodosimetric Schiff base hydrolysis.

Properties of the compounds 1�3 have been fine tuned by
incorporating weakly electron withdrawing and non-coordinating
–Br, highly electron withdrawing and rarely coordinating –NO2
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Scheme 1. Structures of 1�3 and their fluorogenic response towards (Hg2+)
sensing.

Figure 1. (a) UV/vis spectra of 3 (c, 10 lM) with various metal ions (c, 10 mM) and
(b) UV/vis titration plot of 3 with Hg2+ (c, 10 mM, 0–10 equiv). Insets showing Job’s
plot for 3 with Hg2+ in aqueous methanol (95%).

Figure 2. Fluorescence titration spectra of 3 (c, 10 lM) with (a) Hg2+ (c, 10 mM) and
(b) Hg2+ (c, 1 fM) in aqueous methanol (95%).
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and electron withdrawing and coordinating –CN group (Scheme 1).
Characterization of 1�3 has been achieved by satisfactory elemen-
tal analyses and spectral (FT-IR, 1H and 13C NMR, ESI-MS, UV/vis
and emission) studies. Crystal structures of 2 and 3 have been ver-
ified by X-ray single crystal analyses (Figs. S29 and S30, Supple-
mentary data). The 1H NMR spectra of 1, 2 and 3 displayed
aldimine protons as singlet at d 8.16, 8.36 and 8.26 ppm and aro-
matic protons of the central mesitylene core resonated as a singlet
at d 6.94 (1), 6.99 (2) and 6.97 (3) ppm. The signals due to phenyl
ring protons appeared as two distinct doublets in the range d 7.63–
8.33 ppm, while methyl protons (two sets) resonated as a singlet in
the range d 2.13–1.91 ppm (Figs. S1, S4 and S7, Supplementary
data). The position and integrated intensity of various signals cor-
roborated well to the respective formulations. 13C NMR spectra of
1�3 displayed an analogous pattern of resonances and supported
their formations (Figs. S2, S5 and S8, Supplementary data). In their
ESI-mass spectra 1�3 exhibited molecular ion peaks at m/z
485.0879 (calcd 485.2263) 1; 417.1611 (calcd 417.4293) 2; and
377.2519 (calcd 377.4531) 3 due to [M+1]+ (Figs. S3, S6 and S9,
Supplementary data) and strongly supported their formation.

The aqueous stability of 1�3 has been evaluated by increasing
the proportion of water in methanol and found that these retain
identity up to 50% aqueous methanol (Fig. S15a Supplementary
data). Electronic absorption spectral studies for 1�3 (c, 10 lM)
have been performed in aqueous methanol (95%). On the basis of
their position and intensity the low energy (LE) bands at 355 nm
(e, 4.0 � 103 M�1 cm�1, 1), 380 nm (e, 4.2 � 103 M�1 cm�1, 2) and
369 nm (e, 6.1 � 103 M�1 cm�1, 3) have been assigned to n–p⁄

transitions, whereas the bands at 266 (e, 4.3 � 104 M�1 cm�1, 1),
280 (e, 3.2 � 104 M�1 cm�1, 2) and 264 nm (e, 5.9 � 104 M�1 cm�1,
3) (Fig. S10a, Supplementary data) to the high energy (HE) p–p⁄

transitions.
Metal ion interaction studies for 1�3 have been investigated by

UV/vis spectroscopy (c, 10 lM; 95% aqueous methanol, initial pH
�7.13) in the presence of various cations viz Na+, K+, Ca2+, Mg2+,
Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Ag+, Zn2+, Cd2+, Hg2+, Pb2+ (c, 10 mM)
(Fig. 1a). Notably, 3 exhibited significant changes, selectively with
Hg2+, while 1 and 2 were silent in the presence of tested metal ions
(Fig. S10b and S10c, Supplementary data). To gain a deep insight
into the binding affinity and sensitivity of 3 towards Hg2+, absorp-
tion titration studies have been performed. Addition of Hg2+

(4.0 equiv) to a solution of 3 led to a blue shift in the position of
HE band (Dk �9 nm) with a small decrease in its optical density.
Further, upon gradual increase in the concentration of Hg2+

(4–10 equiv) the blue shift becomes more prominent (243 nm,
Dk �21 nm). On the other hand, intensity of the LE band gradually
diminished with emergence of a new band at 296 nm characteris-
tic of MDA (2,4,6-trimethyl-1,3-benzene-diamine) which may arise
due to the hydrolysis of 3 (Fig. 1b). The presence of an isosbestic
point at 250 nm indicated existence of more than two species in
the solution. At saturation point the solution turned colourless
(from yellow; Fig. 3a) and pH of the solution became slightly acidic
(�6.1).

Based on the above results it was realized that 3 may also serve
as a fluorescent chemosensor for Hg2+. The emission spectra of 1–3
acquired in aqueous methanol (95%) exhibited significant fluores-
cence (Table S1, Supplementary data). To explore the use of these
compounds as a fluorescent probe (280–520 nm) their solutions
were treated with various metal ions. Notably 1 and 2 did not show
any significant change in the presence of the tested metal ions at
their respective excitations, (Fig. S17, Supplementary data) how-
ever 3 displayed fluorescence ‘turn-on’ (kem, 308 nm) only in the
presence of Hg2+ (c, 10 mM), (Fig. 2a).

To understand the binding affinity and sensitivity of 3 towards
Hg2+, emission titration studies have been performed. Aliquot addi-
tion of Hg2+ (1.0–4.0 equiv) to a solution of 3 leads to an increase
both in the fluorescence intensity and quantum yield by 3.5
(308 nm) and 3.6 fold (�U, 0.19) corresponding to MDA (probably
arising due to hydrolysis of 3). Surprisingly, addition of an excess of
Hg2+ (>4.0 equiv) causes significant fluorescence quenching (prob-
ably due to complexation of MDA with Hg2+, vide supra) (Fig. S16a,
Supplementary data). Job’s plot analysis revealed 1:1 stoichiome-
try between 3 and Hg2+ (Fig. S13a, Supplementary data) and
binding constant converged to 3.6 � 107 M�1 using the Benesi–Hil-
debrand method (Fig. S14a, Supplementary data). Considering high
sensitivity of the fluorescence technique we evaluated the limit of
detection (LOD) of 3 towards Hg2+, starting from fM concentration
of Hg2+ (1–10 � 10�15 M) (Fig. S13b, Supplementary data). Notably
it exhibited significant ‘turn-on’ response within short period of
time (0.5 min). Upon gradual addition of fM concentrations of



Figure 3. (a) Images showing naked eye visible changes of 3 in the presence of Hg2+

(1 equiv) and (b) fluorogenic changes of same solutions at 365 nm.

Scheme 2. Plausible mechanism for the hydrolysis of 3 and subsequent complex-
ation to generate 3A.
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Hg2+ (0–200 lL) a new fluorescence band appeared at 338 nm
(Dkem, 30 nm) with 2.5 fold enhancement of the fluorescence
intensity (Fig. 2b). The LOD was determined to be 4 � 10�15 M
which is indeed the highest value reported till date, through Schiff
base hydrolysis. It strongly indicated potential application of 3 for
the detection of Hg2+ at fM level. Later we performed fluorescence
study in the concentration range 10�2 to 10�15 M (Fig. S14b, Sup-
plementary data). The fluorescence band at 338 nm (kem) enhanced
with a gradual increase in the concentration of Hg2+ (10�15 to
10�10 M). Above 10�10 M concentration, the band at 338 nm grad-
ually diminished while the one at 308 nm enhanced and attained
maxima with 10 mM Hg2+.

To understand the whole phenomenon, absorption and emis-
sion titration studies have been performed under analogous condi-
tions using MDA and increasing the concentration of Hg2+. Notably,
it displayed a pattern similar to that for 3 (Figs. S15b and S16b,
Supplementary data) and we conclude that 3 acts as a chemodos-
imeter through hydrolysis of azomethine (–HC@N–) linkage. To
ascertain whether hydrolysis of the aldimine bond is induced by
a change in the pH or Hg2+, pH titrations were carried out. It was
observed that probe 3 is stable up to pH�4. (Fig. S11b, Supplemen-
tary data) and lowering of the pH (�3.57) leads to a gradual
decrease in optical density of the HE band with concomitant emer-
gence of a weak band at �296 nm due to MDA. It suggested that in
the presence of an acid the hydrolysis can occur below pH �4.

To examine reversibility of the probe 3 towards Hg2+, absorp-
tion and fluorescence studies have been performed by adding an
excess of EDTA under identical conditions. Addition of EDTA
(50 equiv) to a solution of 3 (10 lM) and 3 + Hg2+, did not alter
their absorption and emission spectral features. It strongly sug-
gested irreversibility of the Hg2+ mediated hydrolysis of 3
(Fig. S18a and S18b, Supplementary data). The fluorescence
enhancement may be attributed to hydrolysis of 3 leading to the
formation of MDA. Thus, the complexation of Hg2+ to EDTA does
not have an effect on spectral patterns.

Further, to look into the catalytic role of Hg2+, absorption and
emission studies were performed by adding 5.0 and 2.0 equiv of
Hg2+ to a solution of 3, respectively (Figs. S19a and S19b, Supple-
mentary data) and changes monitored at a time interval of
2.0 min. Expectedly, it followed the trends similar to that observed
in titration experiments. In the UV/vis spectra saturation was at-
tained within 15 min. and retained even after an hour. Further,
addition of EDTA (an excess) could not perturb the spectra ob-
tained at saturation stage. Likewise, saturation in the fluorescence
spectra was achieved even more rapidly (within 10 min) and did
not alter upon addition of an excess of EDTA. These observations
are consistent with Hg2+ catalysed complete hydrolysis of 3 as well
as irreversibility of the reaction.

Overall results indicated that 3 undergoes facile hydrolysis in
the presence of Hg2+ and creates MDA, which in turn, interacts
with mercury to form MDA–Hg complex 3A (Figs. S20, S21 and
S23 Supplementary data).15 To verify this viewpoint 3A was pre-
pared directly from the reaction of Hg(NO3)2�H2O with MDA and
its identity established by spectral studies (Fig. S22, Supplemen-
tary data). It corroborated well with the one arising from
hydrolysis of probe 3. Further, to achieve more information about
mode of interaction, hydrolysis and in situ complexation, 1H
NMR titration study has been carried out. Addition of 0.5 equiv of
Hg2+ (100 mM) to a solution of 3 (10 mM) resulted in immediate
precipitation. However, characteristic proton associated with free
aldehyde (4-CNC6H4CHO) resonated at d 10.06 ppm. As presumed,
the aromatic protons of MDA weakened and low intensity peaks
appeared at d 2.25 and 2.17 ppm due to the methyl protons of
MDA, which upon further addition of Hg2+ (0.5 equiv) completely
disappeared (Fig. S28, Supplementary data). It strongly suggested
Hg2+ induced rapid hydrolysis of 3 as well as formation of a
MDA–Hg complex (3A). Complex 3A is insoluble in CH3OH (and
CD3OD, too) which can be clearly understood by weakening of
the strong signals due to MDA. However, it is soluble in DMSO
and its 1H NMR in this solvent displayed a small downfield shift
(0.09 ppm) for the aromatic protons which appeared at 6.76 ppm
relative to the free MDA (d 6.67 ppm) (Figs. S20 and S21,
Supplementary data). Further, the amine proton showed a
remarkable downfield shift (D, d 2.86 ppm) and appeared at
6.31 ppm (d 3.45 ppm, MDA). The downfield shift in the position
of signals due to 3A with respect to free MDA clearly indicated
coordination of Hg2+ with amine.

The ESI-MS spectra of 3A further signify complexation of the
Hg2+ with MDA. The presence of molecular ion peak at m/z
985.4489, (2MDA + 2Hg + 4NO3 + 2H2O), (calcd 985.6719) (M+),
along with peaks at 817.9693 (MDA + 2Hg + 4NO3 + H2O),
493.2691 (MDA + Hg + 2NO3 + H2O) and 151.1491 (MDA) strongly
support the formation of the aforesaid complex (Fig. S24, Supple-
mentary data). Simulated and observed isotopic mass distribution
of 3A and its fragmented peaks, (http://www.chemcalc.org) are in
good agreement with the proposed formulations. However, a
marginal difference between theoretical and experimental data
has been observed which may be due to the occurrence of
atom of 2H (0.015%), 13C (1.11%), 15N (0.366%) 17O (0.037%), 202Hg
(29.86%), 200Hg (23.10%), 199Hg (16.87%), 201Hg (13.18%) etc.
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(Figs. S25, S26 and S27 Supplementary data).15 Thus, the IR, 1H
NMR and ESI-MS spectral studies clearly indicated hydrolysis of
3 in the presence of Hg2+ and formation of a cyclic Hg–MDA com-
plex (3A).16 The dimeric cyclic structure of 3A is also supported by
Job’s plot analysis, which shows 1:1 stoichiometry between metal
ion and ligand.

Based on the above results a plausible mechanism for the hydro-
lysis of 3 in the presence of Hg2+ has been proposed (Scheme 2).12b

In the very first step Hg2+ interacts with nitrogen of nitrile bond and
withdraws electron density from the azomethine core. At the same
time, azomethine nitrogen tends to hold its p-electron density. Con-
sequently, it polarizes the aldimine bond facilitating nucleophilic at-
tack by H2O at the aldimine carbon. It leads to the hydrolysis at
aldimine linkage generating MDA fluorophore and aldehyde. The
‘in situ’ generated MDA interacts with Hg2+ to yield 3A which gets
precipitated in MeOH resulting in the quenching of fluorescence.
On the other hand at a very low concentration (femto-molar) of
Hg2+, trace amounts of 3A formed, does not get precipitated out of
the solution; rather exhibited fluorescence ‘turn-on’ at 338 nm,
forming the basis for fM detection of Hg2+.

In summary, we have presented the synthesis and characteriza-
tion of three new Schiff bases 1–3, amongst which 3 acts as a
highly selective chemodosimeter for Hg2+ through hydrolysis
followed by complexation with in situ generated amine. Metal in-
duced Schiff base hydrolysis for the detection of Hg2+ at femto-mo-
lar concentration through the fluorescence technique has been
reported for the first time.
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