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ABSTRACT

A newly synthesized imine-based receptor (L) showed remarkable specificity toward the Hg2þ ion in aqueous media over other metal ions.
Coordination of L to Hg2þ induces a turn-on fluorescence response. This was explained based on the restricted imine isomerization along with
PET on coordination to Hg2þ. X-ray structural evidence tends to favor a C�Cbond rotation rather than CdN isomerization for adopting a favorable
conformation in L for coordination to Hg2þ. This reagent could be used for imaging the accumulation of Hg2þ ions in HeLa cells.

Mercury is one of the most prevalent toxic metals in the
environment and gains access to the bodyorally or dermally,
causing cell dysfunction that consequently leads to health
problems.1The concernover its deleterious effects onhuman
health has actually led the sensing community to develop
newmercurydetectionmethods thatare cost-effective, rapid,

facile, and applicable to the environmental and biological
milieus.2 In this regard, receptor molecules that can provide
optical feedback on binding to the Hg2þ ion in aqueous or
mixed aqueous environments are crucial for developing
either colorimetric staining agents3 or fluorescent imaging
reagents4 for biological applications. Being one of the
heavier metal ions, Hg2þ generally causes an efficient
quenching of the fluorescence through an efficient spin�
orbit coupling.5 However, any optical feedback that trans-
lates the metal ion-receptor binding phenomena into
a fluorescence turn-on response is preferred over the
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fluorescence turn-off response for obvious ease in the
detection process. Among different signaling mechanisms,
photoinduced electron (PET)/energy transfer (PeT),6 me-
tal�ligand charge transfer (MLCT),7 and intramolecular
charge transfer (ICT)8 are most common. However, to
achieve a reversible switch-on fluorescence response on
selective binding to Hg2þ, two common methodologies
have been adopted, namely conversion from the nonfluor-
escent lactam to a strongly fluorescent xanthene form or
through achieving a structural rigidity onHg2þ ion binding.9

Literature reports are there for demonstrating the second
process using azine-based receptors.4b However, such an
example using analogous imine isomerization as a signaling
mechanism has not been used so far for designing any
colorimetric or fluorogenic receptor for Hg2þ ion, although
it has been documented previously for other metal ions.9a

Herein, we report a novel imine-based molecule (L),
having naphthalene and quinoline as two photoactive
units, for the specific recognition of Hg2þ ions through
restricted imine isomerization on binding of L to Hg2þ in
mixed aqueous�organic medium. To establish molecular
preorganization that takes place prior to the coordination
to the Hg2þ center, two reference compounds (L1 and L2)
were synthesized (Figure 1), and their optical responses on
binding to Hg2þ were compared with that of L. Also,
naphthalene (N) and quinolone (Q) form a FRET pair,
and thus, the choice of these two chromophores provides
the opportunity to achieve a larger Stokes shift on the
sensing event. More importantly, the possibility of using
this reagent for imaging application and detection of Hg2þ

accumulated in cervical cancer cells was explored to check
the viability of the cells under the experimental conditions.

ReagentL and the two reference compounds (L1 andL2)
were synthesized following a typical one-step reaction (SI).
Various analytical and spectroscopic data agree well with
the structure proposed for these reagents and the desired
purity. Further, trans conformations for three receptors

were also confirmed from single-crystal X-ray structure
analysis.
Spectroscopic properties of L, L1, and L2 were investi-

gated in mixed aqueous organic medium (THF/aqueous
phosphate buffer (6:4, v/v; pH=7.2).TheUV�vis spectra
of L exhibited a strong band at 255 nm (ε = 58823 L
mol�1 cm�1) with two broad band at 295 nm (ε=22768
L mol�1 cm�1) and 385 nm (ε = 16096 L mol�1 cm�1).
Electronic spectra ofLwere comparedwith thoseofL1and
L2. The bands at ∼255 and 295 nm could be attributed to
N- and Q-based intracomponent charge-transfer (CT)
transitions, respectively, while the broad band at 385 nm
was ascribed to a intercomponent CT band with N as
the donor and Q as the acceptor fragment. Addition of a
perchlorate salt of alkali, alkaline earth, and common
transition-metal ions (Liþ, Naþ, Kþ, Csþ, Agþ, Ca2þ,
Mg2þ, Sr2þ, Ba2þ, Cr3þ, Fe2þ, Fe3þ, Co2þ, Ni2þ, Cu2þ,
Zn2þ, Cd2þ) did not show any change in electronic spectra
of L. However, an appreciable change was observed when
the spectrum was recorded in the presence of Hg2þ

(Supporting Information, SI).
Spectral responsesofL,L1, andL2onbinding toHg2þ in

CHCl3/CH3CN (1:4 v/v) were different, which were pri-
marily due to the intrinsic difference in the nature of the
donor and acceptor fragments in these three receptors.
Systematic titration in CHCl3/CH3CN (1:4 v/v) medium
for L revealed the formation of a broader band at longer
wavelength (∼480 nm). Coordination to Hg2þ was ex-
pected to favor the intercomponent CT transition and
thus the shift to longer wavelength. However, spectral
responses for L in THF�aqueous phosphate buffer
(6:4, v/v; pH = 7.2) were quiet different (Figure 2a and
inset) andwere attributed to a weaker coordination ofL to
hydrated Hg2þ ion, as compared to the nonaqueous Hg2þ

ion in organic medium. Binding affinity of the reagent L
toward Hg2þ in mixed THF�aqueous buffer medium was
evaluated by monitoring changes in absorbance at 385 nm
(Figure 2b) with varying [Hg2þ] (0�27 molar equiv).

Figure 1. Structure of the imine-based receptor molecules.

Figure 2. Changes in UV�vis spectra recorded in 25 �C (a)
CHCl3/CH3CN (1:4 v/v) medium for L (1.8 � 10�5 M) with
varying [Hg2þ] (0 � 1.1 � 10�4 M). Spectra in red indicate L.
Inset: titration profile for L (2.3� 10�5 M) with varying [Hg2þ]
(0� 6.2� 10�4 M) in THF/aqueous phosphate buffer (6:4, v/v;
pH=7.2) and its corresponding; (b) B�Hplot for evaluation of
the binding constant for L with Hg2þ. The good fit of the linear
plot (R2 = 0.99) confirmed the 2:1 binding stoichiometry.
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Weaker binding in aqueous buffer medium was also
evident from the much lower affinity constant (KA

[Hg2þ]2L

= 1.48 � 107 M�2 L2) than the one that was evaluated in
CHCl3/CH3CN (1:4 v/v) medium (KA

[Hg2þ]2L=2.79� 109

M�2 L2) under otherwise identical condition. Good linear
fit of the Benesi�Hildebrand plot (B�H plot) confirmed
the 2:1 binding stoichiometry and formation of [Hg2þ]2L
complex. This binding stoichiometry in solution was also
confirmed from the ESI�mass spectral data (SI). Spectral
data also confirmed formation of [Hg2þ]2L1 and [Hg2þ]2L2

in solution. Further, the single-crystal structure for
[Hg2þ]2L and [Hg2þ]2L2 also corroborated this. No evi-
dence for the stepwise formation of 1:1 and then 2:1
complex couldbeobtained forL andL2, whichwas evident
from the electronic spectral titration profile for L1 (SI).
Thus, for reagent L, the observed binding constant could
be better assigned as the composite binding constant for
the formation of {L(Hg2þ)2}(ClO4)4.
Emission quantum yields for L (ΦL = 0.0011) and one

of the two model receptors (ΦL1 = 0.0118) were poor.
However, relative fluorescence quantum yield for L2

(ΦL2=0.1090) was much higher than that of L1. Because
of the flexible nature of the imino compound, the thermal
barrier between the two geometrical isomers is low, so the
relaxation through photoinduced geometrical change is
extremely rapid and efficient.10 The photoinduced electron
transfer (PET) process involving the lone pairs of electrons
of NCdN and the excited Q-based fluorophore could also
contribute to the observed weaker emission for L and L1.
Interestingly, the fluorescence enhancement for L2 was
only 2-fold on binding toHg2þ (Φ[Hg2þ]2L2=0.2245), while
for similar experiment with L (Φ[Hg2þ]2L = 0.2390) and L1

(Φ[Hg2þ]2L1=0.2053) a switch-on fluorescence responsewas
observed (Figure 3). This observed enhancement on lumi-
nescence response for L, L1 and L2 on binding to
Hg2þcould be ascribed due to the loss of molecular flex-
ibility of these receptors because of restricted imine iso-
merization. In addition, an interrupted PET process on
coordination to the Hg2þ was also expected to contribute
to this observed switched-on emission response.11 It is
worth mentioning here that the presence of lower lying
CT states (vide supra) could account for the absence of any

N-moiety-based luminescence in L, as observed for L2.
However, similarities in the luminescence responses of L
and L1 on binding to Hg2þ revealed that the Q-moiety is
primarily involved in the photoinduced geometrical iso-
merization either through rotation about the CdN or by
C[Q]�NCdN bond rotation.
The binding affinity of Hg2þ toward L, L1, and L2 was

evaluated from a Benesi�Hildebrand (B�H) plot using
the results of the systematic titrations either by probing the
change in fluorescence or absorption band intensity with
varying [Hg2þ]. Analysis of the B�H plots for L and L2

confirmed the 2:1 binding stoichiometry (SI). No spectral
evidence for stepwise complex formation was apparent.
However, for L1, two distinct changes in fluorescence

spectra were observed when spectra were recorded with
varying [Hg2þ] and allowedus to evaluate stepwise binding
constants for formation of [Hg2þ]L1 and [Hg2þ]2L1 (SI).
The respective binding constants evaluated from different
methodologies are summarized in Table 1. The reversible
binding of Hg2þ to L was checked by addition of
an aqueous solution of KI (SI). This was also demon-
strated by 1H NMR spectroscopic studies. Because of
limited solubility, the 1H NMR spectra were recorded in a
CDCl3�DMSO-d6 (4:1, v/v) medium. On addition of Hg2þ,
the HHCdN proton showed a drastic downfield shift along
with a decrease of signal intensity for the rest of the protons
(SI). On addition of excess of thiourea to this solution, the
initial spectrum for L was restored with a subsequent
increase in signal intensity (SI).
Detailed 1H NMR spectroscopic studies were carried

out with an attempt to address the critical issue of bond
rotation about the CdN or by C[Q]�NCdN bond in L, L1,
and L2 on binding to Hg2þ. The 1D-NOE spectra of L on
selective irradiation of the HHCdN proton at 8.95 ppm
showed a correlation at 7.35 ppm, which signified a trans
orientation of the twoN-atoms ofQ-ring andNHCdNwith
respect to each other in solution. No such 1D-NOE
correlation was observed in presence of Hg2þ (SI). Similar
observations were also witnessed for L1 and L2 (SI).
A single-crystal X-ray structure for L and L2 revealed

that quinolyl and imine nitrogen atoms oriented trans to
each other (Figure 4a,c), minimizing the proton�proton
interactions. Such an orientation is typical for pyridy-
limine ligands.12 Crystal structures for L and [(Hg)2L]I4
(Figures 4a,b) also revealed change in the twist angle
(θQ‑N)

13 of 14.6� (42.2� for L to 56.8� for [(Hg)2L]I4)
between the terminal Q and central N ring. This change
in θQ�N for L2 and [(Hg)2L2]I4 was 14.1� (42.2 for L2 to
56.3 for [(Hg)2L2]I4) (Figures 4c,d). Thus, structural evi-
dence suggest a differenceof∼14� inθQ‑N tomake effective

Figure 3. Fluorescence spectral changes in THF�aqueous phos-
phate buffer medium (6:4, v/v; pH= 7.2) at 25 �C: (a) L (2.0 �
10�5 M) with varying [Hg2þ] (0�5.2� 10�4 M), λexc = 295 nm;
(b) fluorescence scanning of L (2.0� 10�5 M) in the presence of
various metal ions (6.0 � 10�4 M) (λexc = 295 nm).
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binding to Hg2þ either by L or L2, while θ involving the
N-ring and imine plane (θ[CdN�CNaph])

13 was 41.8� and
42.4� for L and L2, respectively (SI). Interestingly, a much
smaller change in θ[CdN�CNaph] on binding to the Hg(II)
center was observed (θ[CdN�CNaph] of 46.01� for [(Hg)2L]I4
and 45.1� for [(Hg)2L2]I4), which indicated a nominal
perturbation in θ[CdN�CNaph] upon coordination to the
Hg2þ center. Thus, structural evidence tends to indicate
that C[Q]�NCdN bond rotation was more plausible than
geometrical isomerization around the CdN.
We explored the possibility of using L and L1 for the

recognition of the Hg2þ ion in living cervical cancer cells
(HeLa cells) using fluorescence imaging experiments.
MTT assay studies revealed that >80% Hela cells re-
mained viable even after 12 h of incubation with these
probe molecules having concentration comparable to that
used for imaging studies (SI). For fluorescence imaging
experiments, HeLa cells preexposed to 10 μM Hg2þ were
washed with an appropriate buffer solution and subs-
quently incubeted either with L or with L1 for 30 min.
On viewing through a fluorescence microscope using a
330�380nmUVfilter as an excitation source, a bright blue

fluorescence was observed for Hela cells pretreated with
Hg2þ and then with L/L1, while no such fluorescence was
observed eitehr for untreated HeLa Cells or cells treated
with only Hg(ClO4)2 (Figure 5).
So, these two probe reagents (L and L1) were cell

membrane permeable and could detect Hg2þ uptake in
living cells exposed to [Hg2þ] as low as 10 μM. The
reversibility of the binding to L/L1 and the detection of
Hg2þ in HeLa cells was established by treating those
stained cells with KI (20 μM) solution (SI).
In summary, we synthesized an imine-based chemo-

sensor that selectively binds Hg2þ ion in aqueous media.
We exploited two signal transaction mechanisms, namely,
restriction of molecular flexibility and/or PET to achieve
fluorescence on response on binding to Hg2þ ions. Crytallo-
graphic evidence tends to favor the C�C bond rotation,
rather than the geometrical isomerization at CdN as one of
the primary reason for the restriction of the molecular
flexibility on binding to Hg2þ. Perhaps for a binucleating
receptors like these, cis�trans isomerization is energetically
moredemanding than theC�Cbond rotation.Results of the
fluorescence microscopic studies revealed that L and L1 are
cell permeable and could be used as nontoxic imaging
reagents fordetectionof theuptakeofHg2þ in theHeLacells.
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Table 1. Association Constants for Complex Formation with
Hg2þ with Different Receptors in Different Solvent Mediaa

K

K2
L (105)

(M�2 L2) K1
L1 and K2

L1d K2
L2 (105) (M�2 L2)

absb 148 8700 and 1100 M�1 L 5.84

absc 27900 1.29 � 109 M�2 L2e 364

fluob 186 10000 and 1500 M�1 L 7.83

a K2
L = K[Hg2þ]

2
L; K1

L1 = K[Hg2þ]L1; K2
L1 = K[Hg2þ]

2
L1; K2

L2 =
K[Hg2þ]

2
L2. bAbsorption titration in THF�aqueous phosphate buffer

medium (6:4, v/v; pH = 7.2). c Signifies absorption titration in CHCl3/
CH3CN (1:4 v/v) medium. d Stepwise (1:1 and then 2:1 with respect to
Hg2þ and L1) complex formation was observed for reagent L1 only in
THF�aqueous buffer medium. eComposite binding constant was ob-
tained in CHCl3:CH3CN (1:4 v/v) medium.

Figure 4. Single crystal structure: (a)L, (b) [(Hg)2L]I4, (c)L2; (d)
[(Hg)2L2]I4 (solvent molecule was omitted for clarity).

Figure 5. Bright field transmission of livingHeLa cells incubated
with (a) L (20 μM) and (b) L (20 μM) with Hg2þ (10 μM); (c)
fluorescence image of HeLa cells incubated with L (20 μM)with
Hg2þ (10 μM); (d) merged image of (b) and (c).
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