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Ultrasensitive detection of aqueous Cu2+ ions by a
coumarin-salicylidene based AIEgen†

Subrata Kumar Padhan, a Narayan Murmu, a Subrat Mahapatra,a M. K. Dalaib

and Satya Narayan Sahu *a

This work reports the aggregation induced emission (AIE) behaviour of a coumarin-salicylidene Schiff

base probe 3 which shows bright yellow AIE fluorescence in DMSO–water medium (fw 80%) buffered by

10 mM HEPES at pH 7.4. The aggregated probe (AIEgen-3) selectively discriminates Cu2+ ions over a

series of other interfering metal ions via a fluorescence ‘‘on–off’’ strategy through a CHEQ process.

DLS measurements revealed an average particle size of 372 nm for AIEgen-3 at an 80% water fraction,

which dramatically increases to 656 nm in the presence of Cu2+ ions, indicating the formation of more

structured aggregates, which was further supported by TEM and ESI-MS experiments. A comprehensive

analysis of the binding characteristics and interference studies of AIEgen-3 with various metal ions have

been carried out by fluorescence and UV-visible experiments. AIEgen-3 shows a fluorescence detection

limit (LOD) of 24 nM (B1.5 ppb) for Cu2+ ions, which is considerably far below the values of detection

limits recently reported for other Cu2+ ion sensors in aqueous medium. Further, the analytical applications of

AIEgen-3 have been demonstrated by the estimation of Cu2+ ions in tap water and pharmaceutical samples

both in solution and the solid phase, which shows the potentiality of the probe for on-site detection of Cu2+

ions in chemical, environmental and biological samples.

1. Introduction

Recently the development of vibrant organic fluorophores
possessing aggregation induced emission (AIE) characteristics
in the aggregated/solid state is emerging as an important field
of research due to their potential applications in organic light-
emitting diodes (OLEDs), organic field-effect transistors (OFETs),
solar cells, laser dyes, etc.1–3 Further, AIE based probes have been
meticulously employed for in vivo bioimaging applications and
phototheranostic agents toward cancer cells.4–7 In principle,
those organic molecules which are weakly emissive in good
solvents (mostly organic solvents) but exhibit strongly emissive
behaviour in the presence of poor solvents (mostly water/buffers)
due to molecular aggregation are referred to as AIE active
fluorophores.8–11 The mechanism behind the appearance of
AIE properties in a molecular system is mainly attributed to
restrictions in intramolecular rotation (RIR), intramolecular
vibration (RIV) and/or intramolecular motion (RIM) within the
molecule in the aggregated/solid state.9,12 Moreover AIE active

molecules possess unique advantages over classical aggregation
caused quenching (ACQ) type fluorophores on account of
their ‘turn-on’ fluorescence behavior on aggregation and facil-
itation of aggregation in highly aqueous medium/physiological
conditions.13,14 Therefore, AIE active fluorophores have been
meticulously exploited for the development of chemo- and
biosensors for monitoring vital analytes in chemical, environ-
mental and biological samples in recent times.15

Amongst various analytes, the selective and sensitive detection
of metal ions is highly desirable due to their important roles in
many platforms. For instance, copper represents one of the impor-
tant metals in industrial and domestic uses16 and is considered as
the third most abundant transition metal ion in vivo, playing a
crucial role in the fundamental physiological processes of living
organisms ranging from bacteria to mammals.17,18 Further, copper
ions are metabolically beneficial at optimal concentration, though
can lead to serious health issues such as neurological disorders,
and kidney and liver damage at higher concentrations.18,19 Accord-
ing to the United States Environmental Protection Agency (USEPA)
and World Health Organization (WHO), the maximum permissible
limit for Cu2+ ions in drinking water should be within 15–25 mM,20

beyond which they can cause cellular damage, and Alzheimer’s and
Wilson’s diseases.21,22 Therefore, development of analytical tools
that can detect Cu2+ ions at micromolar concentrations with high
selectivity and sensitivity in highly aqueous/physiological condi-
tions is quite demanding.

a School of Chemistry, Sambalpur University, Jyoti Vihar, Burla-768 019, Odisha,

India. E-mail: snsahu.chem@gmail.com, snsahu@suniv.ac.in
b CSIR – Institute of Minerals & Materials Technology, Bhubaneswar - 751013,

Odisha, India

† Electronic supplementary information (ESI) available: UV-visible absorption,
fluorescence and ESI-MS studies of probe 3 with Cu2+ ions. See DOI: 10.1039/
c9qm00394k

Received 17th June 2019,
Accepted 10th September 2019

DOI: 10.1039/c9qm00394k

rsc.li/frontiers-materials

MATERIALS CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Pu
bl

is
he

d 
on

 1
1 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
on

 1
/2

4/
20

26
 5

:2
6:

34
 P

M
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-1247-3940
http://orcid.org/0000-0002-8083-6865
http://orcid.org/0000-0002-4463-0608
http://crossmark.crossref.org/dialog/?doi=10.1039/c9qm00394k&domain=pdf&date_stamp=2019-09-19
http://rsc.li/frontiers-materials
https://doi.org/10.1039/c9qm00394k
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM003011


2438 | Mater. Chem. Front., 2019, 3, 2437--2447 This journal is©The Royal Society of Chemistry and the Chinese Chemical Society 2019

In past years, Schiff bases have been reported as very good
chelating ligands for binding of transition and heavy transition
metal ions.23,24 Besides, Schiff bases show excellent photophy-
sical properties via excited-state intramolecular proton transfer
(ESIPT), photochromism and thermochromism processes.8,25,26

In recent studies, salicylidene based Schiff bases have emerged
as potential molecules showing AIE characteristics in highly
aqueous medium.8,27 With this breakthrough, several salicylidene
based Schiff bases possessing AIE properties have been developed
as potential tools for the detection of Cu2+ ions (Table S1, ESI†).28–

35 The uniqueness of salicylidene based Schiff base molecules is
the presence of phenolic ‘O’ and azomethine ‘N’, which can act as
electron donors for binding metal ions. Thus, attachment of a
chromogenic and/or fluorogenic moiety as a signalling subunit
with the azomethine bond via p-conjugation could provide
interesting optical responses during ion binding. Further, the
chelating nature of ligands with metal ions strongly influences
the fluorescence intensity of the metal–ligand complexes
through modulating the energy levels of the ligand and metal
ions. Accordingly, the binding of metal ions with the ligand
may either ‘‘turn-on’’ or ‘‘turn-off’’ the original fluorescence
signal of the ligand via chelation-enhanced fluorescence
(CHEF) or chelation-enhanced quenching (CHEQ) processes,
respectively. Fluorescence enhancement (CHEF) in metal–
ligand complexes could be attributed to blocking of heteroatom
(N/O/S) lone pair orbitals of the ligand through a stabilizing
interaction with the vacant orbital of the metal centers, which
possibly prevents the intramolecular photoinduced electron
transfer (PET) phenomenon originating from the ligand lone
pairs. In contrast, fluorescence quenching (CHEQ) could result
from the electron/energy transfer from the ligand to the metal
center (LMCT) via another PET pathway.36 Therefore, it is
envisaged that coumarin conjugated salicylidene derivatives
can be exploited for the development of AIE based molecules
which could trigger an optical output in the sensing medium
upon interaction with metal ions.

With this vision and in continuation of our efforts toward
the development of chromofluorescent metal ion sensors,37,38

we have investigated the optical sensing behaviour of a coumarin-
thiazolyl functionalized salicylidene Schiff base probe 3. The
probe demonstrates AIE properties in DMSO–water (buffered by
10 mM HEPES at pH 7.4) medium without undergoing hydro-
lytic cleavage of the azomethine linkage unlike other Schiff
bases.39 The aggregated probe 3 selectively interacts with Cu2+

ions through a visual fluorescent ‘‘turn-off’’ response in buffer
medium at a physiological pH of 7.4 with a higher binding

constant (Ka) and stronger Stern–Volmer constant (KSV).
Further, aggregated probe 3 shows a fluorescence detection
limit (LOD) of 24 nM (B1.5 ppb) for Cu2+ ions, which is
considerably far below the values of the LOD reported hitherto
when compared with other Cu2+ ion sensors (Table S1, ESI†). In
addition, the practical utility of the probe was analysed in tap
water and commercially available copper ion containing phar-
maceutical syrup (Lycopene) toward estimation of Cu2+ ions
with more than 90% recovery. The solid state sensing of probe 3
for Cu2+ ions on a silica coated TLC plate additionally demon-
strates its on-site applications for Cu2+ ion detection in various
samples.

2. Experimental
2.1. Materials

All solvents and reagents (analytical grade and spectroscopic
grade) were obtained from Merck (India) and Spectrochem Pvt.
Limited (India) and were used without further purification.
Probe 3 was synthesized according to Scheme 1 as per the
procedure published in our previous work and characterised by
using NMR, FTIR and mass spectroscopy (Fig. S1–S4, ESI†).40

The AIE studies were carried out in DMSO–water (Milli-Q)
buffered by 10 mM HEPES at pH 7.4 at varying DMSO–water
fraction. In order to study the ionic interactions of probe 3,
metal ions such as Na+, K+, Ag+, Al3+, Ba2+, Ca2+, Cd2+, Co2+,
Cr2+, Cu2+, Fe2+, Hg2+, Mg2+, Mn2+, Ni2+, Pb2+, Pd2+, and Zn2+ in
the form of their perchlorate/chloride/nitrate salts (10�3 to 10�4 M)
dissolved in Milli-Q water were used. The binding studies of 3 were
carried out in DMSO–water (Milli-Q) buffered by 10 mM HEPES at
pH 7.4 at an 80% water fraction. 1 mM stock solution of probe 3
was prepared in UV-grade DMSO and subsequently used for
preparation of lower concentrations of the probe solutions
through appropriate dilution.

2.2. General methods
1H NMR was recorded on an Avance III-400 MHz Bruker
spectrometer. Chemical shifts are reported in parts per million
from tetramethylsilane with the solvent (DMSO-d6: 2.5 ppm)
resonance as the internal standard. Data are reported as follows:
chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet,
m = multiplet), coupling constant (Hz). UV-visible absorption
spectra were recorded on a Shimadzu UV-2450 spectrophoto-
meter. Fluorescence emission spectra were recorded on a
Hitachi F-7000 fluorescence spectrophotometer. pH readings

Scheme 1 Synthetic route for probe 3.40
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were measured using a UTECH CON-700 digital pH meter.
Hydrodynamic diameters of the aggregates were measured
using a Malvern Zetasizer instrument. Transmission electron
microscopy (TEM) experiments were performed on an FEI
Tecnai G2 20 Twin instrument. HRMS experiments were per-
formed on a Bruker ESI-MS microTOFQ instrument. Chromato-
graphic purification was done using 60–120 mesh silica gels.
For reaction monitoring, manually coated silica gel-300 mesh
TLC plates were used.

2.3. Fluorescence and UV-visible studies of probe 3 with metal
ions

For fluorescence and UV-visible experiments, a 50 mM concen-
tration of probe 3 was prepared in DMSO–water (20 : 80 v/v)
buffered by 10 mM HEPES at pH 7.4 from the 1 mM DMSO
stock solution so as to form aggregates of the highest fluores-
cence intensities. The selectivity for metal ions was examined
upon addition of 10.0 equivalents of various metal ions indivi-
dually to 50 mM aggregated probe 3 buffered by 10 mM HEPES
at pH 7.4. The corresponding emission spectra were recorded
upon excitation of the aggregated probe 3 at 362 nm with a
slit-width of 2.5 nm. Fluorescence and UV-visible titration experi-
ments were carried out by gradual addition of various equivalents
of Cu2+ ions through a micro pipette to a 2 mL (50 mM) solution of
aggregated probe 3 in a 10 mm quartz cuvette.

2.4. Determination of the particle size by DLS measurements

The particle size measurements were carried out by DLS
experiments taking probe 3 in different DMSO–water solutions
( fw 60%, 80%, and 99.5%) and in the presence of 2.0 equiva-
lents of Cu2+ ions (at fw 80%) by using a Malvern Zetasizer
Instrument.

2.5. TEM analysis

The TEM measurements were carried out by taking AIEgen-3 in
DMSO–water solution (fw 80%) in the absence and presence of
5.0 equivalents of Cu2+ ions.

2.6. 1H NMR titration experiments

A 5 mM solution of probe 3 was prepared in DMSO-d6. To
0.5 mL of the probe solution, various equivalents of copper
perchlorate (from a stock of 10 mM in DMSO-d6) were added in
an NMR tube through a micro pipette and the spectra were
recorded.

2.7. Calculation of the Stern–Volmer constant (KSV) and limit
of detection (LOD).

The extent of fluorescence quenching was calculated using the
Stern–Volmer equation, eqn (1)41

I0

I
¼ 1þ KSV � ½Cu2þ� (1)

where KSV represents the Stern–Volmer quenching constant,
and I0 and I respectively indicate the fluorescence intensities in
the absence and presence of Cu2+ ions at various concentrations.

Similarly, the limit of detection (LOD) was calculated using
eqn (2),

LOD ¼ 3s
K

(2)

where s and k respectively represent the standard deviation (for
five measurements, n = 5) and slope of fluorescence intensity
measured against various Cu2+ ion concentrations.

3. Results and discussion
3.1. Aggregation-induced emission (AIE) studies of probe 3

The aggregation induced emission characteristics of 3 were
investigated at a 50 mM concentration in DMSO solution with
addition of different fractions of water (fw) ranging from 0 to
99.5% (v/v) buffered by 10 mM HEPES at pH 7.4. Fig. 1a
presents the AIE character of 3 under a UV-lamp at 365 nm.
The pure monomeric solution of 3 in 100% DMSO is almost
colourless for visual detection. However, upon increasing the
water fraction (buffered by 10 mM HEPES at pH 7.4), probe 3
emits yellow colour fluorescence beyond a 60% water fraction.
In the fluorescence spectrum, probe 3 exhibits a weak emission
band at 506 nm in 100% DMSO solution (50 mM) which
decreases upon gradual addition of water and a new band at
a longer wavelength of 544 nm appeared (Fig. 1b). The emission
intensity at 544 nm corresponding to the yellow fluorescence of
probe 3 increases from a 60% water fraction, exhibiting the
highest intensity at 80% ( fw) (Fig. 1c). It was observed that
addition of higher water fractions ( fw 4 80%) results in
reduction of the emission intensity. This is because at higher
water fractions ( fw 4 80%) probe 3 possibly forms larger
molecular aggregates and precipitates quickly, resulting in a
decrease in emission intensity, which is a characteristic phe-
nomenon often observed with AIEgens.42–46 Besides, dynamic
light scattering (DLS) studies of probe 3 in different water
fractions in DMSO ( fw 60%, 80% and 99.5%) also showed a
decrease in the average particle size (Zav) on addition of higher
water volumes (Zav at fw 60% = 801 nm; at fw 80% = 372 nm and
at fw 99.5% = 175 nm), indicating the formation of larger
aggregates that precipitate out from the solution phase
(Fig. S5, ESI†). However, the emission intensity at 544 nm for
3 is significantly increased 10 fold at an 80% water fraction, and
even at a 99.5% water fraction, the fluorescence intensity is still
much higher (B7 fold) than that in pure DMSO.

Interestingly, the Stokes shift in aggregated probe 3 at an
80% water fraction (Dl = 170 nm) is found to be much higher
than that in pure DMSO (Dl = 132 nm), which is possibly
because of the collective effect of ESIPT and AIE processes.47,48

It is believed that, at lower water fractions (in good solvent
conditions), the molecule (3) undergoes free rotation of the
salicylidene aromatic unit around the CQN bond, resulting in
suppression of ESIPT via non-radiative decay of excited states.
However, as the volume of water increases beyond 60%, probe 3
suffers a restriction in its free rotation, possibly due to a
decrease in solubility resulting from close packing/aggregation
of the hydrophobic molecules through inter- and intra-molecular
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hydrogen bonding. This restriction of intramolecular rotation
(RIR) in aggregated probe 3 perhaps facilitates the radiative
release of the photo-excited energy through suppression of non-
radiative decay.49 All the above findings clearly suggest that com-
pound 3 is an AIE active fluorophore in poor solvent (aqueous)
medium in which free intramolecular rotation of the fluorophore
can be inhibited from the dispersed state to the aggregated state.
For the investigation of metal ion interactions, the aggregated
fluorophore 3 was taken in 20 : 80 (v/v) DMSO : HEPES buffer
medium at pH 7.4, which is termed as AIEgen-3 solution in
subsequent discussion.

3.2. Fluorescence and UV-visible studies of AIEgen-3 with
metal ions in HEPES buffer at pH 7.4

Fluorophore 3 comprises a p-conjugated framework possessing
phenolic-OH and azomethine ({CQN–) linkages which are
expected to bind metal ions. With this vision we have investigated
the interaction of AIEgen-3 with various metal ions. The fluoro-
genic response of AIEgen-3 (50 mM) was investigated against
10 equivalents of various metal ions (such as Na+, K+, Ag+, Al3+,
Ba2+, Ca2+, Cd2+, Co2+, Cr2+, Cu2+, Fe2+, Hg2+, Mg2+, Mn2+, Ni2+,
Pb2+, Pd2+ and Zn2+ taken in HEPES buffered medium at pH 7.4)
through visual fluorescence analysis under a UV-lamp at 365 nm.
It was observed that AIEgen-3 exhibited a diagnostic colour
change from bright yellow fluorescence to non-fluorescent
(colourless) only in the presence of Cu2+ ions, while no significant
fluorescence response was observed in the presence of other
metal ions under identical conditions (Fig. 2a).

Based on the results obtained from the visual fluorescence
analysis, fluorescence and UV-visible spectroscopic investigations

of AIEgen-3 in the presence of 10 equivalents of various metal ions
were performed. It was observed that addition of various metal
ions to AIEgen-3 solution quenched the aggregation induced
emission band at 544 nm only in the presence of Cu2+ ions
(Fig. 2b). The competitive metal ion interaction of AIEgen-3 in
the presence of 10 equivalents of various metal ions was also
examined individually upon addition of 10 equivalents of Cu2+

ions and is depicted in Fig. 2c. This clearly demonstrates that the
fluorescence intensity of AIEgen-3 at 544 nm gets completely
quenched by Cu2+ ions even in the presence of other interfering
metal ions. This result indicates a very high level of selectivity of
AIEgen-3 toward Cu2+ ions. The selectivity behaviour was again
monitored by UV-visible spectroscopy by addition of various metal
ions to the AIEgen-3 solution (50 mM). The results indicated that
the absorption maximum at 374 nm significantly decreases in the
presence of Cu2+ ions, while other metal ions could not produce
any detectable change in its UV-visible spectrum (Fig. S6, ESI†).
Further, a comparative absorbance study at 374 nm for AIEgen-3
in the presence of various metal ions showed a significant
decrease in the absorption intensity only in the presence of
Cu2+ ions, which indicates a high level of selectivity of the probe
toward Cu2+ ions (inset of Fig. S6, ESI†).

In order to understand the binding characteristics of
AIEgen-3 with Cu2+ ions, a fluorescence titration experiment
was performed by gradual addition of a standard solution of
Cu2+ ions to a 50 mM AIEgen-3 solution which resulted in a
progressive decrease of the emission intensity centred at
544 nm (Fig. 3a). A detail analysis of the fluorescence titration
profile indicated that the decrease in fluorescence intensity is
initiated by the addition of 0.2 equivalents and saturation

Fig. 1 (a) Visual fluorescence response of 50 mM probe 3 under a UV-lamp at 365 nm at varying DMSO–water (buffered by 10 mM HEPES at pH 7.4)
fraction. (b) Fluorescence response for 50 mM probe 3 at varying DMSO–water (buffered by 10 mM HEPES at pH 7.4) fraction (lex = 362 nm). (c) Change in
the fluorescence intensity of probe 3 at 544 nm as a function of different percentages of the water fraction (% fw).
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begins after the addition of 1.0 equivalent of Cu2+ ions (inset of
Fig. 3a). The fluorescence intensity was quenched almost by
16% upon addition of only 0.2 equiv. of Cu2+ ions to the
AIEgen-3 solution and over 90% quenching was observed by
the addition of 1.0 equiv. of copper ions. The quenching of the
fluorescence signal in AIEgen-3 by Cu2+ ions may be attributed
to the paramagnetic nature of this ion, which results in
chelation-enhanced quenching (CHEQ) possibly via a ligand
to metal charge transfer process between the copper ions and
AIEgen-3.50 Moreover, to understand the extent and nature of
fluorescence quenching in AIEgen-3 by Cu2+ ions, the Stern–
Volmer plot was analysed. A linear relationship for the Stern–
Volmer plot was obtained for Cu2+ ions with a correlation
coefficient (R2) equal to 0.98 and a quenching constant (KSV)
value of 3.89 � 104 M�1 as obtained from the slope of the linear
plot (Fig. 3b). The higher KSV value clearly indicates a signifi-
cantly stronger interaction between AIEgen-3 and copper ions,
which quench the fluorescence signal possibly via a static
mechanism.51

The apparent association constant (Ka) was determined from
nonlinear regression analysis of the fluorescence signal at
544 nm against various equivalents of Cu2+ ions using Sigma-
scientific data analysis software (inset of Fig. 3a) and was found
to be 1.67 � 105 M�1. Similarly, the UV-visible titration profile
of AIEgen-3 with Cu2+ ions follows a parallel trend to that of
the fluorescence titration with a decrease in the absorption
intensity at 450 nm through addition of Cu2+ ions (Fig. S7,
ESI†). The association constant (Ka) was determined from the
absorption intensity at 450 nm against various equivalents of
Cu2+ ions by nonlinear regression analysis (inset of Fig. S7,
ESI†) and was found to be 2.4 � 105 M�1. The association

constant value obtained from fluorescence measurements shows
good agreement with the same obtained from UV-visible spectro-
scopy measurements. These findings clearly indicate a very high
binding affinity of AIEgen-3 toward Cu2+ ions.

3.3. Determination of the binding stoichiometry and limit of
detection (LOD) of AIEgen-3 with Cu2+ ions

The binding stoichiometry of AIEgen-3 with Cu2+ ions was
quantitatively analysed by a fluorescence method using a Job
continuous variation plot, which revealed a deviation point at a
0.5 mol fraction of the probe, indicating a 1 : 1 binding stoichio-
metry between AIEgen-3 and Cu2+ ions (Fig. S8, ESI†). This
observation is in accordance with the respective fluorescence
and UV-visible titration profiles, indicating good correlation of
the binding stoichiometry. The sensitivity of AIEgen-3 has been
evaluated further by determining the limit of detection (LOD)
from the fluorescence measurement at 544 nm at a 10 mM
concentration of AIEgen-3 upon addition of Cu2+ ions. The LOD
for AIEgen-3 was found to be 24 nM (B1.5 ppb) (Fig. S8, ESI†),
which is considerably lower than the other Cu2+ ion sensors
published so far (compared in Table S1, ESI†).28–35 This value
is markedly far below the permissible level of Cu2+ ions (about
15–25 mM) in drinking water as recommended by the USEPA
and WHO,20 indicating that AIEgen-3 can be employed as a
suitable candidate for ultrasensitive detection of Cu2+ ions in
real water samples. The time response of AIEgen-3 for Cu2+ ions
was also studied as a function of time by monitoring changes in
the fluorescence intensity at 544 nm in DMSO : HEPES buffer
(2 : 8 v/v at pH 7.4) medium. It was observed that Cu2+ ions
interact with AIEgen-3 within 6 minutes, resulting in complete
quenching of the fluorescence signal (Fig. S9, ESI†).

Fig. 2 (a) Visual fluorescence response under a UV-lamp at 365 nm; (b) emission spectra of AIEgen-3 (50 mM) upon addition of 10 equiv. of various metal
ions; (c) histogram showing the fluorescent intensity of AIEgen-3 at 544 nm with 10 equiv. of various metal ions (red bars) and with 10 equiv. of various
metal ions plus 10 equiv. of Cu2+ ions (black bars) [lex = 362 nm].
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3.4. Effect of pH on AIEgen-3 and its interaction with Cu2+

ions in aqueous medium

The effect of pH on the emissive response of AIEgen-3 and its
binding behaviour toward Cu2+ ions was also investigated by
taking a series of pH solutions ranging from 1 to 13 in aqueous
medium (Fig. 4). From the fluorescence measurements it was
observed that AIEgen-3 is quite stable within the pH range of
5–9. However, below pH 5 and above pH 9, the emission
intensity of AIEgen-3 is altered, possibly because of protonation
and deprotonation of the phenolic OH group, respectively, in a
highly acidic and basic pH medium. This process may disrupt
the OH–NQCz intramolecular hydrogen bonding, which is a
key factor for the origin of AIE.

Protonation or deprotonation creates ionic charge over the
molecule and thereby increases the solubility of the probe,
which may dissociate the aggregates, resulting in the loss of the
AIE band. Based on these findings we have examined the
optical response of AIEgen-3 toward Cu2+ ions in the pH range
of 5–9 by fluorescence analysis in aqueous medium (Fig. 4).
Addition of 10.0 equivalents of Cu2+ ion to AIEgen-3 resulted in

a change in fluorescence colour from bright yellow to colourless
(non-emissive) with a significant quenching in its emission
band at 544 nm over the tested pH range. This observation
further validates the application of AIEgen-3 for the fluorogenic
detection of Cu2+ ions over a wide pH range of 5–9.

3.5. Mechanism of interaction of Cu2+ with AIEgen-3

The mechanism of interaction of probe 3 with copper ions has
also been studied by dynamic light scattering (DLS), trans-
mission electron microscopy (TEM) and ESI-mass spectrometry
(ESI-MS) experiments. For instance, the aggregation behavior of
probe 3 in poor solvent (water) in the absence and presence of
Cu2+ ions has been examined from particle size measurements
by DLS experiments. The results showed that the average
particle size (Zav) of AIEgen-3 (fw 80%) in the absence of copper
ions is estimated to be 372 nm (Fig. S5, ESI†). However, in the
presence of 2.0 equivalents of Cu2+ ions the average particle
size dramatically increases to 656 nm (Fig. S5, ESI†), which
indicated an obvious effect of Cu2+ ions on the aggregation
pattern of the probe. Further, the morphology of AIEgen-3
aggregates has been investigated by TEM analysis, which clearly
indicates the formation of discrete aggregated nanoparticles in
the range of 300–400 nm (Fig. 5a). The addition of Cu2+ ions to
AIEgen-3 modulates the aggregation pattern of the probe,
which results in the formation of pinnate leaf type aggregates
(Fig. 5b). Moreover, the formation of the AIEgen-3–Cu2+ complex

Fig. 4 Effect of pH on the emission intensities of AIEgen-3 (50 mM) at
544 nm in the absence (red stars) and in the presence (blue squares) of
10 equiv. of Cu2+ ions [lex = 362 nm].

Fig. 3 (a) Fluorescence titration spectra of AIEgen-3 upon addition of
0 to 2.0 equiv. of Cu2+ ions. Inset shows the change in fluorescence
intensity at 544 nm against various equiv. of Cu2+ ions. (b) Stern–Volmer
plot for AIEgen-3 in the presence of various concentrations of Cu2+ ions
[lex = 362 nm].

Fig. 5 TEM micrograph of (a) AIEgen-3 and (b) AIEgen-3 + Cu2+.
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was also analysed by ESI-MS, which showed a strong peak at
m/z 245.03 which could be attributed to the dimeric complex
[2(AIEgen-3)�2Cu�ClO4�CH3CN�H2O�H]4+ (calculated m/z 245.24)
(Scheme 2 and Fig. S10, ESI†).

All these findings clearly suggest that the aggregated AIEgen-3
interacts with Cu2+ ions resulting in swelling of the aggregates via
copper ion intercalation leading to the formation of larger
particles. The aggregated copper complex possibly quenches the
AIE fluorescence signal of AIEgen-3 at 544 nm via a Cu2+ mediated
PET mechanism. A proposed binding model and sensing
mechanism of AIEgen-3 with Cu2+ ions is depicted in Scheme 2.

Finally, the fluorescence recovery of AIEgen-3 through
decomplexation of Cu2+ ions by various molecular competitors
such as EDTA, ethylenediamine, hydrazine, and aniline and
anionic competitors such as S2�, CN�, F�, Cl�, Br�, I�, H2PO4

�,
and HSO4

� has been evaluated. Surprisingly, no significant
recovery of the fluorescence signal at 544 nm was observed even
after the addition of an excess of the above competitive species.
This observation clearly indicated the formation of a signifi-
cantly tight complex between AIEgen-3 and Cu2+ ions, possibly
due to their higher binding affinity. Further, the aggregated
self-assembly network of the [AIEgen-3–Cu2+] complex is
expected to be stable enough via aromatic p–p stacking and
hydrogen bonding interactions.34

3.6. 1H NMR titration of probe 3 in the presence of various
equivalents of Cu2+ ions

The binding characteristics of probe 3 with Cu2+ ions were also
investigated by 1H NMR titration experiments in DMSO-d6.
Fig. 6 presents the 1H NMR titration spectra of 3 in the absence
and presence of various equivalents of Cu2+ ions. The proton
signals H5, H6 and H7 showed downfield shifts upon gradual

addition of Cu2+ ions, which clearly indicates the interaction of
azomethine-N, thiazoly-N and coumarin-C(O) atoms respec-
tively with Cu2+ ions during complex formation. On the other
hand, there is an upfield shift observed in the aromatic proton
signals that could be attributed to an increase of charge density
within the probe complex that promotes intramolecular charge
transfer in the probe.52 As a result, the aggregates accumulated
more Cu2+ ions and formed larger and tighter aggregate
complexes. Thus the comparatively rigid planar structure of 3
will be bent in the presence of Cu2+ ions and the new aggregates
resulted in strong chelation-enhanced fluorescence quenching
(CHEQ).34 The aggregate structural changes and sensing
mechanism have been depicted in Scheme 2.

3.7. On-site applications of AIEgen-3 for detection of Cu2+

ions in the solid state

In order to examine the on-site utility of probe 3, we have
evaluated the optical behavior of 3 on manually coated silica gel
TLC plates in the presence of Cu2+ ions. The TLC test plates
were prepared by spotting with a 1 mM acetonitrile solution of
probe 3 and left until dry, which gives an aggregated form of
AIEgen-3 in the solid state. Then various concentrations of Cu2+

ions (ranging from 0.1 to 1000 mM) were prepared in water
medium and 10 mL of each sample was spotted in the middle of
the previously coated probe and visualized under a UV-lamp at
365 nm.

It was observed that addition of Cu2+ ions significantly
quenched the yellow fluorescence of probe 3 in the solid state
(black spots within the yellow spots), which can be distinctly
visible and detectable up to a 1 mM concentration of Cu2+ ions
(Fig. 7a) indicating thereby the high sensitivity of this probe
toward copper ions. These findings signified that probe coated

Scheme 2 (a) Proposed binding model and (b) sensing mechanism of AIEgen-3 with Cu2+ ions.
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plates can be employed for the direct detection of Cu2+ ions at
the very low concentrations present in environmental samples.
In addition, the selectivity of probe 3 was also investigated in
the solid state by spotting 10 mL solutions of various metal ions
(50 mM in water medium) in the middle of the previously coated
TLC plate with probe 3 and viewing under a UV-lamp at 365 nm.
Interestingly, a black spot within the yellow spots (fluorescence
quenching) was observed only in the case of Cu2+ ions, while
other metal ions could not produce any diagnostic optical
change in the probe yellow spots (Fig. 7b). This result evidently
demonstrated that the probe is extremely selective for detection
of Cu2+ ions even in the solid state.

3.8. Analytical applications

Considering the importance of monitoring Cu2+ ions in envir-
onmental samples, the detection and estimation of copper ions

by AIEgen-3 has been investigated in the natural environment
by fluorescence measurements. In order to verify the possible
interference of other components and ions present in real
samples during detection of Cu2+ ions, we have taken town
supply tap water as the medium of analysis. The extent of
fluorescence quenching in AIEgen-3 (50 mM) with known con-
centrations of Cu2+ ions has been calibrated and found to be in
excellent linear correlation (R2 = 0.99) over the range 5 mM to
50 mM (Fig. S11, ESI†). Now solutions of Cu2+ ions in varying
concentrations were prepared in tap water and estimated using
the calibration plot (Fig. S11, ESI†). The results obtained from
these experiments are summarized in Table 1, which indicated
that AIEgen-3 could be applied for the detection and estimation
of Cu2+ ions in environmental samples. In addition, AIEgen-3 is
also capable of estimating the amount of Cu2+ ions present in a
pharmaceutical syrup sample (Lycopene syrup) without any

Fig. 6 1H NMR titration spectra of probe 3 (5.0 mM) with various equiv. of Cu2+ ions in DMSO-d6.

Fig. 7 (a) Visual optical response of probe 3 for various conc. of Cu2+ ions; (b) selectivity toward 10 mL of various metal ions (50 mM in water medium)
under a UV-lamp at 365 nm in the solid state spotted on a TLC plate.
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pretreatment of the syrup solution. This will definitely open up
new opportunities to estimate Cu2+ ions directly in pharma-
ceutical formulations.

4. Conclusions

In summary, a chromofluorescent salicylidene Schiff base 3
functionalized with a thiazolyl-coumarin derivative has been
investigated for optical detection of metal ions. Probe 3 shows
aggregation induced emission (AIE) characteristics at different
water fractions in DMSO medium to elicit bright yellow fluores-
cence under UV-illumination at 365 nm. The aggregated probe
AIEgen-3 selectively discriminates Cu2+ ions over a series of
other interfering metal ions by a fluorescence ‘‘on–off’’ strategy
via a CHEQ process in DMSO–HEPES buffer (2 : 8 v/v) at a
physiological pH of 7.4. DLS measurements revealed a particle
size of 372 nm for AIEgen-3 at an 80% water fraction, which
dramatically increases to 656 nm in the presence of Cu2+ ions,
indicating the formation of more structured aggregates. More-
over, ESI-MS studies revealed the formation of a dimeric copper
complex with AIEgen-3, which was further supported by TEM
analysis. Job plot analysis revealed a 1 : 1 binding stoichiometry
between AIEgen-3 and Cu2+ ions. Further, AIEgen-3 is fairly
stable over a wide pH range of 5 to 9 and interacts with Cu2+

ions selectively through visual fluorescent ‘‘turn-off’’ behaviour
in buffer medium at a physiological pH of 7.4. The higher
binding constant (Ka = 1.67 � 105 M�1), stronger Stern–Volmer
constant (KSV = 3.89 � 104 M�1) and a very low limit of detection
(LOD) of 24 nM concentration indicates the ultra sensitivity of
AIEgen-3 toward Cu2+ ions. In addition the practical utility of
the probe was analysed in tap water and commercially available
copper ion containing pharmaceutical syrup (Lycopene) toward
estimation of Cu2+ ions with more than 90% recovery. More-
over, the solid state sensing of AIEgen-3 for Cu2+ ions on a silica
coated TLC plate indicates the potentiality of the probe for
on-site detection of Cu2+ ions in chemical, environmental and
biological samples.
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