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A 1,8-naphthalimide-based colorimetric fluorescence perinone dye, receptor 1 is reported herein for the
selective detection of Cu®* over the other heavy and transition metal ions. Receptor 1 shows a strong col-
orimetric change from orange to purple and a dramatic enhancement of fluorescence intensity due to cat-
ion-induced excited state internal charge transfer during the sensing event, that is, a dual optical
response that would facilitate naked-eye detection of Cu?*.

© 2010 Elsevier Ltd. All rights reserved.

Development of molecular signaling systems especially for cat-
ions, rendering selective changes upon binding analytes either by
colorimetric or by fluorescence modulations has received much
attention as photonic molecular devices.! For the past few decades,
fluorescent chemosensors for the detection of Cu®* ion have ac-
tively been investigated as copper is a widely used industrial metal
and hence it is a significant environmental pollutant at high con-
centration? but at the same time, it is an essential trace element
in biological systems. It is well known to all that Cu®* is a notorious
fluorescence quencher® because of its paramagnetic nature, so
most of the classic and early-reported Cu?" sensors undergo fluo-
rescence quenching upon binding of Cu?* either by electron or by
energy transfer mechanism.* Therefore owing to sensitivity rea-
sons and high order of interference often caused by the chemically
closely related metal ions (e.g., Zn>*, Fe**, and Hg?") during spec-
troscopic studies, the development of new highly selective and
sensitive colorimetric Cu?* fluoroionophores showing fluorescence
enhancement® is a continued interesting and challenging task.
Fused heterocycles perinone and its derivatives are excellent chro-
mogenic and fluorogenic dyes which are widely used for industrial
plastics.® Previously, we have mentioned that perimidine core at
the top of naphthalene moiety has excellent colorimetric response
upon Cu?* complexation via internal charge transfer (ICT) mecha-
nism.” Additionally, 1,8-naphthalimide-based fluorescent chemo-
sensors® have excellent photophysical properties due to large
Stoke-shifted emission band, larger molar extinction coefficient,
and high quantum yield. In continuation of our interest in the
ICT concept as a promising metal ion-sensing strategy, we now re-
port an easy to access colorimetric ‘switching on’ ICT probe, a new
1,8-naphthalimide-based perinone dye for the selective detection
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of Cu?* ion. The chromophore shows a distinct color change from
orange to purple as a result of enhanced ICT and a dramatic
enhancement of emission intensity due to excited state charge
transfer (CT) in the red/near-infra-red (NIR) region® during Cu?*
complexation. Successful reports of such chemosensors with cop-
per ion-induced enhancement of fluorescence at 1>650nm in
the literature are very scarce.'® Combination of dual optical re-
sponses via either colorimetric or fluorescence modulations raises
the sensitivity of the fluoroionophore and thus makes it a particu-
larly effective one for selective detection of Cu?*.

The fused fluoroionophore!! receptor 1 having six fused rings is
synthesized (Scheme 1) in a single step simply by cyclization of
1,8-diaminonaphthalene with 1,8-naphthalic anhydride in dry tet-
rahydrofuran under refluxing condition and the product was ob-
tained in an excellent yield. The rigid receptor constitutes a
perimidine core as an ion recognition unit, which is fused together
by fluorescence naphthalene moieties which are certainly
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Scheme 1. Synthesis of the receptors.
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responsible for signal transduction during spectral investigations.
The known phthalimide analog perinone, receptor 2 was also syn-
thesized by the reported procedure'? for comparison of binding
and fluorescence sensitivity with Cu?* which thus demonstrated
that our designed naphthalimide analog is the most effective fluo-
rescence sensor for Cu?*.

The plausible ICT mechanism for our system is illustrated in
Scheme 2. The metal ion chelation at the three potential binding
sites, comprising of the perimidine nitrogens and the carbonyl oxy-
gen functions could trigger the enhanced ICT and thus we may
anticipate significant photophysical perturbations of the ionophore
in the presence of Cu?*. The pronounced spectral variations, partic-
ularly the largely red shifted ICT absorption by Cu?* are consistent
with the expected increase in the ICT interaction mediated by the
electron donation from the probable donor perimidine nitrogens
along with amide carbonyl of the naphthalimide subunit, acting
as an acceptor. This mode of binding is supported by the IR data.
In the IR spectrum of receptor 1 (see Supplementary data), the
peaks at 1680 and 1600 cm~! ascribed to the C=0 and C=N
stretching, respectively, are observed to shift upon Cu?* complexa-
tion toward lower wave numbers of 1660 and 1585 cm™,
respectively.'?

The photophysical behavior of the chemosensor with several
guest cations (Li*, Na*, K*, Mg?*, Ca®*, Cu?*, Zn**, Cd?*, Hg**, Pb**,
Ni%*, Co?*, Fe**, and Mn?*) in CH3CN/H,0 (90:10, v/v) is investi-
gated by means of UV-vis and fluorescence measurements. All
the cations are employed using their perchlorate salts and the
titration experiments are carried out at pH 7.1 (35 mM HEPES buf-
fer). The UV-vis absorption spectrum of the metal-free form of
receptor 1 (c=2.0 x 107> M) in CH3CN/H,0 (90:10, v/v) exhibits
tWO /max peaks at 343 and 359 nm and a low energy broad band
at around 470 nm which is possibly attributed to the weak ICT type
transition from pyrimidine core to naphthalimide subunit in the
ground state level of the dye. Spectroscopic investigations are car-
ried out by using the above-mentioned set of metal cations
(c=2.0 x 107*M). From the instrumental read-out, it can easily
be concluded that Cu?* promotes remarkable response toward
the receptor (Fig. 1a). Upon gradual addition of Cu®* solution to
the receptor 1, the bands at 343 and 359 nm progressively de-
crease and get slightly blue shifted while the band at 470 nm dis-
appears gradually with simultaneous generation of a new broad
band appearing at 557 nm whose intensity increases progressively
reaching the maxima when 50 pM of this metal ion is added. The
new red shifted low-energy absorption band (AZ=87 nm) is ob-
served confirming the efficient charge transfer phenomenon which
results in a naked-eye color change from orange to purple (Fig. 1b).
Two well-defined isosbestic points at 404 and 514 nm are observed
during the spectral titrations, indicating the presence of a unique
complex in equilibrium with the receptor.

The resulting titration isotherm fits nicely with a 1:1 binding
model as suggested by the Job plot diagram (Fig. 2b). The associa-
tion constant (K,) determined by UV-vis method'4 is found to be
2.16 x 10*M~! (error <10%). The HRMS mass spectrum of the
Cu?* complex of receptor 1 (see Supplementary data) also supports
a single mononuclear complex between the metal ion and receptor
unit. The [M—H]" and [M—2H]" peaks for the Cu?>* complex are cal-
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Scheme 2. Proposed mode of binding with Cu?*.
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Figure 1. (a) UV-vis absorption spectra of receptor 1 upon addition of 50 uM Cu?*
in CH3CN/H,0 (90:10, v/v). (b) Color changes from orange to purple upon Cu?*
complexation.
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Figure 2. (a) Intensity ratio (Ass7/A470) as a function of Cu** concentration (in uM).
(b) Job plot diagram of receptor 1 for Cu?* determined by UV-vis method (where X;,
is the mole fraction of the host and Al indicates the change of absorbance).

culated at m/z 382.0722 and 381.0714 which are found at m/z
382.0720 and 381.0708, respectively.

The addition of other metal ions even in excess such as Li*, Na*,
K*, Mg?*, Ca?*, Zn?*, Cd?*, Hg?*, Pb?*, Ni?*, Co?*, Fe**, Mn?", and Ag"
produces insignificant changes in the absorption spectra. In all the
cases, a nominal decrease in absorbance intensities is observed.
The UV-vis absorption spectra of receptor 2 and its subsequent
color change during complexation with Cu®* as a result of ICT are
depicted in Figure 3.

The cation-binding properties of the receptor 1 with Cu?* in the
excited state are also studied by fluorescence spectroscopic meth-
od. Chemosensor in the absence of Cu?* upon excitation at 470 nm
shows a very weak fluorescence at 650 nm. This weakly emissive
band probably has its origin in the ICT-type excited state. Upon
gradual addition of Cu?' solution to the receptor solution, a
remarkable enhancement of fluorescence intensity (almost 25-fold
increase) is observed and the emission intensity gets slightly red
shifted at 675 nm assigning Cu?*-induced enhancement of ICT,
which is clearly observed (Fig. 4a).
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Figure 3. (a) UV-vis absorption spectra of receptor 2 upon addition of 60 pM Cu?*.
(b) Color changes from yellow to purple upon Cu?* complexation.
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Figure 4. (a) Fluorescence emission spectra of receptor 1 upon gradual addition of
Cu?" in CH3CN/H,0 (90:10, v/v). (b) Red emission as observed during titration
experiment with Cu?*.

It is noteworthy to mention that addition of other metal ions
produces insignificant change in emission intensity and only a
slight decrease of fluorescence intensity is observed at 650 nm un-
der identical experimental conditions (Fig. 5). Though the nature of
the excited states involved in this phenomenon is presently unde-
fined, we assume that two different but distinct emissive channels
are involved within the Cu®*-bound state of the fluorophore. Fluo-
rescence enhancement at 675 nm in the present case is probably
due to the engagement of different donors and acceptor groups
within the proximity during complexation and thereby a tightly
bound metal complex is formed due to strong chelation of Cu?*
with the receptor unit.'> Hence, the responsible mechanism of
fluorescence quenching via non-radiative pathways prevailing in
the free receptor unit might be suppressed that leads to an
enhancement of fluorescence in the presence of the Cu®* ion. An-
other factor for the fluorescence enhancement is that coordination
of the amide oxygen with the target metal ion probably increases
the electron-withdrawing character of the 1,8-naphthalimide sub-
unit and therefore some degree of efficient excited state ICT occurs
between the Cu?*-bound substrate and the conjugated electronic
system of the 1,8-naphthalimide acceptor subunit within such a
microenvironment of the fluorophore. Hence, a substantial change
in the geometry followed by a change in the dipole moment of the
probe in the excited state is expected that possibly modulates the
fluorescence signal and a slight red shift (A/ =25 nm) in fluores-
cence is observed during Cu?* sensing. Such metal ion-induced
fluorescence activation of the donor subunit followed by excited
state ICT'® between the donor and the attached acceptor fluoro-
phore is supported when we compare receptor 2 (single fluoro-
phore system) with receptor 1 (dual fluorophore system) for Cu?*
sensing. The phthalimide analog perinone exhibits similar cation-

415

cu2+
410 -

405 -

400 = =

N B

FP A gX X oax X . 9% L e ogx
FPe¢ SR ES €P S8 S

a-)

Figure 5. Change of fluorescence intensity of receptor 1 after adding 50 uM of each
of the guest cation in CH3CN/H,0 (90:10, v/v).
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Figure 6. Fluorescence emission spectra of receptor 2 upon gradual addition of Cu?*
in CH3CN/H,0 (90:10, v/v).

induced enhanced ICT (Fig. 3) but due to its poor stabilizing capac-
ity relative to 1,8-naphthalimide subunit such excited state ICT is
possibly prevented and the emission intensity quenched steadily
during Cu?* complexation (Fig. 6). Therefore receptor 2 behaves
as a ‘switched off fluorescence probe toward Cu®*,

Participation of the 1,8-naphthalimide unit in most effective
sensor 1 in the excited state probably induces a highly emissive
stable CT excited state that strongly amplifies the fluorescence sig-
nal emitted by the system upon binding with Cu?*. Since the broad
and large Stokes shifted emission bands are in visible region, this
visible CT emission allows the sensor to detect Cu®* through naked
eye experiment readily and a colorless to promising red fluores-
cence is observed (Fig. 4b). The association constant as determined
by fluorescence titration method following Benesi-Hildebrand
equation'# is found to be 2.54 x 10* M~ (error <10%).

In summary, we have reported here a highly selective and sen-
sitive colorimetric fluoroionophore for Cu?* based on metal trig-
gered enhanced ICT in a six rings annulated structurally rigid
perinone dye with efficient cation-induced ‘switching on’ of fluores-
cence in the red/near-infrared spectral region. An important fea-
ture of this charge transfer fluoroionophore is that its highly
selective fluorescence response toward Cu?* is not only due to
the binding preference of the metal ion with perimidine donor sub-
unit (like receptor 2) but also due to the combined response of the
electron donor in the perimidine core, and the conjugated naph-
thalimide acceptor unit in the excited state provides a new strat-
egy for constructing ‘switching on’ ICT fluorophore for Cu?*,
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