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Abstract—Fluorescence of 1a and 1b is ‘switched on’ by the quenching transition metal ions and the extent of fluorescence enhancement is
found to be considerably higher than that expected on the basis of photoinduced intramolecular electron transfer in the systems. The
observation has been rationalised taking into account the hydrated nature of the transition metal salts and preferential solvation of the
fluorophore by the water molecules. © 2000 Elsevier Science Ltd. All rights reserved.

Introduction

There has been a great deal of current interest in the design
and development of molecular systems capable of perform-
ing functions of various kinds."?> A molecular device is
essentially an assembly of suitably organised molecular
components capable of performing some logic function
characteristic of the assembly. Of particular interest are
the fluorosensors, which are molecular devices powered
by light and response of these systems are based on fluores-
cence. Fluorosensors are generally multi-component
systems comprising a signalling moiety (fluorophore), a
guest binding site (usually termed as receptor) and a spacer
group. The components are so chosen that photoinduced
intramolecular electron transfer (PIET) between the recep-
tor and fluorophore results in ‘switching off” of the fluores-
cence. However, in presence of a guest, which ties up the
lone pair electrons of the receptor, PIET communication
between the receptor and fluorophore gets cut-off and the
fluorescence of the system is ‘switched on’. Thus, the
presence of a guest is signalled by fluorescence enhance-
ment (FE) of the system.

During our previous investigations,>™ it was noted that
structurally simple fluorophore—spacer—receptor system
that comprises an electron deficient fluorophore can exhibit
fluorescence ‘off-on’ signalling even in the presence of
transition metal ions, well known for their fluorescence
quenching abilities.®” The present investigation deals with
two simple multi-component systems (Chart 1) involving
4-chloro-1,8-naphthalimide (CNP) as the fluorophore.
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Despite the fact that fluorophore—spacer—receptor systems
involving 4-amino-1,8-naphthalimide (ANP) display rather
poor sensing behaviour,> CNP has been chosen as the
fluorophore component in view of its electron deficient
nature and higher singlet state energy (vide later) compared
to ANP. Both these properties are likely to make PIET much
more efficient in 1a and 1b compared to that in structurally
similar systems involving ANP. In this context it is to be
noted that while a number of photophysical studies have
been carried out on 1,8-naphthalimide derivatives,8 the
signalling ability of these systems towards the transition
metal ions has not been investigated until very recently.’

Experimental
Materials and methods

N,N-Dimethylethylenediamine and N,N-dimethylpropylene-
diamine (Aldrich) and 4-chloro-1,8-naphthalic anhydride
(Acros Organics) were used without any further purifica-
tion. Hydrated transition metal salts of analytical grade
were procured locally and were used without any purifica-
tion. Anhydrous salt of cobalt was prepared from
Co(H,0)4Cl, following a standard procedure9 according to
which the hydrated salt (once recrystallised) was refluxed

Chart 1.
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with excess of dimethoxypropane for 6 h and subsequently
the solvent was removed in vacuum. The solvents, tetra-
hydrofuran (THF) and acetonitrile (ACN) used in the
spectral studies, were rigorously purified by standard
procedures.

Synthesis of 1a

N,N-Dimethylethylenediamine (0.29 ml, 2.6 mmol) was
added to a suspension of CNP (0.5 g, 2.15 mmol in 5 ml
ethanol) and the mixture was refluxed for 6 h. The
suspended CNP dissolved slowly with the progress of the
reaction. The reaction mixture was allowed to cool to room
temperature after completion of reaction. The desired
product, that crystallised out on cooling, was recrystallised
several times from ethanol to obtain the spectroscopic
purity. Yield 95%. IR (KBr, cm_l): 2968, 2858, 1697,
1658, 1379, 1037 and 779. '"H NMR (CDCl3): & 2.4 (s,
6H), 2.6 (t, 2H), 4.3 (t, 2H), 7.9 (t, 2H) and 8.5-8.7 (m, 3H).

Synthesis of 1b

1b was obtained by following a procedure similar to that
used for 1a using N,N-dimethylpropylenediamine instead of
N,N-dimethylethylenediamine. Yield 90%. IR (KBr, cmfl):
2947, 2780, 1699, 1653, 1348 and 783. '"H NMR (CDCl;): &
1.9 (m, 2H), 2.25 (s, 6H), 2.4 (t, 2H), 4.2 (t, 2H), 7.8 (t, 2H)
and 8.5-8.7 (m, 3H).

Instrumentation

The IR and NMR spectra of the compounds were recorded
on JASCO FT-IR/5300 and Bruker ACF-200 spectrometer
respectively The absorption and fluorescence spectra were
recorded on JASCO UV-vis spectrophotometer (Model
7800) and JASCO spectrofluorimeter (Model FP-777)
respectively. Cyclic voltammetric measurements were
made with Cypress Model CS-1090/CS-1087 electro-
analytical system employing Ag/AgCl as the reference
electrode, a glassy carbon as the working electrode and a
Pt wire as the auxiliary electrode. The redox potentials were
measured in N, bubbled acetonitrile using 0.1 M TBAP as
the supporting electrolyte. The scanning speed was main-
tained at 100 mV/s. The fluorescence quantum yields were
measured using 1,8-naphthalimide as the reference
compounds (¢; = 5.0X 1072 in acetonitrile).™

Results and Discussion

While ANP exhibits oxidation at 1.27 V, no oxidation could
be observed for 4-chloro-N-butyl-1,8-naphthalimide
between 0-2 V. This suggests that the chosen fluorophore
is relatively electron deficient and hence, a better choice as
the fluorophore component for the design of multi-
component sensor systems. The reduction of the fluorophore
was observed at —0.85 V. The thermodynamic driving force
for PIET in 1a and 1b has been estimated in terms of the free
energy change (AG) using, AG = 23.06[E,, (recep) —
Eq (fluor)] — Ey,, where, E, (recep) represents the oxida-
tion potential for the receptor moiety, E.q (fluor) represents
the reduction potential for the fluorophore component and
Eyp denotes the energy of the fluorescent state. The Ejq

value used in the calculation of AG has been estimated
from the location of the first peak in the fluorescence
spectrum (76.9 kcal/mol). The oxidation potential of
triethylamine (0.49 V) has been used as E,y (recep).10 The
AG value associated with PIET is estimated to be
—46.0 kcal/mol.

Even though PIET is thermodynamically feasible, the actual
extent of PIET in 1a and 1b can only be ascertained by
measuring the fluorescence yield of the systems. The
fluorescence quantum yield of 1a and 1b is estimated to
be lower than that of the constituent fluorophore by a factor
of 105 and 18 respectively in THF and 110 and 38 respec-
tively in ACN. This immediately suggests that PIET in 1a is
more efficient than in 1b, presumably due to a more favour-
able fluorophore—receptor distance and orientation of the
two components.''

The changes in the fluorescence response of the multi-
component systems induced by the transition metal salts
have been illustrated in Fig. 1 using a typical example.
Addition of the metal salts leads to an increase in the
fluorescence intensity of the system. For a certain concen-
tration of the metal ion (in the submillimolar range) the FE
value reaches a maximum and further addition results in
fluorescence quenching. No significant spectral shift could
be noticed.

The maximum FE values obtained for 1a and 1b in the
presence of different metal ions in THF and ACN are
collected in Table 1. As can be seen, the observed FE values
are unusually high in most cases. The highest FE value
could be observed with 1a in the presence of the nonquench-
ing Zn>". It is noteworthy that even the most efficient
quenching metal ions such as Fe’* and Cr*" give rise to
excellent FE.

The most interesting observation of the present study is that
the FE values are considerably higher than the expected
values. Since the factor by which the fluorescence yield of
a given multi-component system is lower than that of its
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Figure 1. Fluorescence response of 1a (107> M) in THF in the presence of
Ni(H,0)¢(ClOy),. Ni*? concentrations are (1) 0, (2) 1.1X107% (3)
2.2x107%, (4) 4.3x107%, (5) 1.3x107% and (6) 1.6X107> M. A, = 320 nm.
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Table 1. Fluorescence output of 1a and 1b as a function of different metal
ion input in THF and ACN (2X10~> M solution of the compounds in THF or
CAN was used at 298 K, A.,. = 320 nm; the concentration of the metal ions
were in the submillimolar range; the fluorescence output values are relative
to the fluorescence intensities of the same system in the absence of the
metal ion, =15%)

Cr3+ Mn2+ Fe3+ C02+ Ni2+ Cu2+ Zn2+

1a
In THF 185 725 655 295 660 195 735
In ACN 260 375 315 375 380 320 430
1b
In THF 30 70 60 40 70 40 70
In ACN 90 120 115 125 130 100 115

constituent fluorophore is a good measure of the extent of
PIET in the system, then assuming full recovery of fluores-
cence on complete suppression of PIET by the transition
metal ions, one can expect maximum ~110 fold FE for
1a and ~40 fold for 1b. However, as can be seen from
Table 1, the FE values are much higher than those expected
on the basis of PIET in 1a and 1b. The result suggests that
additional mechanism of FE is operative in the presence of
transition metal salts. In an earlier investigation, we noted
that addition of the transition metal salts, which are avail-
able in the hydrated form, may increase the polarity around
the ﬂuorophore.Sb’Sc Hence, if the chosen fluorophore is such
whose fluorescence efficiency is higher in polar media
(compared to that in nonpolar media) then the FE of the
corresponding multi-component results not only due to the
modulation of the PIET interaction between the fluorophore
and the receptor but also arises due to a change in the
microscopic polarity surrounding the fluorophore.

In order to find out whether or not the above is responsible
for high FE of the present systems, we have measured the
fluorescence efficiency of the fluorophore as a function of
the solvent polarity and the values are shown in Table 2.

As can be seen, the fluorescence yield of the fluorophore is
considerably higher in polar media. The observation is very
similar to that observed with bare 1,8—naphthalimide.5b If it
is assumed that the water molecules from the hydrated salts
used in the study preferentially solvates the fluorophores by
forming hydrogen bonds and thereby create an environment
similar to that in water, then taking into consideration of the
two mechanisms of FE, the expected values of FE for 1a and
1b (using the results presented in Results and Discussion
and the data shown in Table 2) in THF are =790 (7.5X105)
and 135 (7.5X18). Even though these values are not very
different from those observed experimentally, it should be
noted that the expected and observed values differ signifi-
cantly in ACN. This is understandable when taken into
consideration the fact that the microscopic polarity around
the fluorophore is largely unknown and there could be addi-
tional mechanism of FE. What is shown in this paper is that

Table 2. Fluorescence quantum yield (unless otherwise mentioned, =10%)
of 4-chloro-N-butyl-1,8-naphthalimide as a function of the solvent

1,4-Dioxane  Tetrahydrofuran  Acetonitrile =~ Methanol =~ Water®

2.4%1072 2.0x1072 6.0x1072 0.14 0.15

* £15%, because of poor solubility of these systems in aqueous solution.

the change in the polarity around the fluorophore is defi-
nitely one of the mechanisms of FE for the present systems.
The fact that a change in the microscopic polarity around the
fluorophore induced by the water molecules of the hydrated
salts indeed leads to high FE values of the systems is also
supported by the fact that multi-component systems
comprising structurally similar naphthalimides, whose
fluorescence yield is not sensitive to the solvent polarity,
exhibit FE values very similar to those expected from
consideration of PIET in the systems. That our reasoning
is valid is also evident from the fact that anhydrous metal
salts do not lead to FE values higher than PIET expected
values.”®

In conclusion, it has been shown that it is possible for a
fluorophore—spacer—receptor PIET system to exhibit FE
much higher than that expected on consideration of PIET
mechanism alone. The results provide a means of improving
the signalling ability of simple multi-component systems by
exploiting the solvent sensitive fluorescence properties of
the fluorophore.
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