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Abstract Two highly photostable yellow—green emitting
1,8-naphthalimides 5 and 6, containing both N-linked
hindered amine moiety and a secondary or tertiary cation
receptor, were synthesized for the first time. Novel com-
pounds were configured as “fluorophore—spacer—receptor”
systems based on photoinduced electron transfer. Photo-
physical characteristics of the dyes were investigated in
DMF and water/DMF (4:1, v/v) solution. The ability of the
new compounds to detect cations was evaluated by the
changes in their fluorescence intensity in the presence of
metal ions (Cu®*, Pb**, Zn*", Ni*", Co®") and protons. The
presence of metal ions and protons was found to disallow a
photoinduced electron transfer leading to an enhancement
in the dye fluorescence intensity. Compound 5, containing
secondary amine receptor, displayed a good sensor activity
towards metal ions and protons. However the sensor
activity of dye 6, containing a tertiary amine receptor and
a shorter hydrocarbon spacer, was substantially higher. The
results obtained indicate the potential of the novel com-
pounds as highly photostable and efficient “off-on” pH
switchers and fluorescent detectors for metal ions with
pronounced selectivity towards Cu" ions.
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Introduction

The area of molecular devices has advanced considerably
during the past few years. The extension of the concept of a
device to the molecular level is of interest, not only for basic
research, but also for the growth of nanoscience and the
development of nanotechnology [1]. Supramolecular devices
that show large changes in their so called “off” and “on”
states are currently of great interest as these can be
modulated, or tuned, by employing external sources such
as ions, molecules, light, etc. [2, 3]. The “off” and “on”
states of the molecular-level devices refer to their lumines-
cence, magnetic or electronic properties. Luminescence is
one of the most useful techniques to monitor the operation of
molecular devices. A part of this rapidly emerging field is the
development of fluorescent sensors where the fluorescence is
switched “off” or “on” as a function of the analyte [4-7].
The photoinduced electron transfer (PET) system using
the “fluorophore—spacer—receptor” format, developed by de
Silva [8], is one of the most popular approaches to the
design of fluorescent sensors and switchers [9]. In this
model, the excited state of the fluorophore can be quenched
by intermolecular electron transfer from the receptor to the
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fluorophore (or vice versa) prior recognition. Upon recog-
nition of species such as cations, the oxidation potential of
the receptor is increased and this causes the electron
transfer to be “switched off” and in turn the emission to
be “switched on” [10-12].

Naphthalimide derivatives are a special class of envi-
ronmentally sensitive fluorophores [13—15]. Because of
their strong yellow—green fluorescence and good photo-
stability, the 4-amino-1,8-naphthalimide derivatives have
found application in a number of areas including coloration
of polymers [16-22], laser active media [23, 24], potential
photosensitive biologically units [25], fluorescent markers
in biology [26], light emitting diodes [27, 28], fluorescence
sensors and switchers [29-34], electroluminescent materials
[35-37], liquid crystal displays [38, 39] and ion probes
[40]. Moreover, these properties are essential when employ-
ing such devices in real-time and on-line analysis.

Recently we have synthesized new polymerizable yellow—
green emitting 1,8-naphthalimides, containing a hindered
amine light stabilizer (HALS) fragment, designed as highly
photostable additives for “one-step” fluorescent dyeing
and photostabilization of polymers [17, 32]. These results
encouraged our efforts towards the design and synthesis
of novel photostable 1,8-naphthalimide fluorescence sen-
sors, N-substituted with a hindered amine moiety. 2,2,6,6-
Tetramethylpiperidine and N-methylpiperazine units were
incorporated in the 1,8-naphthalimide C-4 position as a
cation receptor. This paper takes on added significance
given the growing body of sensors and other optical devices
which employ 4-amino-1,8-naphthalimide fluorophores.
Hence, compounds 5 and 6 (Scheme 1) were synthesized
and investigated by electronic absorption and emission

Scheme 1 Compounds 5 and 6
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spectroscopy as potential PET sensors for protons and
transition metal ions.

In order to receive a more complete comparative picture
for the influence of a HALS fragment on the properties of
the examined compounds, previously synthesized 1,8-
naphthalimide compound 8 [17], not containing a receptor
moiety at C-4 position, as well as 1,8-naphthalimide
fluorophores 10 [17] and 11 [41], not possessing N-linked
HALS fragment in their molecules were involved in the
present study as reference compounds (Scheme 2).

Experimental
Materials

Reference 1,8-naphthalimides 8, 10 [17, 32] and 11 [41], as
well as starting 4-nitro-1,8-naphthalic anhydride 1 [36]
were synthesized according to the procedures described
before. 2,2,6,6-Tetramethylpiperidin-4-ylamine 2, N-meth-
ylpiperazine 4 and allylamine 7 (Fluka, Aldrich), p.a. grade,
was used without purification. All solvents (Fluka, Merck)
were of p.a. or analytical grade. Zn(NOs3),, Cu(NO3),, Ni
(NO3),, Co(NO3), and Pb(NO3), salts were the sources for
metal cations. To adjust the pH, very small volumes of
sulphuric acid and sodium hydroxide were used. The effect
of the metal cations and protons upon the fluorescence
intensity was examined by adding 10 pl portions of the
metal cations stock solution (3.33x10°® mol I'") to a
known volume of the fluorophore solution (3 ml). The
addition was limited to 0.09 ml so that dilution remains
insignificant.

Methods

FT-IR spectra were recorded on a Bruker IFS-113 spec-
trometer at 2 cm ' resolution using KBr discs. The 'H
NMR spectra were recorded on a Bruker DRX-250
spectrometer, operating at 250.13 MHz. The measurements
were carried out in DMSO-dy solution at ambient temper-
ature. The chemical shifts (given as § in ppm) were
referenced to tetramethylsilane (TMS) standard. UV/vis
spectra were recorded on a Hewlett Packard 8452A
spectrophotometer with 2 nm resolution at room tempera-
ture. The fluorescence spectra were taken on a Perkin Elmer
LS 45 fluorescence spectrophotometer. The fluorescence
quantum yields (@r) were measured relatively to Coumarin
6 (P,+=0.78 in ethanol) [42]. TLC was performed on silica
gel, Fluka F60 254, 20x20, 0.2 mm, using as eluant the
solvent system chloroform/methanol (3:2). The melting
points were determined by means of a Kofler melting point
microscope.
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Scheme 2 Compounds 8, 10
and 11 N/H

Synthesis of 1,8-naphthalimides (5) and (6)

To a suspension of 4-nitro-1,8-naphthalenedicarboxylic
acid anhydride 1 (2.43 g, 10 mmol) in 40 ml of ethanol, a
solution of 1.56 g of 2,2,6,6-tetramethylpiperidin-4-ylamine
2 (d=0.91, 10 mmol) in 10 ml of ethanol was added
dropwise under stirring at ambient temperature over a
period of 30 min. The resulting mixture was stirred at 60 °C
for 4 h. The crude product that precipitated on cooling was
treated with 50 ml of 5% aqueous sodium hydroxide to
give after filtration, washing with water and drying 3.51 g
(92%) of pure 4-nitro-N-(2,2,6,6-tetramethylpiperidin-4-
yl)-1,8-naphthalimide 3 as pale yellow crystals (m.p.
199-201 °C). To a solution of intermediate 3 (1.91 g, 5 mmol)
in 50 ml of DMF, 5 mmol of appropriate amine (0.78 g of
2,2,6,6-tetramethylpiperidine-4-ylamine 2 or 0.50 g of N-
methylpiperazine 4) was added at room temperature. After
24 h (TLC control in a solvent system chloroform/methanol=
3:2), the resulting solution was poured into 300 ml of water.
The precipitate was filtered off and washed with water. The
crude product was dissolved in a hot mixture solvent of water
(5 ml) and ethanol (100 ml), and the undissolved residue was
filtered off. The filtrate then was diluted in 100 ml of water
and the precipitated product was filtered off and dried. Re-
crystallization from ethanol-water (30:70, v/v) afforded

1.84 g (75%) of 4-(2,2,6,6-tetramethylpiperidin-4-ylamino)-
N-(2,2,6,6-tetramethylpiperidin-4-yl)-1,8-naphthalimide 5
or 1.72 g (79%) of 4-(4-methylpiperazin-1-yl)-N-(2,2,6,6-
tetramethyl-piperidin-4-yl1)-1,8-naphthalimide 6 as yellow—
orange crystals.

4-(2,2,6,6-Tetramethylpiperidin-4-ylamino)-N-(2,2,6, 6-tet-
ramethylpiperidin-4-yl)-1,8-naphthalimide (5) FT-IR (KBr)
cm ' 3,438, 3,382 u 3,246 (WNH); 2,912 (vCH;); 1,692
(VN-C=0); 1,656 (V*N-C=0). 'H NMR (DMSO-d;,
250.13 MHz) ppm: 8.66 (d, 1H, J=8.2 Hz, naphthalimide
7-H); 8.39 (d, 1H, J=7.2 Hz, naphthalimide 5-H); 8.22 (d,
1H, J=8.4 Hz, naphthalimide 2-H); 7.69 (m, 2H, naph-
thalimide 5-H and ArNH); 6.77 (d, 1H, J=8.4 Hz,
naphthalimide 3-H); 5.54 (m, 1H, piperidine (CO),NHCH);
4.08 (m, 1H, piperidine ArtNHCH); 2.40 (t, 2H, J=11.9 Hz,
piperidine CH,); 1.71 (m, 3H, piperidine NH and CH,);
1.42 (m, 5H, piperidine NH and 2xCH,); 1.23 (s, 12H,
piperidine 2 xCHj3); 1.20 (s, 12H, piperidine 2xCH3); 1.09
(s, 12H, piperidine 2xCH;3); 1.04 (s, 12H, piperidine
2xCHj). Analysis: Calculated for (%) C3oH4oN40, (MW
490.68) C 73.43, H 8.63, N 11.42; Found (%) C 73.71, H
8.55, N 11.30.

4-(4-Methylpiperazin-1-yl)-N-(2,2,6,6-tetramethylpiperidin-
4-yl)-1,8-naphthalimide (6) FT-IR (KBr) cm ': 3,308
(VNH); 2,860 (vCH3); 1,690 (v**N-C=0); 1,652 (V'N-
C=0). 'H NMR (DMSO-d,, 250.13 MHz) ppm: 8.67 (d,
1H, J=8.4 Hz, naphthalimide 7-H); 8.39 (d, 1H, J=7.3 Hz,
naphthalimide 5-H); 8.21 (d, 1H, J=8.5 Hz, naphthalimide
2-H); 7.65 (t, 1H, J=7.9 Hz, naphthalimide 5-H); 7.32 (d,
1H, J=8.5 Hz, naphthalimide 3-H); 5.53 (m, 1H, piperidine
(CO),NHCH); 3.17 (t, 4H, J=12.5 Hz, piperazine 2Xx
ArNHCH,); 2.72 (t, 4H, J=12.4 Hz, piperazine
2xCH,;NMe); 2.40 (t, 2H, J=12.1 Hz, piperidine CH,);
2.10 (s, 3H, piperazine NMe); 1.43 (dd, 2H, J=12.1 Hz, J=
2.3 Hz, piperidine CH,); 1.22 (s, 12H, piperidine 2 xCH3);
1.07 (s, 12H, piperidine 2*xCHs). Analysis: Calculated for
(%) Cy6H34N40, (MW 434.57) C 71.86, H 7.89, N 12.89;
Found (%) C 71.61, H 7.78, N 13.01.

Photodegradation of dyes

The study on the photodegradation of the fluorescent dyes
was conducted in a solar simulator SUNTEST CPS
equipment (Heraeus, Germany), supplied with an arc air-
cooled Xenon lamp (Hanau, 1.1 kW, 765 W m ?), at
ambient temperature. The irradiation of dyes was performed
in DMF solution at concentration 107> mol 1. The
changes in dye concentration were followed spectrophoto-
metrically by the changes of the absorption maxima in the
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visible region using the method of a standard calibration
curve.

Results and discussion
Design of the dyes

The two dyes (5 and 6) were designed to act as
photostable detectors of environment pollution by transi-
tion metal cations and protons. They are configured on the
“fluorophore—spacer—receptor” model, where the 4-amino-
1,8-naphthalimide moiety is the fluorophore and the 2,2,6,
6-tetramethylpiperidin-4-yl amine or 4-methylpiperazine N-
amine in the C-4 substituent is the analyte receptor. The
hydrocarbon part of the piperidine and piperazine fragments
serve as spacer that covalently separates the two units. In
these particular cases, it was predicted that a PET process
(an electron transfer from the receptor to the excited state
of the fluorophore) would quench fluorescence emission of
the 1,8-naphthalimide unit. This would represent the “off-
state” of the system. The protonation or respective metal
complex formation of the piperidine amine or piperazine
N-amine would increase the oxidation potential of the
receptor, and as such, thermodynamically disallow the
electron transfer [43, 44]. Consequently the emission
would be “switched on”. Thus, we expect the fluorescence
to be strong in acidic media and transition metal cations
environment.

Scheme 3 Synthesis of the

novel dyes S and 6 performed in
two steps (e}

O,N

Synthesis

The synthesis of the novel dyes 5 and 6 was performed in two
steps as it is shown in Scheme 3. First, the intermediate 3 was
obtained by condensation of 2,2,6,6-tetramethylpiperidin-
4-ylamine 2 with 4-nitro-1,8-naphthalic anhydride 1 in
ethanol at 60 °C for 4 h. In order to obtain the target
fluorescent 1,8-naphthalimides 5 and 6, the nitro group in the
intermediate 3 was nucleophilically substituted with the
commercially available 2,2,6,6-tetramethylpiperidin-4-
ylamine 2 or N-methylpiperazine 4, respectively, in DMF at
room temperature for 24 h.

The reference compound 8 was synthesized as before [17]
by the same procedure, whereupon allylamine 7 was used in
the second step instead of 2,2,6,6-tetramethylpiperidin-
4-ylamine 2 or N-methylpiperazine 4 (Scheme 3).

The synthesis of reference dyes 10 and 11 was carried
out in two steps as well (Scheme 4) as described before [17,
41]. However, initially 4-nitro-1,8-naphthalic anhydride 1
was reacted with allylamine 7, then the intermediate 9 was
transformed in the final dyes by substitution of the nitro
group with 2,2,6,6-tetramethylpiperidin-4-ylamine or N-
methylpiperazine unit.

The synthesized compound was fully characterized by
melting point, TLC (R; value), UV/vis (Table 1) and
fluorescence spectra and identified by elemental analysis
data, FT-IR and 'H NMR spectra.

The structures and purities of the desired products were
confirmed by conventional techniques. For instance, in the
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Scheme 4 Synthesis of z
reference dyes 10 and 11 carried o

out in two steps l o ;

'"H NMR (DMSO-d,, 250.13 MHz) spectra of novel
compounds 5 and 6 a resonance at 6.77 ppm (5) and
7.32 ppm (6) was observed. These are characteristic for the
proton in position C-3 of the 1,8-naphthalimide ring,
substituted in position C-4 with an electron-donating
2,2,6,6-tetramethylpiperidine or N-methylpiperazine group
respectively. Furthermore, the 'H NMR spectra contained
peaks, attributed to the protons for 2,2,6,6-tetramethylpi-
peridine and N-methylpiperazine moieties.

Photophysical characterization of the dyes

The light absorption properties of the 4-substituted-1,8-
naphthalimides under study are basically related to the
polarization of the 1,8-naphthalimide molecule on irradia-
tion, resulting from the electron donor-acceptor interaction
between the substituent at C-4 position and the carbonyl
groups of the chromophoric system, and may be influenced
by the environmental effect of the media. In DMF solution
the longest-wavelength absorption maximum of piperazine
substituted 1,8-naphthalimides (compounds 6 and 11)

Table 1 Yields, melting points, retention factors and absorption data
for 1,8-naphthalimides 5, 6, 8, 10 and 11 in DMF solution

Compound Yield (%) Mp (°C) Aa (nm) log e

(Imol ' em™)

5 75 193-195  0.13 434 4.224
6 79 188-190  0.19 406 4.086
8 86 140-142° 0.25 432 4.289
10 78 137-139°  0.23 436 4.170
11 76 146-148° 0.44 402 4.027

2TLC in a solvent system chloroform/methanol (3:2)

®Melting points of compounds 8 (141—143 °C) and 10 (136-138 °C)
according reference [32]

“Melting point of compound 11 (147-149 °C) according reference
[41]

1"

appears in the visible region at 1,=402-406 nm, while the
corresponding absorption maxima of 4-(2,2,6,6-tetrame-
thylpiperidine)-1,8-naphthalimides 5, 8 and 10 are bath-
ochromically shifted to A,=432-436 nm (Fig. 1), which is
surely connected with the different electron-donating ability
of the piperazine and 4-amino-piperidine moieties at the
1,8-naphthalimide C-4 position. This could be due to the
stronger repulsive interaction between the amine receptor
and 4-amino moiety in the case of compound 6 (tertiary
amines and shorter hydrocarbon spacer), which destabilizes
the ICT excited state nature of this compound to the larger
extent, resulting in more energy being required to access
the excited state. The dyes’ molar absorptivity (g) in the
longest-wavelength band of the absorption spectra is higher
than 10,000 1 mol™' cm™' (Table 1), indicating that this is a
charge transfer (CT) band, due to (7t,7t*) character of the
So— S transition.

Basic fluorescent characteristics of novel dyes (5 and 6)
and reference compounds (8, 10 and 11) such as the
fluorescence (1r) maxima, Stokes shift (vo—vp), oscillator

0.3 5
— 1,8-naphthalimide (§5)

------- 1,8-naphthalimide (6)

Absorbance

0.0 T

I ! I !
400 500

Wavelength (nm)

T
300

Fig. 1 Absorption spectra of novel 1,8-naphthalimides 5 and 6 in
DMF solution at concentration 10> mol I
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strength (f), fluorescent both quantum (®@r) and energy (Ef)
yields were measured in DMF solution and presented in
Table 2.

In DMF solution all compounds under study displayed
yellow—green fluorescence due to the charge transfer in the
1,8-naphthalimide moieties from the electron-donating
alkylamino group at C-4 position to the carbonyl groups.
The dyes’ emission was observed in the visible region with
well-pronounced maxima (Ag) at 525-532 nm. Figure 2
displays the absorption and fluorescence spectra of the
fluorescent dye 5 as a typical example for the spectra of
compounds under study.

The fluorescence curve is approximately mirror image of
the absorption one. This indicates preservation of the
fluorophore molecular structure in the exited state. The
overlap between absorption and fluorescence bands is small
and an aggregation effect at concentration of 10> mol
has not been observed.

The Stokes shift (vo—vf) and oscillator strength (/) are
important characteristics for the fluorescent compounds.
The Stokes shift is a parameter that indicates the difference
in the properties and structure of the fluorophores between
the ground state S and the first excited state S;. The Stokes
shifts (cm™") were calculated by Eq. 1:

(va — V) = (ﬁ—i) x 107 (1)

The Stokes shift values of the piperazine substituted 1,8-
naphthalimides 6 and 11 (5,619-5,828 ¢cm ') were higher
than those of the 4-(2,2,6,6-tetramethylpiperidine)-1,8-
naphthalimides 5, 8 and 10 (4,138-4,244 cm'). As the
dipole moment of the molecule is enhanced upon excitation
due to electron density redistribution, the excited molecule
is better stabilized in polar solvents, such as DMF, because
of stronger interaction with the solvent dipoles [45]. This
effect causes the red shift in the fluorescence maxima
resulting in large-scale augmentation of the Stokes shift
values for piperazine substituted 1,8-naphthalimides.

The oscillator strength (/) shows the effective number of
electrons whose transition from ground to excited state
gives the absorption area in the electron spectrum. Values

Table 2 Fluorescence characteristics of dyes 5, 6, 8, 10 and 11 in
DMF solution at concentration 10> mol 1! (Aex=2n)

Compound A Ap va—ve f Dg Er
(nm) (nm) (cmfl)

5 434 532 4,244 0.332 0.118 0.080

6 406 526 5,619 0.213 0.049 0.038

8 432 528 4,209 0.385 0.383 0.313

10 436 532 4,138 0.297 0.124 0.093

11 402 525 5,828 0.175 0.052 0.040
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Fig. 2 Normalized absorption (A\,) and fluorescence (Ar) spectra of
dye 5 in DMF solution at concentration 10> mol 1"

of the oscillator strength were calculated using Eq. 2 where
Avyj, is the width of the absorption band (em™') at 172

(Emax) [46]:
f =432 x10"°Av; p€max. (2)

The oscillator strength values for the 1,8-naphthalimide
dyes under study were in range 0.175-0.385, which is in
accordance with the data for other similar 1,8-naphthalimide
derivatives [47, 48].

The ability of the molecules to emit the absorbed light
energy is characterized quantitatively by the fluorescence
quantum yield (®r). The quantum yields of fluorescence
were calculated relatively to Coumarin 6 (@,.s=0.78) as a
reference compound [42] according to Eq. 3, where A,
Sres Mrer AN Agample Ssamples sample Fepresent the absorbance
at the exited wavelength, the integrated emission band area
and the solvent refractive index of the standard and the
sample, respectively:

¢F _ gpref <Ssample>( Aref ) nga;nple ) (3)
Sref Asample Mo

The energy yield of fluorescence Eg (Table 1), calculated
by Eq. 4, could also be used instead of @ [49]:

Ep = dp 22 4)

As can be seen from the data presented in Table 2, the
quantum yield of fluorescence of 1,8-naphthalimides 5, 6,
10 and 11, possessing 2,2,6,6-tetramethylpiperidine or N-
methylpiperazine unit at C-4 position, are vastly lower in
respect to those of traditional yellow—green emitting 1,8-
naphthalimides, not containing PET receptor [39, 47] and
lower to that of 1,8-naphthalimide 8, not containing such a
“lower” moiety. On the other hand, the quantum yield of
fluorescence of 1,8-naphthalimides 6 and 11, containing
tertiary amine receptor, was lower than those of dyes 5 and
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Scheme 5 Quenching of the € e

fluorescence of the 4-amino- h

1,8-naphthalimide fluorophore /’ﬁ
Q ® Q ® O
O N N—H H O NH —Hy X
HN N O ~ HN N O -
(0] (e}

hv, (fluorescence)

hv, hv, (fluorescence) hv,

fluorophore | spacer|receptor| fluorophore ’ spacer|receptor‘

10. This phenomenon might be caused by the possible  Influence of pH on the fluorescence properties of the dyes
photoinduced electron transfer from the piperidine or N-
methylpiperazine amine donor (receptor) to the 4-amino-  The photophysical characteristics of the dyes in distilled
1,8-naphthalimide fluorophore through the saturated  water/DMF (4:1, v/v) solution are represented in Table 3.
piperidinyl (piperazinyl) ring. Thus the fluorescence of  Some bathochromic shift of the absorption and fluorescence
the 4-amino-1,8-naphthalimide fluorophore is quenched  maxima of the compounds was observed if compared
(Scheme 5). Upon recognition of the analyte (protons or  spectra to those recorded in DMF. The oscillator strength
transition metal ion) piperidine (N-methylpiperazine) amine  values calculated in water/DMF (4:1, v/v) were higher than
would increase the oxidation potential of the receptor, and  those in DMF which is well correlated with the increase in
as such, thermodynamically disallow the electron transfer  the extinction coefficient of the dyes in this medium.
and the emission would be “switched on” [43, 44]. As a typical example for all compounds under study, when
Furthermore, as demonstrated experimentally by de  the absorption spectra of novel dyes 5 and 6 were recorded in
Silva et al., only the receptor that is directly attached to  alkaline solution at ca. pH 11.3, an absorption band was
the 4-amino moiety (the “lower” moiety) is capable of  observed in range 340-530 nm for compound 5 and 330-
quenching the fluorophores excited state [43]. This is dueto 490 nm for compound 6 due to the ICT state, with A,
the fact that molecules like 1,8-naphthalimides under study =~ maximum at 446 and 420 nm respectively (Fig. 3). Upon
have high exited state dipole moments that arise from their  acidification the band was blue shifted with small reductions
internal charge transfer (ICT) excited state nature. In this  in its maximum intensity at ca. pH 6.6. However, upon
case the amino moiety is acting as an electron donor,  further acidification (ca. pH 2.2) the 1, became further blue
whereas the imide functions as an electron acceptor. shifted with small intensity enhancements. These changes
Consequently, a push—pull mechanism is in operation, and  can however, be considered to be only minor in comparison
due to charge repulsion, disallows the “upper” amine  to the changes in the fluorescence spectra (vide infra). The
(compound 8) to transfer an electron to the naphthalimide  reason for the blue shift is twofold. First, the protonation of

excited state [S0]. the amine receptor will exert some weak charge repulsion
The results obtained suppose PET sensor properties of the ~ on the 4-amino moiety of the fluorophores. However, the
fluorescent dyes 5, 6, 10 and 11, containing “lower” 4-  major reason is that in very acidic conditions the push—pull

aminopiperidine (5 and 10) or N-methylpiperazine (6 and  character of the ICT state is partially reduced due to the
11) moiety at C-4 position of the 1,8-naphthalimide  protonation of the 4-amino moiety itself [50].

fluorophore, which was the reason to investigate their Family of fluorescence emission spectra of the dyes as a
photophysical behaviour in water/DMF (4:1, v/v) at different ~ function of pH were recorded in water/DMF (4:1, v/v) and
pH values and in the presence of transition metal ions. plotted in Fig. 4. 4-Allylamino-1,8-naphthalimide 8, which
Table 3 Absorption and fluorescence characteristics (lex=44) of 1,8-naphthalimides 5, 6, 8, 10 and 11 at concentration 107 mol 1! in water/

DMF (4:1, v/v)

Compound Aa (nm) log € 1 mol " em™) Ar (nm) va—vp (cm™") f FE* pK,
5 440 4.339 539 4,174 0.433 4.72 7.26
6 414 4211 534 5,428 0.284 41.89 6.92
8 440 4.398 537 4,105 0.495 1.29 -

10 442 4.301 540 4,106 0.402 391 7.37
1 410 4.156 533 5,629 0.236 36.33 6.96

#Factor for proton-induced fluorescence enhancement FE=/g, .« /Trmin (I—fluorescence intensity, arbitrary units)
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dye5(pH 6.58)

. “yes === dyeS (pH 11.32)
| R N, s dye 5 (pH 2.21)
S5V dye 6 (pH 6.62)
0.2 Ak NG Y - - dye 6 (pH 11.28)
g 7 DI AR T dye 6 (pH 2.29)
o
= -
2
£
< 0.1
0.0 ; : : : |
400 500 600
Wavelength (nm)

Fig. 3 Absorption spectra of 1,8-naphthalimides 5 and 6 (concentra-
tion 107> mol 1) in water/DMF (4:1, v/v) solution at three different
pH values

lacks the amine receptor at the 4-amino moiety, did not
show any changes in the emission properties as a function
of pH except at very low pH where the 4-amino moiety was
protonated. The fluorescent enhancement (FE) was less
than two times (FE=1.29).

Compounds 5 and 10, containing secondary amine
receptor at their 4-amino moieties, showed considerably
higher fluorescence sensitivity as a function of pH. As a
typical example of the two dyes, in basic solution for
compound 5 only a weak emission was observed between
450 and 650 nm with maximum at Az=546 nm. However,
upon acidification the emission was gradually increased
with the decrease of the pH value as demonstrated in Fig. 5.
After careful titration to pH ca. 2.0, the emission maximal
had shifted to 533 nm, and the emission intensity had
enhanced approximately five times (FE=4.72). The fluo-
rescent enhancement of compound 10 was FE=3.91. These
changes are of such magnitude that they can be considered
as representing two different “states”, where the fluores-
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Fig. 4 Effect of pH on the fluorescence intensity of compounds 5, 6,
8, 10 and 11 in water/DMF (4:1, v/v)
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Fig. 5 Changes in the fluorescence spectra of 5 as a function of pH in
water/DMF (4:1, v/v). The pH range was from 11.32 to 2.21

cence emission is “switched off” in alkaline solution and
“switched on” in acidic solution.

As can be seen (Schemes 1 and 2), compound 5 contains
both “upper” and “lower” amine receptors, while com-
pound 10 lacks “upper” amine receptor. Nevertheless, the
fluorescent enhancement values of compounds 5 and 10 as
a function of pH are rather closed. That is why the
fluorescence enhancement of compounds 5 and 10 can be
attributed to protonation of the “lower” amine receptor in
acidic medium. In alkaline solution this amine is engaged in
PET quenching of the 1,8-naphthalimide excited state, and
upon its protonation the quenching process in substantially
removed (Scheme 5).

Whereas compounds 5 and 10 showed considerable
changes in their emission properties as a function of pH,
the fluorescence enhancement of compounds 6 and 11 was
remarkable (Fig. 4) under the same conditions. Figure 6
presents as an example fluorescence changes of dye 6 over a
wider pH scale. As seen protonation of the alkylated amine
donor (receptor) in compound 6 drastically alters the
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Fig. 6 Changes in the fluorescence spectra of 6 as a function of pH in
water/DMF (4:1, v/v). The pH range was from 11.28 to 2.29
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electron-donating properties and consequently switching of
the PET path from the alkylated amine donor to the 4-
amino-1,8-naphthalimide moiety. The typical naphthalimide
emission band of 6 in water/DMF (4:1, v/v) is blue-shifted
upon-protonation and red-shifted upon deprotonation. Com-
pared with the fluorescence in the basic medium, proton-
ation of the alkylated amine of the novel dye 6 results in the
fluorescence enhancement of the 4-amino-1,8-naphthalimide
fluorophore by 41.89 times. Fluorescence enhancement of
compound 11 was FE=36.33. The small difference in the
FE values of compounds 6 and 11 shows that the
protonation of the outer rim tertiary amine is responsible
for the main part of the fluorescence enhancement.

In conclusion, novel 1,8-naphthalimides 5 and 6 are
efficient “off-on” switchers for pH and the switching
process was also found to be reversible. However the FE
value of piperazine derivative 6 is fairly higher. Obviously,
the oxidation potential of the secondary amine receptor
(compounds 5 and 10) increases quite less than that of the
tertiary amine receptor (compounds 6 and 11) after
protonation of the amino moieties, and as such, thermody-
namically disallows the electron transfer to a lower extent.

Taking the part of the graphs located between pH 5.5
and 9.0, the pH influence on the fluorescence intensity (/r)
has been calculated by Eq. 5 [44]:

log[(lFmax - IF)/(IF - [Fmin)] == pH - pKa~ (5)

pK, values of 7.26—7.37 for dyes 5 and 10 and 6.92-6.96
for dyes 6 and 11 have been found. The results obtained are
consistent with compounds of similar nature that were
developed before [32, 41, 43]. These pK, values also
indicate that the novel sensors 5 and 6 would be well suited
to monitor changes in the physiological pH range.
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Fig. 7 Fluorescence spectra of dye 6 (107> mol I"') in DMF solution
at various concentrations of Cu?". The concentrations of Cu?" ions are
in order of increasing intensity from 0 to 3.33x10 > mol "' with step
of 3.33x107% mol I”'
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Fig. 8 Fluorescence enhancement (FE) of 1,8-naphthalimides 5 and 6
(107 mol 1) in the presence of different metal cations at
concentration 3.33x10~> mol I in DMF solution

Influence of metal cations on the fluorescence intensity
of the dyes

The signaling fluorescent properties of novel dyes 5 and 6
in the presence of transition metal ions have been
investigated spectrophotometrically in DMF with regard to
their potential application as PET sensors. DMF has been
chosen in all measurements since it is able as a polar
solvent to stabilize the dye charge separated state thus
favoring the fluorescence switching by PET process. Also
DMF guarantees a good solubility of the dye ligands, used
metal salts and the respective complexes.

The fluorescence behaviour of the novel compounds (5
and 6) throughout the coordination process with different
metal ions (Cu®", Pb**, Zn**, Ni**, Co?") was, as expected,
approximately the same as that in the presence of protons. It
was found that the coordination of the dye receptor with the
metal ion results in fluorescence enhancement, as it is
demonstrated as an example in Fig. 7 for the piperazine
substituted 1,8-naphthalimide 6 in the presence of Cu*"
ions.
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Fig. 9 Changes in the fluorescence maxima of dyes 5 and 6 upon
addition of Cu*" ions
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Scheme 6 The observed hypso-
chromic shift of the dyes fluo-
rescence maxima in the presence
of metal ions indicating a
bidentate chelation to both ni-
trogen atoms in the “lower”
piperidine or piperazine moiety,
as it is shown as an example for
compound 6

(fluorescence) hvz hv1

Cu2+

Hen

.,
:,"‘
",
Thininnase

hv, hv, (fluorescence)

The sensor capacity of the fluorescent dyes 5 and 6 in
respect to different metal ions and their concentration was
evaluated on the basis of fluorescence enhancement values
(Fig. 8). The FE=1/I, was calculated using minimal (/) and
maximal (/) fluorescence intensity recorded before and
after addition of metal ions. The highest fluorescence
enhancement of dyes 5 and 6 has been observed in the
presence of Cu®" ions (FE=4.98 and 26.22, respectively).
As it is seen (Fig. 8), the FE values for compound 6 in the
presence of all types of metal cations are about five times
higher as compared to those of compound 5, which could
be related to the shorter hydrocarbon spacer and more
pronounced increase in the oxidation potential of the
tertiary amine receptor as already discussed in the “Influ-
ence of metal cations on the fluorescence intensity of the
dyes” section (vide supra).

The increase in fluorescence intensity was occurred after
addition of Cu®" ions in the concentration range of 3.33x
107° to 3.33x10° mol 1I"'. Noticeable fluorescence
intensity enhancement was observed at Cu** concentration
of 6.67x107° mol "' which showed good sensitivity of the
dyes (Fig. 9). Raising the cation concentration up to 2.00 x
107> mol 1" also induced an increase in the fluorescence.
Further augmentation of the metal ions concentration up to
3.33x107° mol I"! had a small impact on the alteration of
fluorescence intensity.

As discussed above, the fluorescence intensity increases
due to the complexation between the piperidine (compound
5) or piperazine (compound 6) amine receptor and Cu*"
ions. However titration plots (Fig. 9) suppose a 3:2 metal/
ligand complex formation. In consent to this assumption, a
hypsochromic shift (A1g=10-11 nm) of the dyes fluores-
cence maxima in the presence of metal ions has been
observed, which indicates a bidentate chelation to both
nitrogen atoms in the “lower” piperidine or piperazine
moiety, as it is shown as an example for compound 6 in
Scheme 6.

This type of chelation has two different effects: (1) the
photoinduced electron transfer from the receptor amine to
the fluorophore is disallowed causing a dye fluorescence

@ Springer

enhancement; (2) the electron donating ability of the
aromatic (donor) amine at 1,8-naphthalimide C-4 position
is reduced, and as such, the fluorescence maxima of the
dyes shift to the shorter wavelength.

The results obtained reveal a good sensor activity of the
novel yellow—green emitting fluorophores, especially pos-
sessing tertiary amine receptor fluorescent dye 6, indicating
their potential as highly efficient “off-on” switchers for
transition metals with pronounced selectivity towards Cu?"
ions.

Photostability of dyes

The fluorescent dyes’ photostability is a very important
characteristic with regard to their practical usage. To study
the influence of 2,2,6,6-tetramethylpiperidine fragment on
the photostability of the target dyes 5 and 6, DMF solutions
of the dyes were subjected to irradiation in a SUNTEST
equipment for 10 h. In order to receive a more complete
comparative picture of this influence 1,8-naphthalimide 11,
not containing a hindered amine fragment, and 1,8-
naphthalimides 8 and 10, not containing “upper” or “lower”
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. - @ dye (8)

< 80+ —@-— dye (10)
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Fig. 10 Photodegradation of 1,8-naphthalimides 5, 6, 8, 10 and 11 in
DMEF solution
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hindered amine moiety respectively (Scheme 2) were
involved in the present study as reference compounds.

The kinetics of the dyes’ photodegradation was moni-
tored colorimetrically. As no changes were observed in the
dyes absorption maxima (1) during the irradiation, the
correlation between the dye concentration and the time of
irradiation was monitored using the method of the standard
calibration curve (Fig. 10).

As seen (Fig. 10), in DMF solution reference compounds
8 and 10, containing “upper” or “lower” hindered amine
fragment respectively, show high photostability. The outline
of photodegradation curves of the two dyes is very close.
Obviously the position effect of hindered amine moiety on
the 1,8-naphthalimide photostability is negligible. In the
case of dye 11, not containing stabilizer unit in its molecule,
the photodegradation was considerably faster if compared
to those of dyes 8 and 10. Within 2-3 h the dye 3 solution
looses significant part of its absorption capacity as a result
of photodegradation of the dye chromophoric system.

Photostability of the novel dye 6, containing “upper”
hindered amine fragment, is approximately the same as that
of the reference analogue 8, which is very well correlated
with the structure propinquity of these compounds. Photo-
stability of the novel dye 5, containing both “upper” and
“lower” hindered amine fragments, is slightly higher
probably due to the participation of a second stabilizer
moiety in the dye molecule.

The results obtained show that the novel compounds 5
and 6 are highly photostable dyes with high potential for
use as effective fluorescence detectors of environmental
pollution by metal ions and protons.

Conclusions

In this paper we have given a comprehensive account of the
design of two yellow—green emitting 4-amino-1,8-naphtha-
limide dyes, containing N-linked hindered amine moiety, as
highly photostable PET fluorescence sensors for metal ions
and protons. Their photophysical properties were studied in
DMF and water/DMF (4:1, v/v) solution and discussed.
Photooxidative stability of the new fluorophores was
studied and compared to that of other similar fluorescent
dyes, not containing hindered amine fragment in their
molecules. It was shown that the presence of a hindered
amine fragment in the dyes’ molecules considerably
improved their photostability. In the presence of metal ions
(Cu*", Pb*", Zn*", Co*", Ni*") and protons these molecules
sustained appreciable changes in their fluorescence intensi-
ty. These changes can be attributed to coordination of their
piperidine or piperazine amine receptor with the analyte,
whereupon the receptor increases its oxidation potential,
and as such, thermodynamically disallow the electron

transfer and the emission is “switched on”. Compound 5,
containing secondary amine receptor, displayed a good
sensor activity towards metal ions and protons. However
the sensor activity of dye 6, containing a tertiary amine
receptor and a shorter hydrocarbon spacer, was substantial-
ly higher. The results obtained indicate the potential of the
novel compounds as highly photostable and efficient “off—
on” pH switchers and fluorescent detectors for metal ions
with pronounced selectivity towards Cu?" ions.
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