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A polyamidoamine dendrimer with peripheral 1,8-naphthalimide groups
capable of acting as a PET fluorescent sensor for metal cations
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The effect of some metal ions (Fe**, Ni**, Zn>*, Pb>") upon the fluorescent intensity of a first generation
polyamidoamine dendrimer with a peripheral 4-dimethylaminoethylamine-1,8-naphthalimide group was
investigated. The presence of metal ions was found to evoke a photoinduced electron transfer leading to an
enhancement in the fluorescence. The results obtained reveal the capacities of these systems to act as sensitive
detectors of environment pollution by metal ions. The metal ions inhibit the photodegradation of the dendrimer
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molecule which exhibits PET properties.

Introduction

Dendrimers are monodisperse, hyperbranched and well
defined, three-dimensional polymers possessing a very high
concentration of surface functional groups. At present the
interest in dendrimer chemistry has been increasing intensively.
The study of these branched molecules extends to all areas
including synthesis, characterization and potential applica-
tions.'™ Bonding a dye into the dendrimer structure gives it
new properties and new areas of applications.” Dendrimers
with electroactive groups have found applications as compo-
nents in different sensors and electroluminescent devices. On
the other hand the introduction of different types of chromo-
phores in dendrimer macromolecules makes these macromole-
cules photoactive with potential applications in photochemical
molecular devices.!° Some of these compounds have also
been investigated for use as biosensors.!!!2

It is well known that polyamidoamines (PAMAMs) form a
novel class of industrial dendrimers which possess a definite
molecular composition with different terminal functional
groups.'™ The design and modification of the PAMAM den-
drimers with fluorescent units could give new and interesting
properties.

Photoinduced electron transfer (PET) fluorescent sensors
are of great interest and promise because of their various appli-
cations.'® The designs of multi-component PET fluorescence
sensors are chosen so that the electron transfer between the
fluorophore as signaling unit and the receptor results in
“switching off” of the fluorescence intensity. The presence in
the system of guests (metal ions or proton) capable of binding
with the lone pair electrons of the receptor, causes the PET
interaction to be cut off and the fluorescence of the system is
“switched on”.

In this paper we investigated the influence of different
transition metal ions on the fluorescence intensity of a first
generation PAMAM dendrimer with peripheral 4-dimethyl-
aminoethylamine-1,8-naphthalimide with the capacities of
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PET sensors for transition metal ions. 4-Dimethylaminoethyl-
amine-1,8-naphthalimide was chosen as the fluorophore
component in the dendrimer molecules in view of earlier inves-
tigations into its possible use in monomeric PET sensors for
protons and transition metal ions.'#'¢

Experimental

The polyamidoamine (PAMAM) modified dendrimer under
study was prepared recently.!” UV-Vis spectrophotometric
investigations of the dendrimer were performed on a UVI-
KON 930 spectrophotometer (KONTRON instruments). The
fluorescence spectra were taken on a SFM 25 spectrophoto-
meter (KONTRON instruments). The fluorescence quantum
yield of the dendrimer was determined on the basis of the
absorption and fluorescence spectra of the dendrimer solubi-
lized in N,N-dimethylformamide (DMF) and Rhodamine 6G
was used as reference (Po = 0.88'%). For both absorption
and fluorescence measurements, 10°® M of the dendrimer in
DMF was used as both dendrimer and metal salts are well
soluble in DMF. For all fluorescent measurements, solutions
were excited at the absorption maximum of the dendrimer.

A solar simulator (Suntest CPS+4, HERAEUS), equipped
with a 1.5 kW xenon arc lamp, protected with an adequate fil-
ter to simulate the solar spectrum between 290 nm and 800 nm,
was used and the experiments were carried out in ordinary
atmosphere at 20°C.

Results and discussion

The PAMAM dendrimer modified with 4-dimethylamino-
ethylamine-1,8-naphthalimide has the following structure
(Scheme 1).

It is seen that the fluorophore naphthalimide fragment is
covalently bonded to the dendrimer molecule. The substituent
A in position C-4 of the 1,8-naphthalimide structure is a
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Scheme 1

dimethylaminoethylamine residue (-NHCH,CH,N(CHs),)
with which metal ions can react (receptor). The whole structure
gives the possibility of obtaining a coloured and fluorescent
dendrimer, having properties including PET, intense yellow-
green fluorescence and photostability.

The functional properties of the dendrimer have been inves-
tigated with regard to its application as a PET sensor for metal
cations. Table 1 presents the basic photophysical characteris-
tics obtained in DMF solution: absorption (14) and fluores-
cence (Ar) maxima, Stokes shift (vo — vg), and quantum yield
of fluorescence (k).

In DMF solution the dendrimer exhibits a yellow-green col-
our with the absorption maximum at A, = 428 nm. The corre-
sponding fluorescence maximum is Ag = 522 nm. The ability
of the molecule to emit the absorbed light energy is character-
ized quantitatively by the quantum fluorescence yield @ . The
quantum yield of the dendrimer @ is determined on the basis
of its absorption and fluorescence spectra. As can be seen from
the data in Table 1, the dendrimer has a quantum yield value
&r = 0.11.

The change of the fluorescence intensity induced by metal
ions has been investigated and the respective fluorescence
responses of the dendrimer chromophore are presented in Figs.
1-4. As it can be seen the addition of metal ions leads to an
increase of the fluorescence intensity of the dendrimer system
different for each metal ions. For example for Fe?* and
Ni**, a plateau is reach for 1.107* M and 2.10~* M, while
for two others (Zn** and Pb**") a steady increase occurs. On
the other hand then no change of the absorption maxima in
comparison with the dendrimer free from the metal ions has
been observed. The fluorescence emission increases after the
addition of metal ions into the dendrimer solution up to one
concentration different for the different metal sales. Above this
concentration the fluorescence intensity decreases due to the
increasing of quenching from high concentration of transition
metal ion.

The 1,8-naphthalimide core is subjected to PET from the
atoms comprising the central amino groups of the PAMAM

Table 1 Photophysical characteristics of dendrimer in DMF in the
presence of metal ions (see text)

in/ e/ va—Vr/ Alr/
Metal ion nm nm cm! nm FE 2% Er
Zn** 428 496, 519 4096 3 451 0.58 0.48
NiZ+ 428 496, 517 4022 5 551 0.64 0.53
Fe?t 428 496, 518 4059 5 10.81 0.69 0.57
Pb>* 428 496, 516 3984 6 342 049 041
— 428 522 4207 — — 0.11 0.09
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Fig. 1 Fluorescence spectra of dendrimer in N,N-dimethylformamide
at various concentrations of Zn*>" ions. The concentrations of Zn>*
ions are, in order of increasing intensity, from 0 to 8 x 107> M. The
concentration of dendrimer is 1 x 1076 M.
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Fig. 2 Fluorescence spectra of dendrimer in N, N-dimethylformamide
at various concentrations of Ni*™ ions. The concentrations of Ni**
ions are, in order of increasing intensity, from 0 to 2 x 10~* M. The
concentration of dendrimer is 1 x 107¢ M.

structure and to another PET from the terminal amino groups
of the dialkylamino moieties. In this case the latter PET is a
major factor.!” In fact the metal cations interact with the
dimethylamino groups from the 1,8-naphthalimide chromo-
phoric system.'® The central dendrimer part?**' also becomes
involved in the reactions with the metal ions. Obviously, the
fluorescence intensity is much more affected by the formation
of a complex between the metal ions and the dialkylamino
moieties from the 1,8-naphthalimide structure. Moreover, the
formation of this complex causes a change in the polarization
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Fig. 3 Fluorescence spectra of dendrimer in N,N-dimethylformamide
at various concentrations of Fe’" ions. The concentrations of Fe?*
ions are, in order of increasing intensity, from 0 to 1 x 10~* M. The
concentration of dendrimer is 1 x 107 M.
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Fig. 4 Fluorescence spectra of dendrimer in N, N-dimethylformamide
at various concentrations of Pb>* ions. The concentrations of Pb>*
ions are, in order of increasing intensity, from 0 to 5 x 10~ M. The
concentration of dendrimer is 1 x 107¢ M.

of the chromophoric system greater than that evoked by com-
plex formation in the central part of the dendrimer.

Scheme 2 presents an illustrative model of the *Fluoro-
phore—Spacer—Receptor’” supramolecular system under study
for metal ions as guest and modified PAMAM dendrimer with
1,8-naphthalimide as host.

The interaction between the fluorophore (1,8-naphthali-
mide) and the receptor (dimethylamino group) provoking
photoinduced electron transfer leads to quenching of the fluor-
escence emission, Scheme 2 (A). The presence of the transition
metal ions in the dendrimer solution changes its properties
since in this case the system fluoresces intensely, Scheme 2 (B).

The presence of the guest metal ions is signalled by fluores-
cence enhancement (FE). The metal ions induce a hypsochro-
mic shift of the fluorescence maximum (A/g = 3-6 nm). On
the other hand all metal ions under study induce a second max-
imum which is hypsochromically shifted (Alg = 26 nm), indi-
cative also of the interaction between the dendrimer and metal
ions in the excited state. The hypsochromic shift and the sec-
ond fluorescent maximum in this case can be explained by
the formation of a coordination interaction between the nitro-
gen atom at the C-4 position of the naphthalene ring, the nitro-
gen atom and the metal ions from the dimethylamino group, as
can be seen in Scheme 3.

In Fig. 5 is presented the dependence of FE on the nature of
the metal ions. The FE was determined from the ratio of maxi-
mum fluorescence intensity (after metal ion addition) and
minimum fluorescence intensity (in the absence of metal ions).
The highest FE value was observed in the presence of Fe®t
ions. In this case only small amounts of Fe?* ions are required
to enhance the fluorescence intensity (Fig. 3). Similar beha-
viour was found for Ni* ions (Fig. 2). In contrast to this in
the other two cases the fluorescence intensity increase regularly
with the increases of the concentration of the Zn>" and Pb>"
ions (Figs. 1 and 4). These results are similar to those found
for the fluorescence quantum yields. As can be seen from
Table 1 the fluorescence quantum yields are considerably
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higher in the presence of the metal ions, in the order:

Fe>™ > Ni** > Zn?>* > Pb**

Besides @, the energy yield of fluorescence, Eg, can also be
used:??

Er = QPFJMA//ALF (1)

The respective results from Er were 0.41-0.57 for the systems
containing the dendrimer with metal ions and 0.09 for the den-
drimer alone.

The Stokes shift is a parameter which indicates the difference
in the properties and structure of the fluorescent compounds
between the ground S, state and the first exited S;state. The
Stokes shift is given by eqn. 2.

va —vE = (1/2a — 1/2F) x 107 2)

The Stokes shifts of the dendrimer systems with guest metal
ions were calculated using the long wavelength maximum and
is in the region 39844096 cm ™!, lower than those obtained for
the dendrimer alone. This means that in the presence of the
metal ions the conformation change of the dendrimer systems
is less pronounced.

With regard for the practical application of the fluorescent
PET system it is worth studying its photostability. Fig. 6
shows the kinetics of photodegradation of the dendrimer in
N,N-dimethylformamide solution. It has been found that the
photodegradation of the dendrimer follows a pseudo-first
order reaction. In Table 2 are listed the calculated rate con-
stants K, of the dendrimer photodegradation. As can be seen,
the degradation is higher when the dendrimer is used alone. It
should be noted that all of the metal ions studied have a photo-
stabilizing effect. Fe*™ and Ni*" ions provide the best photo-
stability. That observed in the presence of Pb>" ions is much
lower than those in the other cases. The photostabilizing effect
is due probably to the increase of the fluorescence intensity in
the presence of metal ions and re-emission of the absorbed UV
light as long wavelength visible light. As a result the degrading
effect of high energy UV light upon the dendrimer molecule is
reduced. On the other hand, the reduced photodegradation
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Fig. 5 Fluorescence enhancement (FE) of dendrimer in the presence
of different metal ions in N,N-dimethylformamide solution.
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Fig. 6 Photodegradation of PAMAM dendrimer in the presence of:
(1) Fe*" (c=1x10"* M), (2) Ni** (€=2x 107* M), (3) Zn**"
(¢ =8x1072 M), (4) Pb>" (¢ = 5% 1072 M), and (5) with no metal
ions. The concentration of dendrimer is 1 x 107% M.

Table 2 Rate constants K, of photodestruction of dendrimer and
dendrimer/metal ion systems in N,N-dimethylformamide solution

System K,/s7

Dendrimer + Zn** 1.03 x 107*
Dendrimer + NiZ*+ 0.38x 107*
Dendrimer + Fe?* 0.36 x 107#
Dendrimer + Pb>* 1.83x107*
Dendrimer 526%x 1074

might be due to the fact that the presence of metal ions elim-
inates the possibility for photoinduced electron transfer which
leads to amine oxidation.

Conclusions

In this paper we have presented the results of a PET photophy-
sical investigation of one polyamidoamine dendrimer with peri-
pheral 4-dimethylaminoethylamine-1,8-naphthalimide. We
have shown that in the presence of metal ions (Fe**, Ni?*,
Zn**, Pb>") the fluorescence intensity of the dendrimer mole-
cule is higher. After these metal ions bind strongly with the
receptor, the fluorophore can give rise to good fluorescence
enhancement in the dendrimer system. It was shown that the
fluorescence intensity depends on the nature of the metal ions.
The metal ions have a photostabilizing effect on the dendrimer
molecule. On the basis of the present investigation it can be
assumed that the new dendrimer investigated is suitable for
use as a fluorescent sensor of metal ions.
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