Effect of protons and metal ions on the fluorescence properties of
a polylysin dendrimer containing twenty four dansyl units §
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The interaction of protons, Co**, Ni** and Zn?* ions (as nitrate salts) with a polylysin dendrimer, D,

functionalized in the periphery with 24 5-dimethylamino-1-naphthalenesulfonamido (dansyl) units has been
investigated in acetonitrile-dichloromethane solution. The dendrimer consists of a benzene core branched in the

1, 3, and 5 positions. Each branch starts with a (dialkyl)carboxamide-type moiety and carries (i) six aliphatic amide
groups and (ii) eight fluorescent dansyl units. For comparison purposes, the behaviour of a monodansyl reference
compound (I) has also been investigated. The absorption spectrum and the fluorescence properties of the dendrimer
are those expected for a species containing 24 non-interacting dansyl units. Both for the model compound and

for the dendrimer, protonation causes a shift of the absorption and fluorescence bands towards higher energies;

for the dendrimer, however, the changes in fluorescence intensity during the acid titration reveal the occurrence of
intradendrimer quenching processes, with signal amplification. Addition of Co** or Ni** ions to a basic solution

of the model compound I does not cause any effect in the absorption and emission properties, whereas in the case of
dendrimer D a strong fluorescence quenching is observed. At low metal ion concentration each metal ion quenches
about 9 dansyl units; the fluorescence quenching takes place by a static mechanism involving co-ordination of metal
ions in the interior of the dendrimer. Addition of Zn*" to a basic solution of the dendrimer causes only a very small

decrease in the fluorescence intensity. The co-ordinated Co** and Ni** ions are fully displaced by addition of Zn**
or H" with revival of the dansyl fluorescence. The results obtained show that a dendrimer can exhibit an unusual

co-ordinating ability and sensory signal amplification.

Introduction

Dendrimers' are well defined macromolecules exhibiting a
tree-like structure, first derived by the “cascade molecule”
approach.? Dendrimer chemistry is a rapidly expanding field
for both basic and applicative reasons.® Dendrimers containing
photoactive components*™* can exhibit particularly interesting
properties since (i) co-operation among the photoactive units
can allow the dendrimer to perform specific functions (e.g., light
harvesting by an antenna effect), and (ii) changes in the proper-
ties of such units can be exploited to monitor the participation
of dendrimers in chemical processes (e.g, electron-transfer
reactions). A recent development of dendrimer chemistry con-
cerns the co-ordination of metal ions in the interior branches or
in the exterior units."*" When a dendrimer contains photo-
active components, interaction with metal ions can result in
strong changes of the photochemical and photophysical
properties.?’

Continuing our investigations in the field of photoactive
dendrimers,**® we report here the preparation of a polylysin
dendrimer functionalized in the periphery with 24 fluorescent
5-dimethylamino-1-naphthalenesulfonamido (dansyl) units, its
spectroscopic properties, and its interaction with protons and
metal ions in a 5:1 v/v acetonitrile-dichloromethane solution.
The formula of the dendrimer (D) is shown in Fig. 1. The den-
drimer consists of a benzene core, branched in the 1, 3, and 5
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DOI: 10.1039/b003214j

positions. Each branch starts with a (dialkyl)carboxamide-type
moiety and carries six aliphatic amide groups and eight dansyl
units in the periphery. For comparison purposes, the behaviour
of a monodansyl reference compound (I, Fig. 1) has also been
investigated. The dansyl chromophoric group, which shows
intense absorption bands in the near UV spectral region and a
strong fluorescence band in the visible region, is extensively
used for sensing or labelling purposes.*

The results obtained show that all the 24 dansyl units of the
D dendrimer can be protonated and that in slightly basic solu-
tion the dendrimer can co-ordinate transition metal ions. Pro-
found effects on the fluorescence properties of the dendrimer
are observed because of intradendrimer quenching processes
occurring with signal amplification.

Experimental

Preparation of 24-Cascade : benzene-(1,3,5)tricarboxamide-
[6-N, N,N',N' ,N",N"]: (3,4-diaza-2-oxohexylidene)[2-1,1]:
(2-ox0-3-azapropylidene : 2-0x0-3-azaheptylidene):
N-(5'-dimethylaminonaphth-1-ylthiodioxo)amine :
N-(5'-dimethylaminonaphth-1-ylthiodioxo)butylamine

The dendrimer starting material (24-Cascade: benzene-(1,3,5)-
tricarboxamide[6-N,N,N',N',N",N"]: (3,4-diaza-2-oxohexylid-
ene)[2-1,1]: (2-oxo-3-azapropylidene : 2-oxo-3-azaheptylidene) :
amine: butylamine) was obtained by courtesy of Schering AG,
Berlin, Germany (Dr H. Schmitt-Willich).?? 0.40 g (0.144
mmol) starting polylysin dendrimer and 0.48 ml (3.46 mmol)
triethylamine were dissolved in 150 ml of dry dichloromethane.
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Fig. 1 Structural formulas of the dendrimer D and of the monodansyl reference compound I.
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Fig.2 MALDI-TOF-MS of dendrimer D. For more detail, see Experimental section.
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Fig. 3 Absorption and (inset) fluorescence spectra of dendrimer D in
acetonitrile-dichloromethane solution upon titration with triflic acid
(CF;SO;H). Curve a is the spectrum of the original solution, b that at
the end of the titration. The emission spectra have been obtained by
excitation at the isosbestic point at 273 nm.

To the refluxing mixture a solution of 1.40 g (5.2 mmol)
dansyl chloride in 50 ml dichloromethane was added drop-
wise. After stirring for three days under reflux the mixture
was stirred at 25 °C for two days. The solvent was removed
in vacuo and the residue collected in dichloromethane. After
washing with water, aqueous Na,CO; and again with water the
organic phase was dried with Na,SO,. Further purification was
achieved by column chromatography (140 g SiO,, 40-63 pm,
CH,Cl,, then CH,Cl,-MeOH-Et;N 100:5:1) yielding 0.72 g
(60%) of a bright yellow solid, mp 180-187 °C. TLC (SiO,):
R;=0.30 (dichloromethane-methanol-triethylamine 100:5:1).
'H NMR (400 MHz, CD,Cl,, 25°C): 6 0.45-1.80 (bm, two
maxima at 0.82 and 1.21, 108 H, 18 (NCH(CH,);CH,N)), 2.10
(bm, 24 H, CH,NSO,), 2.20 (bm, 12 H, CH,NHCO), 2.55-4.00
(bm, three maxima at 2.65, 2.75 and 3.47, 186 H, 3 N(CH,-
CH,NHCO),, 24 (N(CH,),) and 18 (tert-CH)), 6.95 (bm, 24 H,
CHygansp)> 7.30 (bm, 48 H, CHg,py) and 7.79-8.42 (bm, 75 H,
CHgapsyt and CHp,). C NMR (100.6 MHz, CDCl,;, 25 °C):
021.9, 28.5, 31.9, 39.1, 42.6 (CH,NSQO,), 45.5 (NCH,;),), 53.6,
57.1, 1154, 119.2, 123.3, 128.3 (Cypnsp)> 128.6 (Cpyp), 129.2,
129.7,129.9, 130.2 (CH gynsy)> 130.7 (Cpy), 135.2, 151.8 (Cyynsyr)s
171.6, 172.5 and 172.7 (CONH). MALDI-TOF-MS (Fig. 2;
matrix 4-hydroxyazobenzene): m/z (%) 8375.2 (100, M + H*),
8140.1 (16, M — dansyl + H") and 7905.5 (4, M — 2dansyl +
H™); calc. for Cy7Hs16Ng9Og0S,4: 8371.6.

The absorption spectra and photophysical properties (fluor-
escence spectra, quantum yields, and excited state lifetimes)
were studied in acetonitrile-dichloromethane (5:1 v/v) solu-
tion. The equipment used has been described elsewhere.? Fluor-
escence quantum yields were measured following the methods
of Demas and Crosby® (standard used: quinine sulfate in
0.5 M H,SO,, @ = 0.55).* The emission intensity was corrected
for inner filter effects when necessary.”® The estimated experi-
mental error is 2 nm on the band maximum, 5% on the molar
absorption coefficient, 10% on the fluorescence quantum
yield, and 5% on the fluorescence lifetime.

Results and discussion
Absorption and emission properties

In acetonitrile-dichloromethane 5:1 v/v solution dendrimer D
exhibits (Fig. 3) intense absorption bands in the near UV spec-
tral region (A, =253 and 341 nm), practically at the same
wavelengths (/.. =252 and 338 nm) as those of the model
compound I. The molar absorption coefficients for the den-
drimer D (g,,,, = 296 000 and 91 800 M cm™?) are 24 times the
values measured for independent dansyl units, within experi-
mental errors (for I &, = 12200 and 3900 M~' cm™"). The
strong fluorescence band (Fig. 3, inset) exhibited by D in the
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Fig. 4 Normalized changes in absorbance and fluorescence intensity
observed for compounds I (inset) and D upon titration with triflic acid.
The changes in absorbance at 339 (unprotonated form) and 286 nm
(protonated form) are labelled by (@) and (O), respectively; the changes
in the fluorescence intensity at 514 (unprotonated form) and 336 nm
(protonated form) are labelled by (A) and (A), respectively.

visible region has maximum (514 nm), quantum yield (0.28),
and lifetime (15 ns) comparable to those of model compound I
(Amax = 509 nm, @ =0.30, 7= 12 ns). These results show that in
the dendrimer the interaction among the 24 dansyl groups is, at
most, very small.

The energy of the fluorescent excited state of the unproton-
ated dansyl unit, as estimated from the onset of the correspond-
ing fluorescence bands, is about 2.76 eV. Electrochemical
experiments in acetonitrile solution have shown that compound
I undergoes a chemically irreversible one-electron oxidation
process (E,, about 0.9 V vs. SCE, as estimated by digital simu-
lation), and a one-electron reduction process, reversible only
at low temperature (—40 °C) with E;, = —2.02 V (vs. SCE). It
follows?® that the fluorescent excited state of the unprotonated
dansyl unit is a weak oxidant, E(*dansyl/dansyl™) ca. +0.7 V,
and a strong reductant, E(dansyl*/*dansyl) ca. —1.9 V.

Protonation of the dendrimer

Absorption and fluorescence spectra. The absorption and
emission properties of the dansyl group are very sensitive to the
addition of acid because of the protonation of the amine sub-
unit.¥? In the acid titration experiments the concentration of
D was 6.3 x 107® M and that of the reference compound I was
24 times higher, in order to have the same number of dansyl
units in each solution. The fluorescence intensity values have
been obtained by excitation at an isosbestic point (4 =273 nm).
From a qualitative viewpoint, both the reference compound I
and the dendrimer D exhibit the same behaviour. The spectra of
D before and after addition of an excess of CF;SO;H are shown
in Fig. 3. At the end of the acid titration the original absorption
bands are no longer present and a new band is formed
(Amay = 286 nm; £, = 6800 M~ cm ™! for I and A, = 288 nm;
Emax = 172600 M~ cm™! for D). The same isosbestic points are
present for both compounds. Besides the changes in absorb-
ance, protonation causes the disappearance of the strong fluor-
escence band with 1., = 514 nm and the appearance of a much
weaker, shorter lived fluorescence band (Fig. 3, inset) with
Amax = 338 nm, @ =0.005, 7 <1 ns for D, comparable to that
found for the protonated form of I (4,,, =336 nm, @ =0.002,
7 <1 ns).

In the case of the model compound I, the intensity of the
absorption band of unprotonated dansyl at 339 nm decreases
linearly with the number of equivalents of acid added (Fig. 4,
inset), and it is accompanied by (i) a parallel increase of the
absorption band of protonated dansyl at 286 nm, (ii) a parallel
decrease of the unprotonated dansyl emission intensity at 514
nm, and (iii) a parallel increase of the protonated dansyl
emission intensity at 336 nm. Protonation of 50% of I requires
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0.7 equivalent of acid, showing that, in the solvent used, the
protonated dansyl unit is an acid slightly stronger than triflic
acid.

For dendrimer D (Fig. 4) the decrease of the absorption band
of the unprotonated dansyl units at 339 nm is again accom-
panied by a parallel increase of the absorption band of the
protonated dansyl units at 286 nm, and 50% protonation
requires 16 equivalents of acid per dendrimer. Since such a
value is about 24 times larger than that required for 50%
protonation of the monodansyl reference compound I (see
above), this result indicates that the 24 dansyl units of D behave
independently as far as protonation is concerned, at least
until 50% of such units have been protonated. When the frac-
tion of protonated dansyl units becomes higher, however, the
titration plot is no longer linear (Fig. 4), showing that fur-
ther protonation of the dendrimer becomes more and more
difficult. When the number of equivalents of acid added
approaches 100 (which means about 4 protons per dansyl
unit), practically all the 24 dansyl units of all the dendrimer
molecules are protonated. The protonation reaction is fully
reversible upon addition of a base (1,5-diazabicyclo[4.3.0]-
non-5-ene, DBN).

Intradendrimer fluorescence quenching. Comparison of the
titration curves obtained from fluorescence measurements for
compounds I and D (Fig. 4) shows an important difference.
Contrary to what happens for I, in the case of dendrimer D the
changes in the fluorescence intensities of both the unproton-
ated and protonated species do not parallel the corresponding
changes in absorbance. As one can see, the fluorescence inten-
sity of the unprotonated units decreases much faster than
expected from the decrease in their concentration, as measured
from the change in absorbance at 339 nm. Furthermore, the
appearance and the increase in the fluorescence intensity at 336
nm, characteristic of the protonated dansyl units, occur later
than expected on the basis of their concentration, as measured
from the changes in absorbance at 286 nm. These results show
that a mutual quenching takes place of the excited unproton-
ated species by the ground state protonated species and of the
excited protonated species by the ground state unprotonated
ones. Although such mutual quenching does not follow a linear
behaviour because of the statistical distribution of the protons
among the great number of equivalent dansyl units, the data
show that, under certain conditions, the number of quenched
excited state units is higher than the number of potential
quencher units. For example, when the solution contains 80%
unprotonated and 20% protonated units, the observed quench-
ing of half of the unprotonated dansyl units (40% of the overall
units) shows that, on an average, a protonated unit can quench
two unprotonated ones. Such an amplification of the fluor-
escence quenching effect has previously been reported for
another family of dendrimers.¥** We have also found that
solutions containing partially protonated dendrimers exhibit
multiexponential fluorescence decay.

The energy of the fluorescent excited state of the protonated
dansyl unit, as estimated from the onset of the corresponding
fluorescence bands, is about 3.88 eV. Electrochemical experi-
ments in acetonitrile solution have shown that for the proton-
ated form of compound I no oxidation and reduction process
can be observed within the available potential window which,
however, is severely restricted by the presence of triflic acid
(about —0.8 to +1.6 V vs. SCE). Since the amine electron pair
in the protonated form is engaged, it can be expected that the
protonated dansyl unit is much more difficult to oxidize than
the unprotonated dansyl. Reduction of the protonated form,
however, should occur at a potential much less negative than
that of the unprotonated form (see above). Therefore, taking
also into account its high spectroscopic energy, it can be
expected that the excited state of the protonated dansyl unit is a
strong oxidant.
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Fig. 5 Titration with Ni** (@) and Co*" (O) ions of a 6.3 X 107* M
solution of D containing 1.5 X 10™* M base.

From the data reported above, it follows that: (i) the fluor-
escent excited state of the unprotonated units can only be
quenched by the ground state of the protonated units via an
oxidative electron transfer; (ii) the fluorescent excited state of
the protonated dansyl units (3.88 eV) can be quenched by the
ground state of the unprotonated dansyl units (excited state
energy, 2.76 eV) by energy transfer and, most likely, also by
reductive electron transfer.

In order to elucidate the quenching mechanism of the proton-
ated dansyl units, we recorded the excitation spectra (4., = 514
nm, a band of the unprotonated dansyl unit) of solutions con-
taining 50% protonated molecules of compounds I and D. For I
the excitation spectrum was found to match the absorption
spectrum of the unprotonated dansyl units. In the case of den-
drimer D the excitation spectrum showed some features of the
protonated dansyl units, indicating that energy transfer can
account, at most, for 20% of the observed quenching.

Metal ion co-ordination

It is known that, in sufficiently basic solution, amide groups,?’
including the dansylamide units,® can undergo deprotonation
and co-ordination of transition metal ions. Addition of Co*" or
Ni** ions (as M(NOj;),+6H,0 salts) up to 1.9 x 107* M to aceto-
nitrile-dichloromethane (5:1 v/v) solutions of compounds I
and D did not cause any change in the absorption and fluor-
escence properties. No effect was observed also upon separate
addition of tributylamine base. Addition of both metal ion and
base did not cause any effect on the spectroscopic properties of
the reference compound I, but caused a strong quenching in the
fluorescence intensity of the dansyl units in the case of den-
drimer D. Fig. 5 shows the results obtained upon titration of a
6.3 x 107° M solution of D containing 1.5 x 10~* M base with
Ni?* or Co** ions. Dynamic quenching cannot account for the
observed quenching since the lifetime of the fluorescent excited
state of the dansyl unit is too short (15 ns) and the metal ion
concentration (1.9 X 107* M) is too low to cause sizeable effects
even in the case of a diffusion controlled process.?® Since addi-
tion of metal ions under the same experimental conditions has
no effect on the fluorescence of the monodansyl reference com-
pound I, the observed quenching must originate from co-
ordination of metal ions by a co-operative action of several
amide units of the dendrimer. The absorption spectrum of the
dendrimer does not show any appreciable change upon metal
co-ordination, suggesting that deprotonation, followed by
metal ion co-ordination, essentially concerns the aliphatic
amide moieties of the dendrimer. With a stronger base (e.g,
tetramethylammonium hydroxide), however, spectral evidence
of deprotonation of the dansyl amide units has been obtained.

Once metal co-ordination has occurred, quenching can take
place by both energy and electron transfer since the excited
state of the dansyl unit is a good energy and electron donor (see
above) and complexes of Co™ and Ni" have several low energy
excited states* and accessible redox levels.*
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It is noteworthy that at very low Ni** or Co?* concentration
(Fig. 5), when each dendrimer cannot co-ordinate more than
a single metal ion, about 9 dansyl units per metal ion are
quenched, as schematically represented in Fig. 6. This is
another example of sensory signal amplification®' in the quench-
ing of a fluorescent dendrimer.?

It can also be noted that on increasing M(NO;),-6H,0
(M = Co®* or Ni**) concentration the luminescence intensity
reaches a plateau, whose value decreases with increasing base
concentration. In any case, the plot (Fig. 5) does not go to zero.
Such an incomplete quenching can be explained on the basis
of limitations imposed on metal ion co-ordination by the
dendrimer caused by: (i) incomplete amide deprotonation, (ii)
electrostatic repulsion between metal ions, (iii) involvement of
dendrimer co-ordination sites in hydrogen bonding with the
NO,~ counter ions,* and (iv) the presence of an increasing
number of other ligands (water molecules and counter ions).

We have also examined the effect of addition of Zn** ions
as Zn(NO;),-6H,0 salt to solutions of compounds I and D.
Up to 1.9x10™* M Zn*>" concentration no change was
observed in the absorption and fluorescence properties.
Addition of both Zn** and base caused no effect on I and
only a very small decrease in the fluorescence intensity of
the dansyl units in the case of dendrimer D (Fig. 7). Since
Zn>* exhibits neither low energy excited states nor access-
ible redox levels, the observed effect cannot properly be
considered as a quenching. Rather, it can be attributed to per-
turbations (e.g, electrostatic or structural ones) of the dansyl
excited state. We have also found that addition of Zn** to a
dendrimer solution containing Ni** causes a revival of the
fluorescence intensity (Fig. 7). This shows that Zn** displaces
Ni** from the interior of the dendrimer. Accordingly, when
Zn?" is first added, successive addition of Ni** does not
cause any effect.
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Fig. 7 Titration with Ni** (@) and, successively, Zn** (O) ions of a
6.3 X107 M solution of compound D containing 1.5 x 10™* M base
(solid line). The dashed curve shows the behaviour observed on
addition of Zn®" alone.

Finally, we have found that the Ni** and Co?" ions can also
be displaced by acid addition, as expected because of the
reprotonation of the amide units.?’

Conclusions

We have shown that the polylysin dendrimer D, which contains
24 dansyl units in the periphery and 18 aliphatic amide units in
the interior, can reversibly bind protons and transition metal
ions. Protonation takes place on the amine moiety of the dansyl
groups, whereas metal co-ordination takes place by a co-
operative action of deprotonated (in basic solution) aliphatic
amide units. Both protonation and Ni** and Co** co-
ordination cause a quenching of the fluorescence emission of
the dansyl units, with a significant signal amplification (e.g, 9
dansyl units are quenched by one co-ordinated metal ion). Zn**
ions do not quench the fluorescence intensity and can replace
Ni?* and Co*" in the interior of the dendrimer, thereby causing
a revival of the dansyl fluorescence. These results indicate that
(1) a dendrimer containing several potential ligand sites can
exhibit unusual co-ordinating ability** and (ii) in a dendritic
structure it is possible to obtain signal amplification effects
which might prove useful for the design of very sensitive
fluorescent chemosensors. >
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