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ARTICLE INFO ABSTRACT

Article history: We report here the synthesis of a new thio-aza macrocyclic chemosensor based on the 2,5-

diphenyl[1,3,4]oxadiazole in which two thioether groups were inserted in a macrocycle with the aim
Keywords: to make it suitable for the coordination of soft and heavy metal ions. In acetonitrile solution, the fluo-
Fluorescence rescence of the chemosensor changes upon addition of different metal ions, such as Cu(II), Zn(II), Cd(II),
Ch?mosensors. Pb(II), Hg(1l) and Ag(I), that form a not fluorescent ML species and a fluorescent ML species character-
i/'[“ca nanoparticles ized also via NMR experiments. The hosting of the chemosensor inside the PluS Nanoparticles leads to
sile\!/ recrury a high water solubility, allowing to perform the metal detection without the use of additional solvents

and also induced an higher selectivity towards Ag(I) and Hg(Il). Moreover, it was demonstrated for the
first time the possibility to control the stoichiometry of the formed complex upon changing the number
of ligands per nanoparticles. To our opinion, this possibility can give an additional tool for the tuning of
the affinity and selectivity of the chemosensor that could be of great interest for the design of more and

Signal amplification

more efficient systems.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The development of fluorescent molecular sensors for the detec-
tion of a specific analyte is a growing area of chemistry. Their appeal
is due to the fact that they offer many advantages in terms of sen-
sitivity, response time and costs with respect to other detection
methods, such as the expensive and time-consuming inductively
coupled plasma-mass spectroscopy and atomic absorption spec-
troscopy [1-4]. Among the possible substrates, metal ions have a
central role since they are almost ubiquitous in the functions gov-
erning life. Therefore, their selective detection and quantification
rises considerable attention in many fields such as environmental
and security monitoring, waste management, nutrition, and clini-
cal toxicology [1-7]. In particular, soft and heavy metal ions such
as Ag*, Hg?*, Cd?*, and Pb2* presenting a toxic impact on human
health [8-11], catalyze great research efforts worldwide towards
the design of sensors for their detection in real matrices.
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In particular, silver is widely used in the electrical, photographic
and imaging industry, as well as in pharmacy [12-14], and it is
known to inhibit the activity of many bacteria, viruses, and fungi
[15-17]. It is toxic and undergoes bioaccumulation; for example,
silver ion inactivate sulfhydryl enzymes and in combination with
several metabolites, cause serious environmental and health prob-
lems [18,19]. Mercury is one of the most toxic metals; nevertheless
it is always present in the lithosphere and in waters due to its
widespread use in industry and agriculture. Because of its high
affinity for sulphur atoms it strongly interacts with many proteins
and enzymes thus bioaccumulating and producing pathological
diseases [20,21]. Similarly, the presence of cadmium and lead in
several industrial processes and devices (for example in batteries)
increases the possible exposure to these elements with serious fall-
outs for human health (inducing memory loss, anaemia, muscle
paralysis, and mental retardation) and for the environment [22].

In this context, we have recently reported the synthesis
and study of the binding properties of a class of macrocyclic
chemosensors based on polyamines as coordinating groups and
the 2,5-diphenyl|1,3,4]oxadiazole (PPD) as signalling unit incorpo-
rated in the macrocyclic skeleton [23,24]. The ligand shows four
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Scheme 1. Scheme of the synthesis of L.

amine functions and responds selectively in water via an increase
of the fluorescence intensity to Zn(II) also at physiological pH (7.4)
[24].

Here we report the synthesis of a new PPD-based chemosensor
L (Chart 1), in which two thioether groups were inserted together
with two amine functions in the macrocycle. We inserted the two S
atoms to make the chemosensor suitable for the coordination of soft
and heavy metal ions both in organic and aqueous media, enlarg-
ing the available toolbox for the detection of metal ions. We also
report on the effects of the inclusion of L in core-shell water solu-
ble nanoparticles, the so-called PluS Nanoparticles (PluS NPs): silica
nanoparticle synthesized with a strategy based on the formation
of micelles of Pluronic® F127 in water [25-28]. We have already
proposed this strategy to increase the water solubility, the affin-
ity and the signal-to-noise ratio of some chemosensors [29-33].
The extension of this approach to other systems can afford, to our
opinion, additional information for the design of a new genera-
tion of chemosensors able to investigate the toxic effects of metal
ions directly in the compromised environment that is usually an
aqueous media, giving analytical answers with high selectivity and
sensitivity [34].

2. Results and discussion

2.1. Synthesis

The synthetic pathway used to obtain the ligand L is pre-
sented in Scheme 1. The 2,11-diaza-5,8-dithiadodecane reagent 6
was obtained in good yield starting from 2-aminoethanethiol 1
and 1,2-dibromoethane 2 and following the procedure reported
by Zheng et al. [35] to get the 1,10-diaza-4,7-dithiadecane com-
pound 3 which was then isolated as 3-2HCI and characterized.
The two amine functions of 3 were nosyl-protected using 2-
nitrobenzenesulfonylchloride in pyridine to afford in good yield
(54%) compound 4. After purification and characterization 4 was

N—N
Q”
£

H3\N CH3

S S

1
Chart 1. Ligand L with atom labelling used in NMR assignments.

reacted with methyliodide in DMF in the presence of an alka-
line carbonate base to obtain, in a quantitative yield, 5. The use
of thiophenol in acetonitrile in the presence of an alkaline car-
bonate base allows the removal of the nosyl amine-protective
group and the obtainment of 6. It was purified in ethanol by pre-
cipitation with perchlorate acid to obtain the 6-2HCIO4 salt that
also allows an easier storage. The heteroaromatic scaffold 2,5-
bis[2-(chloromethyl)phenyl][1,3,4]oxadiazole 7 was synthesized
as previously reported [23,36].

The final compound L was obtained reacting 6.:2HCIO4 and 7 in
a 1+1 cyclization scheme in the presence of an alkaline carbonate
base. The cyclization occurs in high yield and L was easily purified
from the crude products by chromatography and crystallization
from hot water/ethanol (80:20, v/v).

2.2. Solution studies

2.2.1. UV-vis and fluorescence of L in water:ethanol solutions

The photochemical properties of L as a function of the pH were
firstly investigated in a protic water:ethanol 1:1 (v/v) solution
because of its limited solubility in pure H;O. These experi-
ments showed that the ligand is fluorescent in acid media but
quenched at basic pH values (Fig. 1). At pH=2 L absorbs at 280 nm
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Fig. 1. Absorption (a) and emission (b) spectra of L, and (c) trend of the emission intensity (M) and of the absorption Amax (O) of L as a function of pH in water. Conditions:

[L]=1.5 x 10-5 M; Aex =270 nm.

(6=14,300dm3 mol~! cm~') and presents a fluorescence emission
at 350nm (®=0.17), that previous theoretical studies on the PPD
fragment attributed to a twisted intramolecular charge transfer
(TICT) excited state [37]. At pH =12 the absorption peak undergoes
a small blue shift to 273 nm, and the fluorescence was completely
quenched. In particular, the drop in fluorescence emission starts at
pH 5 while at pH 8 the emission is already completely quenched.
This means that at pH <5 the two amines are protonated, at pH>8
one of them is deprotonated, and considering the trend of Amax
as a function of the pH (Fig. 1c), it is possible to establish that
the second amine is deprotonated only at pH>10. This behaviour
has been observed also in similar ligands containing the PPD fluo-
rophore [23,24]. Taken together, all these results indicate that the
emission of L is regulated by a photo-induced electron transfer
(PET) process from the lone pairs of the amine functions to the
HOMO of the excited fluorophore. In fact, at acid pH, where both
the amines are protonated, the PET process cannot take place and
the excited state is emissive; on the contrary, by the deprotonation
of the first ammonium group, the PET can occur and the excited
state is quenched. On the other hand, the fact that in acid media
the ligand is fluorescent means that the two sulphur atoms are not
able to quench the PPD.

2.2.2. Photophysical and metal ion binding properties of L in
acetonitrile solutions

In the aprotic acetonitrile solvent, the absorption spectrum
of L shows a band at 271 nm (&=14,900dm3 mol-!cm~!), and
no fluorescence could be observed because of the PET process
from the lone pairs of the two amine functions. Reasonably, in

these conditions it is possible to predict that the coordination of a
suitable metal ion involving the macrocyclic moiety should affect
the emission intensity by preventing the PET and switching ON
the emission. In addition, the OFF-ON fluorescence signal variation
induced by the metal ion coordination should result maximized in
this medium with respect to the protic mixed solvent discussed
above where L is emitting in a large range of pH including the neu-
trality. However, it has to be considered that the coordination of the
metal ion by the donor atoms can also induce constrains in the PPD
conformation, and this could also affect the emission properties
influencing the TICT state. Moreover, metal coordination can also
introduce additional non-radiative deactivation pathways, such as
the so-called heavy atom effect. In order to test the behaviour of
L towards Ca(II), Ba(Il), Cu(II), Ag(I), Zn(II), Cd(II), Hg(II) and Pb(II)
spectrophotometric and spectrofluorimetric titrations were carried
outin this solvent. Ca(Il) and Ba(II) did not affect the L spectra, prob-
ably because they are not complexed by L, while Cu(II), Zn(II), Cd(1I),
Pb(II), Hg(Il) and Ag(I) form a not fluorescent ML species and a flu-
orescent M,L species. As an example, by addition of Pb(Il) ions to
a solution of L in acetonitrile, the absorption band at 271 increases
in ¢ and undergoes a slight red shift up to 277 nm, and the inten-
sity emission at 350 nm shows a high increase. Both absorption
and emission spectra reach the invariance with the addition of two
equivalents of Pb(II) ions. In particular, examining the trend of the
emission at 350 nm as a function of the added equivalents of Pb(II),
we can observe that the increase of the fluorescence starts after the
addition of the first one and reaches its maximum at 2 equiv. (Fig. 2).
This means that (i) the ligand can bind two equivalents of Pb(II)
and (ii) the first Pb(II) does not affect the fluorescence emission
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Fig. 2. Spectrofluorimetric titration (a) of L with Pb(ClO4), in acetonitrile and (b)
trend of the emission at 350 nm. Conditions: [L]=2 x 1076 M; [Pb?*]=0-1 x 107> M;
Aex =270 nm.

Table 1

Association constants® (logK) of selected metal ions (M = Cu(II), Zn(II), Ag(I), Cd(II)
and Hg(I)) to ligand L in acetonitrile solution at 298 K determined by fluorescence
titration.

Reaction Log K

Cu(I1) Zn(1I) Ag(l) Cd(1r) Hg(1I)
L+M=LM 7.2(3)* 7.5(3) 4.06(3) 7.3(6) 6.4(2)
LM +M =LM, 3.4(3) 6.4(2) - 3.5(3) 4.3(2)

2 Values in parentheses are the standard deviations on the last significant figure.

while the second one does. This fluorescent behaviour is similar
for all the studied cations for which we have also determined the
complexation constants (Table 1) with the exception of Pb(II) that
presents such an high affinity to make impossible a reliable quan-
tification with a direct titration. Also Hg(Il) shows a rather large
association constant (log K11 =6.4+0.2 and log K1 =4.3 £0.2), but
with a much lower enhancement factor similarly to Cu(Il), Zn(II)
and Cd(II). On the contrary, the silver ions were the ones presenting
the lower affinity (log K11 =4.06 &+ 0.03) and the Ag,L species could
be observed only in the presence of a great excess of metal ion and
again with a limited enhancement factor. As already mentioned
Pb(Il) seems to form the more stable complexes in acetonitrile
and, in order to possibly quantify this qualitative evidence, we

N—N N—N
1\ 1\

o o
CHs—N—TPb  N—CHjs CH3—N—’P:b Pb/N—CH3
/N 1/ )

S S S S
___/ __/

Scheme 2. Proposed coordination models of L for the mono- and the di-nuclear
Pb(II)-L species in acetonitrile solution. The drawings of the complexes are only
partial, as other species coordinating at the remaining sites of M(II) are not specified.

performed competition experiments adding increasing amounts of
metalions toasolution containing Pb, L, following the titration both
via fluorescence and 'H NMR. However, the addition of 2 equiv. of
Cu(II), Zn(II) and Cd(1I) still did not affect the emission of the Pb,L
species preventing the determination of its association constant. It
is also worth mentioning that Cu(II), Zn(II), Cd(II) and Pb(II) induce
the highest emission enhancements (Table 2) and this could be
ascribed to the reasonable greater involvement of the amine func-
tions in the coordination of such metal ions thus more efficiently
preventing the PET effect.

2.2.3. NMR studies in acetonitrile solutions

TH NMR studies were performed in order to elucidate the
behaviour of L in the coordination of the ions. The 'H NMR spec-
trum of L in acetonitrile-d3 shows five aliphatic and four aromatic
resonances (Fig. 3a): a singlet at § =2.23 ppm integrating 6 protons
attributed to the resonance of H4 (H4, 6H), a singlet at 6 =2.46 ppm
(H1, 4H), two symmetrical multiplets at §=2.50 and §=2.60 ppm
(H2 and H3, 8H), a singlet at §=4.04ppm (H5, 4H), a multiplet
at §=7.45-7.65 ppm (H6, H7 and H8, 6H) and a double doublet at
8§=7.99 ppm (H9, 2H), indicating a C,, symmetry, mediated on the
NMR time scale. Upon addition of one equivalent of Pb(II) the 'H
NMR spectrum exhibits the broadening and the downfield-shift of
all of the aromatic and aliphatic resonances, with the sharp sin-
glet of the benzylic protons (H5) splitting in two very broad signals
(Fig. 3a). This suggests that the coordination of the first Pb(II) ion
involves most of the donor atoms of the macrocycle, giving rise to
a complex in slow exchange on the NMR time scale. The addition of
the second equivalent of Pb(II) induces a sharpening and a further
downfield shift of all resonances and in particular of H3, that also
splits in two distinct resonances, and of one H5, both belonging to
the Catom in @-position to the amine function. The resonance of the
methyl group (H4) splits in two well defined singlets at § =2.75 and
§=2.73 ppm (Fig. 3a), the ethylene chains give a complex pattern
of signals and the benzylic CH, signals (H5) split into two distinct
signals: a double doublet of doublets at § =4.31 and a double triplet
§=5.11 ppm. This indicates, in agreement with the spectrophoto-
metric measurements, the binding of a second Pb(Il) ion and the
formation of a dinuclear Pb(II) species. The stiffening of the com-
plex makes all the protons not equivalent on the NMR time scale
and their further downfield shift suggests that in this species, all
the four donor atoms are strongly involved in the metal coordi-
nation. All the PPD resonances exhibit a downfield shift which is
more marked for H9 and, although shifts are not large, a partial
involvement of PPD in the stabilization of Pb(Il) could be envis-
aged. A possible coordination model for L in the mono- and the
di-nuclear Pb(II)-L species in acetonitrile solution is reported in
Scheme 2.

Fig. 3b shows the spectra recorded after the addition of 1 and
2 equiv. of Hg(Il). In this case, the addition of the first and the sec-
ond equivalent of Hg(Il) causes the downfield shift of all aliphatic
signals, while the aromatic resonances undergo only minimal
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Fig. 3. "H NMR spectrum of L (1.0 x 10~2 mol dm~3) alone and after the addition of (a) 1.0 and 2.0 equiv. of Pb(II) or (b) 1.0 and 2.0 equiv. of Hg(II). All spectra were recorded

in CD3CN at 298 K.

Table 2

Quantum yield & of M, L complexes; M = Cu(II), Zn(II), Ag(I), Cd(II), Hg(II) and Pb(II).
Cu(I1) Zn(11) Cd(1n) Ag(D) Hg(1I) Pb(II)
0.053 0.097 0.080 0.025 0.005 0.145

modifications. This suggests that most of the binding donor atoms
are involved in the stabilization of the two Hg(II) ions while the PPD
unit is not. The higher shift exhibited by the resonances attributed
to protons H1 and H2, belonging to the group in a-position to the
S groups, with respect to H3 and H4, belonging to the group in «-
position to the N group, suggests that the two sulphur atoms give
an higher contribution to the stabilization of this thiophilic metal
ion.

The 'H NMR spectra carried out with Ag(I), Zn(II) and Cd(II)
showed a similar behaviour with respect to the one observed for
Hg(II). The addition of Ag(I) reveals the higher involvement of S
groups in the stabilization of both AgL and Ag,L species because H1
and H2, exhibit higher downfield shift with respect to H3 and H4. On
the contrary, the addition of Zn(Il) shows the higher shift of H3 and
H4 than H1 and H2 resonances denoting the higher involvement of
the amine groups in its stabilization.

Considering the Pb(II) species, it is possible to assess that: (i) the
PbL complex is fluxional on the NMR time scale and it is not fluores-
cent; (ii) the Pb,L complex is rigid on the NMR time scale and it is
fluorescent; (iii) in both mononuclear and dinuclear complexes all
the aliphatic functions are involved in the coordination; moreover

the PPD could cooperate in Pb(II) complexation and this could be
the reason of its high stability.

On the basis of these elements it is possible to propose the fol-
lowing model for the spectroscopic behaviour of L with Pb(II). In
the mononuclear complex the soft character of the Pb(II) ion drives
it to strongly bind the two sulphur atoms, and probably only one
of the amine functions. The presence of a free lone pair in one
benzylic amine, as already observed in analogous chemosensors
containing the PPD fluorophore [7,24], prevents the emission of
the fluorophore due to a PET process. The coordination of the sec-
ond Pb(II) involves all thioether and amine functions and blocks
the ligand in a stiffen conformation, causing the switch-ON of the
fluorescence by preventing the PET. A similar involvement of the
aliphatic binding groups can be suggested also in other cases and,
as a result, the metal complexes showing higher affinity to N than
to S such as Zn(II) and Cu(Il) are higher emitters than the ones with
Ag(1) or Hg(II) which are more thiophilic.

In conclusion, all these NMR results are in agreement with spec-
trofluorimetric titrations regarding the formation of ML and M-L
species indicating that in the M,L species the two aliphatic amines,
in addition to the aliphatic thiols, are involved in the coordination
of all metal ions and this is the likely reason of the OFF-ON response
of the fluorescence.

2.2.4. Use of PluS Nanoparticles
As already mentioned, we have developed a one-pot approach
for the synthesis of water-soluble silica core/shell nanoparticles,
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(A=270nm) with the trend at 351 nm.

named PluS Nanoparticles, based on the formation of micelles
of Pluronic® F127 in water. The final material is a nanostructure
characterized by a high water solubility, stability, and, when prop-
erly doped with suitable dyes, brightness. Most interestingly, we
have also demonstrated the possibility of hosting inside this mul-
ticompartment system water-insoluble functional molecules, such
as dyes [38], drugs, photoswitches, and chemosensors [29,31,32].
In particular, in this latter case we proved the possibility, with
this strategy, to increase the water solubility, the affinity and the
signal-to-noise ratio of the chemosensors. For this reason, in the
attempt to host L inside the Plus NPs, we added an increasing
amount of a 4.9 x 10~ M solution of the chemosensor in CH3CN
to a 1.0 x 106 M water suspension of NPs buffered at pH 7.4 with
MOPS. Up to the addition of ca 100 equiv., the system did not show
any form of aggregation, the only structure visible with dynamic
light scattering (DLS) is, in fact, attributable to the NPs having a
hydrodynamic diameter of ca 22 nm, with a very high monodis-
persity. By contrast, the addition of even small aliquots of L to
a water solution in absence of NPs leads to the formation of a

precipitate clearly visible also with naked eye; DLS experiments
in this case clearly showed the formation of aggregates having
a diameter of ca 50nm and high polydispersity. The absorption
maximum of the system L@NPs was at 280 nm, while the fluores-
cence band peaked at 351 nm, with a quantum yield of 0.033 and a
mean excited state lifetime of 0.3 ns. Interestingly, a rather high
fluorescence anisotropy (0.13) was observed in this case, giving
additional evidence for the inclusion of L inside a larger structure,
as already observed in similar cases with the same kind of nanopar-
ticles [30,31,38,39]. For all the following experiments, we choose
the use of a suspension of NPs hosting, in the average, 40 molecules
of L per nanoparticle, in order to exclude any possible precipitation
of the chemosensor. We tested the effect of the addition of the same
set of metal ions previously used in acetonitrile, i.e., Ca(Il), Ba(II),
Cu(II), Ag(I), Zn(II), Cd(II), Hg(II) and Pb(II), both as their nitrate and
perchlorate salts. The observed behaviour in these conditions, that
was independent on the anion, was dramatically different from the
one in acetonitrile. We could in fact detect emission changes only
upon addition of Ag(I) and Hg(II) ions (Figs. 4 and 5, respectively). In
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particular, increasing amounts of Hg(Il) caused a significant
decrease of the fluorescence intensity; from the fitting of the
titration curve it was possible to evidence the formation of a
complex having a 1:2 M:L stoichiometry (log 8, =10.0 +£0.2) with
@ =0.002 and an excited state lifetime equal to 0.2 ns. Similarly,
upon addition of Ag(I) ions, it was also possible to observe a
decrease of the emission intensity. The species formed possesses a
1:2 M:L stoichiometry (log 82 =9.7 £ 0.2) with a fluorescence quan-
tum yield=0.001 and an excited state lifetime equal to 0.1ns.
To verify if the different stoichiometry observed in these condi-
tions could be attributed only to the different solvent or, more
likely, to the close neighbouring of the ligands when included in
the core-shell structure, we performed a new titration experi-
ment in the presence of nanoparticles hosting a lower amount
of chemosensor (2 molecules per NP). Interestingly, also in these
conditions we observed a dramatic decrease of the fluorescence

intensity, which could, however, be fitted only assuming a 1:1
stoichiometry (logK,=5.42+0.04). This difference clearly indi-
cates that the local concentration of L inside the nanoparticles
has a fundamental role in the determination of the complex sto-
ichiometry. The lack of evidence for the complex having a 2:1 M:L
stoichiometry inside the NPs can be accounted for the high con-
centration of the ligand in this restricted medium, where, on the
contrary, the concentration of the more hydrophilic free metalionis
low.

It is worth to underline that, when hosted by the PluS NPs, L
in water solution is much more selective than in acetonitrile. In
fact, its photophysical properties change only upon the addition
of Ag(I) and Hg(II). Moreover, it has to be noted that for the first
time, to our knowledge, it was possible to control the stoichiometry
of the formed complex upon changing the number of ligands per
nanoparticle. We propose this approach as a new additional tool
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to control the affinity, specificity and photophysical response for a
next generation of chemosensors.

3. Conclusion

We have reported here the synthesis of a new PPD-based
chemosensor presenting two thioether groups together with two
amine functions in the macrocycle to make it suitable for the coor-
dination of soft and heavy metal ions. We have performed the
photophysical characterization and the study of its metal ion bind-
ing properties both in acetonitrile and in buffered water, in the
latter case after hosting the chemosensor inside PluS Nanoparticles.
NMR spectra obtained in acetonitrile helped us to elucidate the dif-
ferent complexation processes involved in the binding of various
metal cations in acetonitrile. As already reported for other species,
the inclusion of L inside the NP structure leads to a higher water
solubility, allowing to perform the complexation experiment also
in this widespread and most interesting solvent from an applica-
tion point of view. The interaction of the chemosensor with the
NP induces also other advantages such as an higher selectivity.
In fact, while in CH3CN L was able to complex a large number of
cations, L@NP was responsive only to the presence of Ag(I) and
Hg(Il). Moreover, as already observed in other cases, the use of
these nanostructures leads to an high affinity towards the mer-
cury. Finally, due to the high degree of loading reachable in the
NPs, it was demonstrated, for the first time to our knowledge,
the possibility to control the stoichiometry of the formed com-
plex upon changing the number of ligands per nanoparticle. To
our opinion, this possibility can be seen as an additional tool for
the tuning of the affinity and selectivity of the chemosensor that
could be of great interest for the design of more and more efficient
systems.

4. Experimental
4.1. General methods

TH NMR and 13C NMR spectra were recorded at 298K on a
Bruker Avance instrument, operating at 200.13 and 50.33 MHz,
respectively. For the spectra recorded in D,0, the peak positions
are reported with respect to HOD (4.75 ppm) for '"H NMR spectra,
while dioxane was used as reference standard in 13C NMR spectra
(6=67.4ppm). For the spectra recorded in CDCl5 the peak positions
are reported with respect to TMS. All reagents and solvents used
were of analytical grade.

4.2. Synthesis

Compound L was obtained following the
synthetic procedure reported in Scheme 1. 2,5-Bis[2-
(chloromethyl)phenyl][1,3,4]oxadiazole (7) was prepared as
previously reported [23,36]. All other chemicals were purchased
in the highest quality commercially available. The solvents were
RP grade, unless otherwise indicated.

4.2.1. 1,10-Diaza-4,7-dithiadecane (3)

A solution of 1,2-dibromoethane 2 (18,8 g, 0.1 mol) in ethanol
(200cm3) was added in an inert atmosphere and dropwise to
a solution containing 2-aminoethanethiol dihydrochloride 1-2HCIl
(22.7g, 0.2mol) and NaHCO3; (16.8g, 0.2mol) in pure water
(200 cm3). The mixture obtained was maintained under stirring at
a room temperature for 30 min and then it refluxed for 3 h. The
solvent was evaporated under vacuum. The resulting yellowish oil
was dissolved in ethanol (50 cm3) and 10% hydrochloric acid was

added dropwise to the resulting solution up to total precipitation
of 3.2HCl as a white solid (8.86 g, 35%).

TH NMR (D;0, 25°C): §=3.33 (t, 4H, J=6.6Hz), 3.00 (t, 4H,
J=6.6Hz), 2.95 (s, 4H) ppm; 13C NMR (D0, 25°C): §=38.8, 30.8,
28.4ppm. Anal. Calcd. for CgH1gCI;N,S, (%): C 28.46; H 7.16; N
11.06; Found: C28.5; H7.2; N11.1.

4.2.2.
1,10-Bis(2-nitrobenzenesulfonyl)-1,10-diaza-4,7-dithiadecane (4)

A solution of 2-nitrobenzenesulfonylchloride (8.2 g, 37.5 mmol)
in pyridine (20 cm3) was added in an inert atmosphere, dropwise
to a solution containing 3 (2.65 g, 15mmol) in pyridine (20 cm3).
The mixture obtained was maintained under stirring at a room
temperature for 48 h. The mixture was poured under stirring into
cold water (100 cm3). The resulting precipitate was filtered off and
dried under vacuum. The crude product was chromatographed on
silica gel (ethyl acetate-hexane 80:20). The eluted fractions were
collected and evaporated to dryness, affording 4 as a yellow solid
(4.46 g, 54%).

TH NMR (CDCl3, 25°C): §=8.15 (m, 2H), 7.90 (m, 2H), 7.78 (m,
4H), 5.85 (t, 2H, J=5.0Hz), 3.30 (m, 4H), 2.76 (t, 4H, J= 6.5 Hz), 2.69
(s, 4H) ppm; 13C NMR (CDCls, 25°C): §=147.8, 134.0, 133.3, 133.1,
130.9, 125.5, 43.0, 31.9, 31.7 ppm. MS (m/z): 551.0 (M+H). Anal.
Calcd. for CigH3N408S4 (%): C 39.26; H 4.03; N 10.17; Found: C
39.4; H4.0; N 10.3.

4.2.3.
2,11-Bis(2-nitrobenzenesulfonyl)-2,11-diaza-5,8-dithiadodecane
(5)

A solution of methyliodide (2.84g, 20mmol) in dry DMF
(50 cm3) was added in an inert atmosphere, dropwise at 0°C, to
a solution containing 4 (5.50 g, 10 mmol) in dry DMF (50 cm3). The
mixture obtained was maintained under stirring at a room tem-
perature for 12 h. The mixture was poured under stirring into cold
water (200 cm3). The resulting yellow precipitate was filtered off
and dried under vacuum. The crude product was dissolved in CHCl3
(100 cm3); the mixture was filtered and the organic solvent was
evaporated under vacuum obtaining 5 as a yellow solid in a quan-
titative yield (5.7 g).

1H NMR (CDCls, 25°C): §=7.96 (m, 2H), 7.70 (m, 4H), 7.62 (m,
2H), 3.43 (t,4H,]=8.0Hz), 2.94 (s, 6H), 2.76 (m, 8H, J]=8.0 Hz) ppm;
13C NMR (CDCl3, 25°C): §=148.0, 133.9, 132.0, 131.9, 130.5, 124.2,
49.9, 35.0, 31.9, 30.1 ppm. MS (m/z): 579.1 (M+H). Anal. Calcd. for
CoH26N40gS4 (%): C41.51; H 4.53; N 9.68; Found: C 41.3; H 4.60;
N 9.6.

4.2.4. 2,11-Diaza-5,8-dithiadodecane (6)

5 (5.78 g, 0.010 mol), thiophenol (6.61 g, 0.060 mol) and K;CO3
(13.8 g, 0.10 mol) were suspended in anhydrous CH3CN (100 cm3);
the mixture was maintained under stirring at a room temperature
for 48 h. The solvent evaporated under vacuum. The resulting oil
was dissolved in CHCl3 (50 cm?3); the mixture was filtered and the
organic solvent was evaporated under vacuum. The crude product
was dissolved in ethanol (50 cm3) and 10% perchloric acid solution
was added dropwise to the resulting solution; diethyl ether was
added (50cm?) up to total precipitation of 6.-2HCIO4 as a white
solid (1.96 g, 48%).

IH NMR (D0, 25°C): §=3.11 (t, 4H, J=6.5Hz), 2.75 (t, 4H,
J=6.5Hz), 2.69 (s, 4H), 2.57 (s, 6H) ppm; 3C NMR (D,0, 25°C):
§=47.6, 32.6, 30.4, 26.8 ppm. MS (m/z): 409.0 (M+H). Anal. Calcd.
for CgH,,Cl;N,0gS, (%): € 23.48; H 5.42; N 6.84; Found: C 23.3; H
5.50; N 6.8.
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4.2.5. 9,12-Dimethyl-9,12,27,28-tetraaaza-15,18-dithia-29-
oxatetracyclo[24.2.1.0%7.02025 |-enneicosa-2,4,6,20,22,24,26,28 -
octaene
(L)

Over a period of 4 h, a solution of 7 (958 mg, 3 mmol) in 200 cm3
of anhydrous CH3CN was added to a suspension 0of 6:2HCIO4 (1.23 g,
3mmol) and K,CO3 (4.15g, 30mmol) in 200cm? of anhydrous
CH3CN, at reflux under nitrogen. The reaction mixture was main-
tained at reflux for further 12 h. Subsequently, the solvent was
evaporated under vacuum and the solid obtained washed with
CHCl3 (100 cm?). The organic layer was evaporated under reduced
pressure and the solid was chromatographed on neutral alumine
(CHCl3). The eluted fractions were collected and evaporated to
dryness. The product was further purified by crystallization in
ethanol:water 9/1 (v/v) affording L as a white solid (790 mg, 58%).

TH NMR (CDCl3, 25°C): §=8.00 (m, 2H), 7.49 (m, 6H), 4.07
(s, 4H), 2.74 (m, 8H), 2.66 (s, 4H), 2.24 (s, 6H); 13C NMR (CDCls,
25°C): §=163.7,139.2,132.0, 130.9, 129.6, 127.7, 123.6, 60.3, 58.3,
42.1,32.4,29.4 ppm; MS (m/z) (ESI): 455.2 (M+H*); Anal. Calcd. for
Co4H3gN40S; (%): € 63.40, H 6.65, N 12.32; Found: C 63.4,H 6.7, N
12.3.

4.2.6. Synthesis of PluS Nanoparticles

Plus NPs were synthesized as already reported [39]. 1.000g
of Pluronic F127 and 0.680g of NaCl were solubilized under
magnetic stirring with 15.65mL of acetic acid 1.0M for 1h.
Tetraethyl orthosilicate (TEOS, 1780 L, 7.97 mmol) was then
added to the resulting aqueous homogeneous solution, followed
by chlorotrimethylsilane (TMSCI, 100 pL, 0.8 mmol) after 3 h. The
mixture was stirred for 48 h at 25°C. The NPs suspension was dia-
lyzed versus water on a precise amount of nanoparticles solution
(15.00mL) finally diluted to a total volume of 50 mL with water
(concentration 20 wM) [38].

4.3. Photophysical measurements

Absorption spectra were recorded on a Perkin-Elmer Lambda
45 and on a Varian Cary-100 spectrophotometer equipped with
a temperature control unit. For the fluorescence spectroscopy
measurements, uncorrected emission and corrected excitation
spectra were obtained with a Perkin-Elmer LS 55 spectrofluo-
rimeter. Luminescence quantum yields (uncertainty +15%) were
determined using naphthalene in cyclohexane (& =0.036). In order
to allow comparison of emission intensities, corrections were
performed for instrumental response, inner filter effects, and
phototube sensitivity [40]. Values of logK, were obtained by
fitting spectrophotometric and spectrofluorimetric data with SPEC-
FIT/32, a global analysis software. TCSPC (time-correlated single
photon counting) experiments (excitation laser A =280nm) were
performed with an Edinburgh FLS920 equipped photomultiplier
Hamamatsu R928P connected to a PCS900 PC card. All fluores-
cence anisotropy measurements were performed on an Edinburgh
FLS920 equipped with Glan-Thompson polarizers. Anisotropy mea-
surements were collected using an L-format configuration, and all
data were corrected for polarization bias using the G-factor.
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