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Subunits
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Bifunctionalised hybrid silica nanoparticles have been syn-
thesised and characterised, and their optical emission prop-
erties in the presence of certain anions in acetonitrile solu-
tions have been studied. The alkoxysilane derivatives N-bu-
tyl-N'-[3-(trimethoxysilyl)propyl]thiourea (1), N-phenyl-N’-
[3-(trimethoxysilyl)propyl]thiourea (2) and 3-[(anthracen-10-
yl)methylthio]propyltriethoxysilane (3) were prepared and
used to functionalise uncoated LUDOX silica nanoparticles
with a mean diameter of 18 =2 nm. The functionalisation of
the nanoparticle surfaces was carried out by two different
approaches. The first approach relies on the consecutive
grafting of the two subunits. In this protocol, the nanopar-
ticles were first functionalised with anthracene derivative 3
(solid NA), and then treated with the corresponding binding
sites 1 or 2 to result in the NA-Pt; and NA-Bt; solids. The
second approach deals with the simultaneous grafting of 1 or
2 and the signalling subunit 3 in different ratios. This method
was used for the preparation of the NA;Pt;, NA;Bt;, NA,Pt;

and NA;Bt; nanoparticles. The bifunctionalised silica nano-
particles were characterised by using standard techniques.
Acetonitrile suspensions of NA nanoparticles (5 mg in 20 mL)
showed anthracene bands centred at ca. 350, 370 and
390 nm. Upon excitation at 365 nm, a typical emission band
with fine structure in the 390-450 nm range was observed.
Similar absorption and emission spectra were found for the
bifunctionalised nanoparticles. The work is completed with
a prospective study of the fluorescence of the prepared nano-
particles in the presence of organic (acetate, benzoate) and
inorganic (F-, Cl~, Br, CN-, HSO,~ and H,PO,") anions. The
apparent binding constants (adsorption constants) for the in-
teraction of NA-Pt; with anions in acetonitrile were deter-
mined by performing a Langmuir-type analysis of fluores-
cence titration data.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

There is an increasing interest in the development of new
sensing methods and protocols for target guests, and a
number of recent advances have been described in this area.
In a classical design approach, chemosensors are built up
by the combination of two groups, i.e. the binding site and
the signalling unit, connected through covalent bonds. The
binding site is usually designed or selected bearing in mind
the size, shape and nature of the chemical species to be co-
ordinated and ideally results in selective interactions with
certain target guests. On the other hand, the signalling unit
transforms the host-guest interaction into suitable chromo-
fluorogenic changes!'! or redox potential shifts.’! Usually
only one type of signalling unit is used in chemosensing,
although a few examples are known where chemosensors
contain more than one type of signalling subunit.*!
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Among different chemosensing systems, those relying on
transformations of the emission fluorescence behaviour are
especially appealing. By following this approach, an amaz-
ing quantity of fluorescent chemosensors for the detection
of metal cations, organic and inorganic anions® and neu-
tral speciesl® have been synthesised and tested. In spite of
these examples, many fluorescent chemosensors show sev-
eral limitations such as lack of selectivity. Recently, as an
alternative to the development of classical fluorogenic
probes, self-assembled structures on surfaces have attracted
increasing attention in chemistry.” Many of these systems
involve the use of a number of relatively simple chemical
units which are attached to the surface of nanoparticles or
nanostructured solids. As a result of the molecular organi-
sation into a solid support, novel functional properties have
been reported in hybrid materials, which show enhanced
application potential.®) Additionally, from a supramolec-
ular viewpoint, the functionalisation of nanostructured sol-
ids with certain groups to enhance recognition or switching
effects is particularly appealing.[’! Thus, the functionali-
sation of inorganic supports with receptors and fluorescent
dyes can overcome synthetic problems which arise when fol-
lowing the classical “binding site-signalling unit” approach
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and provide an efficient strategy for the preparation of fluo-
rogenic sensing systems.

The organisation of photoactive molecules and coordi-
nating units onto the surface of nanoparticles is still a rela-
tively recent field that could lead to the design of novel
hybrid materials for use as labels and/or sensors.['%l Besides
the reported examples of dye adsorption onto nanoparticle
surfaces, covalent grafting is necessary in order to obtain
stable arrangements and avoid structural reorganisations
due to either redistribution of the adsorbed dye on the sur-
face or between the surface and the solution.['!! In addition,
silica nanoparticles can be synthesised easily, and their sur-
face can be modified by the use of well-known alkoxysilane
chemistry.'?! This versatility makes silica nanoparticles a
good choice as scaffoldings for the grafting of dyes and co-
ordinating units, especially when considering that these ma-
terials are transparent to visible light and inert as far as
energy- and electron-transfer processes are concerned. This
approach also induces the generation of amplification and
cooperative effects associated with the independent anchor-
ing of binding sites and fluorophores in close proximity to
the surface support.['3 For instance, this close arrangement
allows intercommunication between both subunits without
the need of a direct covalent link between them. Also, the
grafting of the receptor and the fluorophores onto the nano-
particle surface can induce cooperative processes such as
enhanced binding constants.!'¥

This strategy has been successfully employed in the de-
velopment of fluorescent silica nanoparticles for the re-
cognition of certain metal cations. Tecilla, Tonellato and co-
workers prepared silica nanoparticles functionalised with
trialkoxysilane derivatives of picolinamides as receptors and
dansylamides as fluorescent reporters for the fluorescent
sensing of Cu?*.I'3] The picolinamide ligand complexes the
Cu?* ion, and the bound ion quenches the dansyl emission
substantially in dmso. In further studies the same authors
used a combinatorial approach to functionalise silica nano-
particles with other ligands and fluorophores in various ra-
tios.'®! The cooperative and collective effects are achieved
by the organisation of the components on the particle sur-
face to form multivalent binding sites with an increased af-
finity for Cu®* ions. The binding of a single metal cation
leads to the quenching of up to ten fluorescent groups that
are surrounding a receptor unit with the corresponding sig-
nal amplification. The same authors, in a recent work, pre-
pared fluorescent silica nanoparticles coated with a 6-meth-
oxy-8-(p-toluenesulfonamido)quinoline  derivative  that
showed a selective emission enhancement in the presence of
Zn?* cations in ethanol/water (1:1, v/v) mixtures.[!”!

Also, improved signalling by the independent preorganis-
ation of receptors and signalling units has been observed
for extended surfaces and self-assembled monolayers
(SAMs). SAMs on glass are examples of difunctionalised
surfaces where directional preorganisation facilitates com-
munications between the binding group and the signalling
subunits. One of the first examples was described by Crego-
Calama et al.l'8! In a first step a monolayer of {3-[(2-amino-
ethyl)amino]propyl} trimethoxysilane was formed on a glass
5650
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substrate and then treated with dansyl chloride and suc-
cinimidyl 7-(dimethylamino)coumarin-4-acetate in order to
attach two distinct fluorophores. Then the residual amino
groups were converted into amide and urea groups that
would act as binding sites. The addition of certain metal
cations (Pb?>*, Cd** and Zn?") to the prepared hybrid mate-
rials induced several degrees of quenching of the appended
fluorophore. The best results were obtained for Pb>*. In a
further evolution the same research group prepared chemo-
sensor materials for both cations and anions by using a
combinatorial approach where glass monolayers were func-
tionalised with fluorescent groups (rhodamine derivatives)
and coordinating units (amino, arylurea, alkylurea, aryl-
amide, alkylamide, sulfonamide, urea and thiourea).!']

Thus, the use of silica supports, as nanoparticles or lo-
cally “flat” surfaces, has led to new organic-inorganic hy-
brid materials with enhanced recognition features. However,
as far as we know, only one example dealing with hybrid
materials using silica nanoparticles for anion sensing has
been described. This hybrid system is based on the bifunc-
tionalisation of silica nanoparticle surfaces with a spiro-
pyran photochrome as chromogenic reporter and a thiourea
derivative as binding site.’") The merocyanine form is selec-
tively transformed into the corresponding spirocyclic struc-
ture in the presence of long-chain carboxylates because of
a change in the polarity on the nanoparticle surface.

Bearing these facts in mind, we report herein the synthe-
sis of novel hybrid materials based on silica nanoparticles
functionalised with two subunits: a binding site (thiourea-
based receptor) and a signalling fluorescent subunit (an-
thracene). The synthesis, characterisation and studies on
the emission behaviour of suspensions of the prepared
nanoparticles in the presence of certain organic and inor-
ganic anions have been carried out.

Results and Discussion

Design, Synthesis and Characterisation

The binding sites and the signalling subunit used for the
preparation of the hybrid nanoparticles are shown in
Scheme 1. Binding molecules 1 and 2 were prepared by the
reaction between (3-aminopropyl)trimethoxysilane and
butyl isothiocyanate (for 1) and phenyl isothiocyanate (for
2) in dichloromethane in the presence of catalytic amounts
of triethylamine. The final products were isolated in nearly
quantitative yields by evaporation of dichloromethane and
characterised by standard techniques. The '"H NMR spec-
trum of compound 1 shows the signals of the N-H thiourea
protons at 6 = 6.20 and 6.37 ppm. The most important fea-
ture of the '"H NMR spectrum of compound 2 was the ap-
parition of the aromatic signals in the 6 = 7.05-7.20 nm
range and the signals of the N—H protons of the thiourea
moiety centred at 6 = 6.27 and 8.41 ppm. The downfield
shift observed for the signals of the thiourea protons in re-
ceptor 2 relative to receptor 1 is related to the presence of
the aromatic ring in the structure of the former. The forma-
tion of the thiourea moieties in 1 and 2 was also confirmed
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Scheme 1. Synthesis and structure of trialkoxysilane derivatives 1-3.

by the presence of the thiourea quaternary carbon signal
centred at § = 181 ppm in the '3C NMR spectrum.

The synthesis of anthracene derivative 3 was achieved by
a nucleophilic substitution reaction between (3-mercap-
topropyl)triethoxysilane and 9-(chloromethyl)anthracene in
dry acetonitrile and potassium carbonate in a nearly quan-
titative yield. The '"H NMR spectrum of compound 3 dis-
plays the typical signals of the anthracene moiety, i.e. two
triplets centred at 6 = 7.45 and 7.55 ppm, two pairs of dou-
blets at 0 = 8.00 and 8.33 ppm and a singlet centred at J =
8.40 ppm. The spectrum is completed with a singlet at 6 =
4.73 ppm assigned to the methylene group located between
the anthracene unit and the sulfur atoms and two triplets
at 0 =2.70 and 0.78 ppm assigned to the methylene moieties
between the sulfur and silicon atoms.

Silica nanoparticles were selected as inorganic scaffold-
ings for the grafting of anion binding sites and signalling
subunits due to their locally flat surfaces, known function-
alisation reactions and easy dispersion in organic solvents.
Coated silica nanoparticles were prepared by using the tri-
alkoxysilyl derivatives 1-3 applying reported procedures by
Montalti and co-workers.>!] In this synthetic protocol,
commercially available silica nanoparticles were heated at
70 °C in a mixture of water/ethanol/acetic acid (1:2:1) in the
presence of the coating subunits. Subsequent purification
involved the evaporation of the ethanol, neutralisation of
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the acetic acid with sodium hydrogencarbonate, centrifuga-
tion and washings of the nanoparticles with acetone.

The functionalisation of the nanoparticle surface was
carried out by two different approaches. The first approach
relies on the consecutive grafting of the two subunits. In
this protocol, the nanoparticles are first functionalised with
anthracene moieties (solid NA) and then treated with the
corresponding binding sites 1 or 2 to result in the NA-Bts
and NA-Pt; solids (the dash in this nomenclature indicates
the two-step grafting process). The second approach deals
with the simultaneous grafting of 1 or 2 and the signalling
subunit 3 in different ratios. Different nanoparticles were
simply prepared by modulation of the concentration of the
alkoxysilane derivatives in the reaction mixture. This ap-
proach resulted in the preparation of nanoparticles iden-
tified as NA Bt, and NA .Pt,, where the absence of the dash
between the signalling and binding subunits indicates the
simultaneous grafting process and the values of x and y
specify the signalling/binding subunits molar ratios used in
the reaction mixture. The NA;Bt;, NA,Pt;, NA;Bt; and
NA,Pt; nanoparticles were prepared according to this pro-
cedure. A schematic representation of the hybrid fluorescent
nanoparticles is shown in Figure 1. The amounts of binding
sites and signalling subunits finally anchored on the dif-
ferent materials were determined through thermogravimetic
analysis and SEM microanalysis (see Table 1).
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Figure 1. Schematic representation of the hybrid nanoparticules coated with butylthiourea and anthracene (a) and with phenylthiourea

and anthracene (b).
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Table 1. Contents of signalling subunit and binding site in hybrid
nanoparticles.

1 2 3 Distance

[mol/mol SiO,] [mol/mol SiO,] [mol/mol SiO,] [A]

NA - - 0.0042 22.1
NA-Pt; - 0.0125 0.0042 11.7
NA-Bt; 0.0100 - 0.0042 12.8
NA,Pt, - 0.0086 0.0086 11.6
NA,Bt; 0.0130 - 0.0130 9.4
NA,Pt; - 0.0052 0.0017 19.0
NA,Bt; 0.0078 - 0.0026 14.8

As stated above, two different synthetic routes for the
preparation of the bifunctionalised silica nanoparticles were
studied. In the two-step grafting procedure, the anthracene-
functionalised solid NA was first synthesised. A solid with
a final content of 0.0042 mol 3/mol SiO, was obtained.
Transmission electron microscopy (TEM) measurements
were carried out in order to determine the size and aggrega-
tion of the NA nanoparticles. Uncoated LUDOX silica
nanoparticles showed a mean diameter of 18 £2 nm that
changed to 20 =2 nm when they were grafted with 3 (solid
NA). This significant increase in the mean diameter was
attributed to the coating of the nanoparticle surfaces with
the anthracene moiety. The number of anthracene moieties
present on a single nanoparticle can be roughly estimated
on the basis of three parameters: the anthracene content
(determined by thermogravimetry and SEM microanalysis),
the particle radii and the surface of the LUDOX nanopar-
ticles. Through the approximation of a single monolayer of
subunits on a smooth sphere, an average distance between
two anthracenes of about 22.1 A was determined.??!

For the preparation of the NA-Pt; and NA-Bt; solids, the
NA nanoparticles were treated with 1 and 2, respectively,
by using a 3:1 binding site/signalling subunit molar ratio.
This second grafting was accomplished in acetonitrile
heated at reflux for 24 h. Thermogravimetric and elemental
analyses were carried out in order to determine the amount
of binding site grafted onto the surface of the NA-Pt; and
NA-Bt; nanoparticles. Content ratios of 0.0100 and
0.0125 mmol binding site/mmol SiO, for butylthiourea- and
phenylthiourea-functionalised materials were determined in
the prepared solids, respectively. The final molar ratio be-
tween binding site and signalling subunit in NA-Bts
amounts to 2.4, whereas in the case of NA-Pt; this ratio is

o

3.0. TEM images show a mean diameter of 20 =2 nm for
both types of hybrid nanoparticles. These bifunctionalised
nanoparticles bear up to 1100 attached molecules (the sum
of binding sites and signalling subunits). The average dis-
tance between two subunits is 12.8 and 11.7 A for NA-Bt;
and NA-Pt;, respectively.

In order to study the effect exerted by the grafting pro-
cedure on the properties of the hybrid materials, a second
approach based on the simultaneous grafting of the binding
and signalling subunit has been used. Thus, coated nano-
particles characterised by different binding site/signalling
subunit ratios were prepared by using compounds 1 and 2
and anthracene derivative 3 simply by modulation of the
concentration of the alkoxysilane derivatives in the reaction
mixture. With this experimental procedure four coated
nanoparticles were prepared. When the molar ratio was set
to 1, the coated NA{Pt; and NA;Bt; nanoparticles were ob-
tained. The composition of the coating for these nanopar-
ticles, bearing in mind the thermogravimetric data and
TEM microanalyses, was always found to be close to that
of the reaction mixtures. The mol anthracene/mol SiO, and
mol thiourea/mol SiO, ratios in NA;Pt; were both 0.0086,
whereas for the NA;Bt; nanoparticles these ratios were both
0.0130 (see Table 1). The differing amount of anchored
groups in the two solids can be attributed to the bulkiness
of the butyl subunit when compared with the phenyl one.
The average distance between two molecules in NAPt;
amounts to 11.6 A, whereas the distance between two sub-
units in NA,Bt; is 9.4 A. This clearly indicates the forma-
tion of a more dense monolayer on the nanoparticle surface
with butylthiourea binding sites. Again, TEM measure-
ments were carried out in order to determine the mean dia-
meter of the bifunctionalised nanoparticles. From these
measurements both NA;Pt, and NA;Bt, nanoparticles pre-
sented nearly the same mean diameter (20 nm). Figure 2
shows an image of both hybrid nanoparticles.

The coated NA;Pt; and NA;Bt; nanoparticles were pre-
pared by the same grafting procedure described above but
changing the molar fraction of the components. In these
materials the molar ratio of binding site/signalling subunit
was fixed to 3:1. The composition of the coating for these
nanoparticles, bearing in mind the thermogravimetric
analysis and TEM microanalyses, was found to be relatively
close to that present in the reaction mixtures. Also, TEM
measurements were carried out in order to determine the

Figure 2. TEM images of hybrid nanoparticles NA;Bt; (a) and NAPt; (b). In both images the bars correspond to 200 nm.
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mean diameter of the bifunctionalised nanoparticles. TEM
images showed mean diameters of 20 nm for both NABt;
and NA,Pt; solids.

As a conclusion, both grafting procedures lead to the
preparation of hybrid bifunctionalised silica nanoparticles
with well-defined binding site and signalling subunit con-
tents. We think that one advantage of the second approach
lies in the fact that only one step of functionalisation is
required, which ensures faster synthetic procedures when
compared with the sequential grafting of the two subunits.
Also, the homogeneity of the monolayer formed with the
capped ligands was higher when a one-step grafting pro-
cedure was used instead of the consecutive grafting pro-
cedure.

Emission Behaviour

This family of coated nanoparticles bearing anthracene
as fluorescent signalling subunits and thiourea groups as
binding sites are prospective sensory hybrid materials that
have the potential ability to recognise anions through
changes in fluorescence. The underlying idea was that coor-
dination of certain anions with the thiourea subunit, for
instance through hydrogen-bonding interactions, might in-
duce some changes in the emission properties of the anthra-
cene unit by energy- or electron-transfer processes from the
anion to the excited anthracene fluorophore.?3?* As we
have cited in the introduction, and as far as we know, only
one example dealing with the use of hybrid materials based
on silica nanoparticles for anion sensing has been de-
scribed.

In order to check the ability of the prepared hybrid mate-
rials for the selective recognition of anionic species UV/Vis
measurements were carried out. Acetonitrile suspensions of
NA nanoparticles (5 mg in 20 mL) showed the typical an-
thracene bands centred at ca. 350, 370 and 390 nm. This
indicates that the grafting procedure used for the prepara-
tion of the bifunctionalised nanoparticles did not funda-
mentally change the photochemical features of the anthra-
cene moiety. The same UV/Vis features were observed in
acetonitrile suspensions (5 mg of nanoparticles in 20 mL of
dry acetonitrile) of NA-Bt;, NA-Pt;, NA;Bt;, NA,Pt,,
NA;Bt; and NA,Pt; that showed in all cases the characteris-
tic bands of the anthracene groups.

The fluorescence of the acetonitrile suspensions of NA
nanoparticles was measured. Upon excitation at 365 nm,
the typical broad emission band with fine structure in the
390-450 nm range was observed. The emission spectrum
was also characterised by the absence of emission bands in
the 450-600 nm range typical of excimer/exciplex forma-
tion. This absence of redshifted bands indicates that there
are no interactions between two closely located anthracene
subunits (the distance between two anthracene moieties is
ca. 22.1 A). When taking into account the necessary dis-
tance for excimer formation in solution, estimated to be ca.
8 A (in chloroform),’?3) the absence of this band in solid NA
seems to be logical. Again the same emission bands and
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the absence of redshifted bands were found in acetonitrile
suspensions (5 mg in 20 mL) for the bifunctionalised hybrid
NA-Bt;, NA-Pt;, NA;Bt;, NAPt;, NA;Bt; and NA,Pt;
nanoparticles. Figure 3 shows the emission spectrum for the
NA-Pt; nanoparticles in acetonitrile (Aexe = 365 nm).
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/
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T T 1 T 1
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Figure 3. Fluorescence spectra of NA-Pt; hybrid nanoparticles sus-
pended in acetonitrile (Ao . = 365 nm) alone and in the presence of
cyanide or acetate.

In order to check the response towards certain organic
(acetate, benzoate) and inorganic anions (fluoride, chloride,
bromide, cyanide, dihydrogen phosphate and hydrogen sul-
fate) a series of fluorescence measurements were carried
out. Suspensions of the corresponding coated nanoparticles
(5 mg) in dry acetonitrile (20 mL) were prepared, and then
fluorimetric titrations with the corresponding anions were
carried out. The first material tested was NA. This solid
does not contain binding sites and is a suitable model. The
addition of increasing quantities of the target anions to ace-
tonitrile suspension of NA induced negligible changes in the
intensity of the anthracene emission bands (data not
shown). The negative response observed was a clear conse-
quence of the absence of any binding site on the surface of
the NA nanoparticles.

In a second step we proceeded to study the emission be-
haviour of the bifunctionalised nanoparticles. The general
trends in the emission intensity observed upon addition of
target anions could be summarised by the detailed study of
the behaviour of acetonitrile suspensions of NA-Pt; nano-
particles. Therefore, fluorescent titrations upon addition of
anions to acetonitrile suspensions (5 mg in 20 mL of dry
acetonitrile) of NA-Pt; were carried out. As a representative
example Figure 4 shows the relative emission changes as the
difference between the emission intensity of the NA-Pts3
nanoparticles (5 mg in 20 mL) in the presence of 7 equiv. of
the corresponding anion (£) and the nanoparticles alone
(Eyp), in acetonitrile. Three main behaviours were observed
(see Figure 4): (i) poor change, (ii) fluorescence enhance-
ment and (iii) fluorescence enhancement coupled with
quenching upon reaching a certain quantity of anion equiv-
alents. Thus, the addition of increasing quantities of sulfate
5653
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anions did not induce substantial changes in either the in-
tensity or the position of the emission bands. On the other
hand, the addition of increasing quantities of phosphate,
acetate, benzoate, chloride and bromide anions induced a
moderate increase (about 1.4-fold) in the anthracene emis-
sion intensity. We attributed this enhancement to coordina-
tion of the cited anions with the phenylthiourea binding
sites on the surface of the nanoparticles, which resulted in
restricting the mobility of the excited anthracene fluoro-
phore and disabling the possibility of de-excitation by non-
emissive channels, and thus leading to an increase in the
emission intensity. The third behaviour was observed upon
addition of cyanide and fluoride anions. In this case, the
addition of increasing quantities of both anions (up to
Sequiv.) to acetonitrile suspensions of NA-Pt; nanopar-
ticles induced an enhancement in the emission intensity,
and then further addition of anion equivalents induced a
moderate quenching of the emission intensity (see Figure 4
for the response observed after the addition of 7 equiv. of
anions with respect to the total number of binding sites
in the nanoparticles). This enhancement/quenching of the
emission intensity of the excited anthracene could be ex-
plained bearing in mind the fact that cyanide and fluoride
are the most basic of all the anions tested. Again, the first
emission enhancement could be assigned to a certain re-
striction in the mobility of the excited anthracene fluoro-
phore upon anion binding, whereas the addition of more
equivalents of the cited basic anions would deprotonate the
N-H moiety attached directly to the phenyl ring. This pro-
ton-transfer reaction would create a negative charge on the
binding site that would be responsible for the quenching of
the emission intensity through a PET process. These coordi-
nation/deprotonation processes of urea and/or thiourea
binding sites are well known and, when coupled with dyes
or fluorescent units, have been extensively employed for the
optical sensing of basic anions in organic solvents.* Fig-
ure 3 shows the emission spectrum for NA-Pt; nanopar-
ticles in acetonitrile (L. = 365 nm) in the presence of ace-

1500
1000
] . .
500 -| 2 03
S g
1 2 >
E-E, (a.u) 0 . )
- 8 -~
: 2 8 g
-500 - & 8 b
£ 4 §
] S 8
<
-1000 - g s
1 g T
°
-1500 - 2
£

Figure 4. Relative emission changes, as the difference between the
emission intensity of the NA-Pt; nanoparticles (5 mg in 20 mL) in
the presence of 7 equiv. of the corresponding anion (E) and the
nanoparticles alone (Ey), in acetonitrile (mol-equiv. with respect to
number of binding sites).
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tate and sulfate. However, the moderate changes in the
emission intensity observed are indicative of weak pertur-
bations of the electronic states of the anthracene fluoro-
phore. These changes are a direct consequence of the weak
interactions present between the surface-grafted thiourea
binding sites and the target anions.

In order to complete the characterisation of the interac-
tion of the nanoparticles with anions, the apparent binding
constants (adsorption constants) for the interaction of NA-
Pt; with anions in acetonitrile were determined by per-
forming a Langmuir-type analysis of fluorescence titration
data using Equation (1).

2
1 1 4
B LT N TR +
Ke K vV KV K

I=IL ; c=
1+ Ke 2 (1)

Here, K is an adsorption constant that accounts for the
interaction between the corresponding anion and the re-
cognition centres anchored to the solid, and 7 and [} are
the observed intensities at a specific anion concentration
and in the presence of an excess of anion (the limiting
value), respectively. Additionally, ¢, is the total added salt
(in molL™"), and ny is the maximum amount of anion (in
mol) that could be adsorbed in the monolayer. Finally, V" is
the volume (in L) in which the experiment was carried out.
The formalism that leads to the deduction of Equation (1)
is given in the Experimental Section. This equation can be
easily applied to the study of the interaction of certain
guests with functionalised nanoparticles or other function-
alised solid supports.

By using this equation and the experimental titration
data, adsorption constants for the acetate, CI", Br-, benzo-
ate, H,PO,~ and HSO,  anions have been calculated and
are shown in Table 2. Figure 5 shows the emission intensity
of solid NA-Pt; in the presence of increasing amounts of
acetate and HSO, in acetonitrile and the fitting of the ex-
perimental data with Equation (1). As can be seen in
Table 2, the interaction of the anions with the nanoparticles
results in adsorption constants that range from the value
observed for acetate (K = 2340) to that found for HSO, (K
= 178). The effect of the binding site is reflected in the sta-
bility constant found for acetate. In fact, this anion forms
the more stable thermodynamic interaction with the nano-
particles and displays the largest adsorption constant. This
was expected bearing in mind the structural design of the
thiourea moiety, which improves carboxylate binding
through the formation of Y-shaped complexes. Addition-
ally, whereas log K for acetate is 3.37, this value is one order
of magnitude lower for benzoate (log K = 2.49). This differ-
ence was due to the larger size of the benzoate anion, when
compared with acetate, which imposes some steric hin-
drance to the coordination with the thiourea moiety. The
constant observed for acetate is quite high. However, this
constant is lower than that reported for the interaction of
ATP with MCM41-type solids containing anthracene as
signalling units.[?”)
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Figure 5. Changes in the emission intensity (4., = 411 nm) of the anthracene unit of the NA-Pt; nanoparticles in the presence of
increasing amounts of acetate and hydrogensulfate. The emission intensity has been normalised to 1. The solid line shows the fit obtained

with Equation (1).

Table 2. log K values obtained for the interaction of NA-Pt; nano-
particles with the anions in acetonitrile.

log K41
Acetate 3.37
Cl 291
Br- 2.27
Benzoate 2.27
H,PO,~ 2.47
HSO, 2.25

[a] log K values have been calculated by using titration curves and
Equation (1).

Conclusions

Silica nanoparticles have been treated with the alkoxy-
silane derivatives N-butyl-N'-[3-(trimethoxysilyl)propyl]-
thiourea (1), N-phenyl-N’-[3-(trimethoxysilyl)propyl]thio-
urea (2) and 3-[(anthracen-10-yl)methylthio]propyltrieth-
oxysilane (3) in order to prepare nanoparticles function-
alised with both thiourea and anthracene subunits. The
functionalisation process was carried out by two different
procedures through (i) consecutive or (ii) simultaneous
grafting of both subunits. Fluorescence studies on the hy-
brid nanoparticles were carried out. Typical anthracene ab-
sorption and emission bands were observed. The addition
of target anions to suspensions of the hybrid nanoparticles
in acetonitrile induced moderate changes in the emission
intensity with modest patterns of selectivity. The apparent
binding constants (adsorption constants) for the interaction
of NA-Pt; with anions in acetonitrile were determined by
performing a Langmuir-type analysis of fluorescence ti-
tration data. Despite these results, this procedure is highly
modular because it allows the functionalisation of the sur-
face with several binding sites and signalling subunits by
routes with a relatively low synthetic effort. We are cur-
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rently developing novel protocols using nanoparticles for
the development of new chromofluorogenic chemosensors
for anions.

Experimental Section

General Remarks: Phenyl isothiocyanate, butyl isothiocyanate, (3-
aminopropyl)trimethoxysilane, (3-mercaptopropyl)triethoxysilane,
9-(chloromethyl)anthracene and the 30% suspension of LUDOX
silica nanoparticles AS-30 Colloidal Silica were purchased from
Sigma-Aldrich and were used without any further purification. The
solvents were absolute grade and were purchased form Scharlab.
The anions were used as tetrabutylammonium salts and were pur-
chased from Aldrich (CI, Br, AcO-, BzO~, CN-, HSO, and
H,PO,") and Fluka (F").

Physical Measurements and Instrumentation: 'H and '*C NMR
spectra were recorded with a Varian Gemini 300 MHz NMR spec-
trometer. Chemical shifts are reported relative to residual CHCl;.
Multiplicities are given as usual. Thermogravimetric analyses were
carried out with a Mettler Toledo TGA/SDTA 851¢. Transmission
Electron Microscopy (TEM) images of the particles were obtained
with a Philips CM10 operating at 20 keV. Samples for TEM were
prepared by spreading a drop of nanoparticle solution in HEPES
onto standard carbon-coated copper grids (200 mesh). SEM micro-
analyses were obtained with a JEOL 6300 with a detector WDS of
Oxford Instruments. UV/Vis absorption measurements were mea-
sured with a Perkin—Elmer Lambda-35 spectrometer. The fluores-
cence behaviour was studied with an FS900CDT Steady State T-
Geometry Fluorimeter from Edinburgh Analytical Instruments. All
solutions for photophysical studies were previously degassed.
Anion stock solutions for photophysical studies (C =
1 X102 moldm 3) were prepared in dry acetonitrile.

Synthesis: The syntheses of the alkoxysilane derivatives were car-
ried out according to known procedures. The reaction of (3-ami-
nopropyl)trimethoxysilane with butyl isothiocyanate and phenyl
isothiocyanate afforded the trialkoxysilane derivatives 1 and 2 in
high yields. Trialkoxysilane derivative 3 was prepared by a nucleo-
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philic substitution reaction between (3-mercaptopropyl)triethoxy-
silane and 9-(chloromethyl)anthracene.

N-Butyl-NV'-[3-(trimethoxysilyl)propyl]thiourea (1): N-butyl-N'-[3-
(trimethoxysilyl)propyl]thiourea was synthesised by the reaction
between (3-aminopropyl)trimethoxysilane (1.75 mL, 10 mmol) and
butyl isothiocyanate (1.27 mL, 10 mmol) in CH,Cl, (10 mL) with
a few drops of triethylamine (see Scheme 1). After 24 h, the solvent
was removed by evaporation, and the product was isolated as a
yellowish oil (2.80 g, 95% yield). 'H NMR (300 MHz, CDCl;): ¢
= 0.60 (t, J = 7.8 Hz, 2 H, -CH,-Si-), 0.92 (t, J = 6.6 Hz, 3 H,
CH;-CH,-CH,-), 1.35 (m, 2 H, CH5-CH,-CH,-), 1.55 (m, 2 H,
CH;-CH,-CH,>-), 1.61 (t, J = 7.8 Hz, 2 H, -CH,-CH,-Si-), 3.38 (m,
4 H, -NH-CH,-CH>-), 3.50 (s, 9 H, CH;-O-), 6.20 (s, 1 H, -CS-NH-
CH,-), 6.37 (s, 1 H, -CH,-NH-CS-) ppm. *C{!H} NMR (75 MHz,
CDCly): 6 = 6.5 (-CH,-Si-), 14.0 (CH3-CH,-CH>»-), 20.3 (CH3-CH>-
CH,-), 22.5 (-CH,-CH,-Si-), 31.4 (CH;-CH,-CH>-), 47.6 (-NH-
CH,-CH,-), 50.8 (CH;3-O-), 181 (-NH-CS-NH-) ppm.
C11H6N,05SSi (294.49): caled. C 44.86, H 8.90, N 9.51, S 10.89;
found C 44.78, H 8.92, N 9.45, S 10.71.

N-Phenyl-N'-|3-(trimethoxysilyl)propyl|thiourea (2): N-phenyl-N'-
[3-(trimethoxysilyl)propyl]thiourea was synthesised by the reaction
between (3-aminopropyl)trimethoxysilane (4.77 mL, 27 mmol) and
phenyl isothiocyanate (3.27 mL, 27 mmol) in CH,Cl, (10 mL) with
a few drops of triethylamine (see Scheme 1). After 24 h, the solvent
was removed by evaporation, and the product was isolated as a
yellowish oil (6.00 g, 95% yield). 'TH NMR (300 MHz, CDCls):
0 =0.55(,J=71Hz 2 H, -CH,-Si-), 1.60 (t, J = 7.1 Hz, 2 H,
-CH,-CH,-Si-), 3.47 (s, 9 H, CH5-0O-), 3.60 (t, J = 7.1 Hz, 2 H,
-NH-CH,-CH»-), 6.27 (s, 1 H, -CS-NH-CH,-), 7.20-7.27 (m, 5 H,
Ce¢Hs-NH-), 8.41 (s, 1 H, C¢Hs-NH-CS-) ppm. *C{'H} NMR
(75 MHz, CDCl;): 0 = 6.5 (-CH,-Si-), 22.4 (-CH,-CH,-Si-), 47.6
(-NH-CH,-CH,-), 50.8 (CH3-0O-), 125.4 (C¢Hs-NH-), 127.2 (C¢Hs-
NH-), 130.3 (CsHs-NH-), 136.0 (C¢Hs-NH-), 180.7 (-NH-CS-NH-)
ppm. C;3H5,N,03SSi (314.47): caled. C 49.65, H 7.05, N 8.91, S
10.20; found C 49.72, H 7.15, N 8.78, S 9.96.

3-[(Anthracen-10-yl)methylthio|propyltriethoxysilane (3): 9-(Chlo-
romethyl)anthracene (1.0 g, 4.4 mmol) and (3-mercaptopropyl)tri-
ethoxysilane (1.06 mL, 4.4 mmol) were dissolved in dry acetonitrile
(50 mL). Potassium carbonate (1.8 g, 13 mmol) was then added,
and the mixture was heated at reflux for 24 h. The crude mixture
was filtered off in order to remove the excess of potassium carbon-
ate, and the acetonitrile was evaporated to give 3 as a yellowish oil
(1.73 g, 95% yield). '"H NMR (300 MHz, CDCl;): § = 0.78 (t, J =
7.8 Hz, 2 H, -CH,-Si-), 1.20 (t, J = 7.1 Hz, 9 H, CH;-CH,-0O-),
1.84 (t, J = 7.8 Hz, 2 H, -CH,-CH,-Si-), 2.70 (t, J = 7.8 Hz, 2 H,
-S-CH,-CH,-CH,-Si), 3.81 (q, J = 7.1 Hz, 6 H, CH3-CH,-0O-), 4.73
(s, 2 H, -S-CH>-Ar), 745 (t, J = 6.5Hz, 2 H, Ar), 7.55 (t, J =
6.5Hz, 2 H, Ar), 8.0 (d, /= 6.7Hz, 2 H, Ar), 8.33 (d, J = 6.7 Hz,
2 H, Ar), 8.40 (s, 1 H, Ar) ppm. '3C{'H} NMR (75 MHz, CDCl;):
0 = 8.0 (-CH»-Si-), 18.3 (CH3-CH,-0O-), 23.3 (-CH,-CH,-Si-), 35.2
(-S-CH,-CH,-CH,-Si), 38.3 (-S-CH,-Ar), 53.3 (CH;-CH,-O-),
124.1 (Ar), 124.8 (Ar), 126.0 (Ar), 127.0 (Ar), 129.1 (Ar), 130.2
(Ar), 131.5 (Ar), 131.8 (Ar) ppm. Cp,H3,03SSi (428.66): caled. C
67.25, H 7.52, S 7.48; found C 67.37, H 7.60, S 7.34.

Synthesis of Functionalised Silica Nanoparticles: The functionali-
sation of silica nanoparticles with the signalling subunit and the
binding site was carried out according to two distinct approaches.
The first approach was based on the consecutive grafting of the
two subunits. In the first step nanoparticles functionalised with an-
thracene moieties were prepared (NA), and then the corresponding
binding sites (3-fold molar excess based on the content in anthra-
cene) were incorporated onto the nanoparticle surface (NA-Bts,
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NA-Pt;; the dash in this nomenclature indicates the two-step graft-
ing process). The second approach deals with the functionalisation
of nanoparticles by the grafting of both subunits (in different molar
ratios) in only one synthetic step. These nanoparticles were desig-
nated by NA,Bt, and NA,Pt,, where the absence of the dash be-
tween the signalling and binding subunits indicates the simulta-
neous grafting process, and the values of x and y indicate the molar
ratios between the signalling and binding subunits.

Nanoparticles Functionalised with Anthracene (NA): Compound 3
(0.32 g, 0.75 mmol) was placed in a round-bottomed flask and then
dissolved with ethanol (100 mL), water (50 mL) and acetic acid
(50 mL). Then a water suspension of silica nanoparticles (12 mL
LUDOX AS-30 colloidal silica) was added. The reaction mixture
was warmed at 80 °C while being stirred for 48 h. After this time,
the ethanol was evaporated under reduced pressure, and solid
NaHCOj; was added to the suspension until a pH value between 5
and 6 was reached. The silica nanoparticles were isolated by centri-
fugation and washed with water and acetone. The solid was dried
at 70 °C for 16 h.

Nanoparticles Functionalised with Butylthiourea and Anthracene
(NA-Bt;): NA nanoparticles (0.75 g) and 1 (0.12 g, 0.7 mmol) were
added to dry acetonitrile (50 mL). The resulting mixture was heated
at reflux for 24 h. The solid nanoparticles were obtained by centri-
fugation and were washed several times with water and acetone.
The final solid was dried at 70 °C for 16 h.

Nanoparticles Functionalised with Phenylthiourea and Anthracene
(NA-Pt3): NA nanoparticles (0.75 g) and 2 (0.12 g, 0.4 mmol) were
added to dry acetonitrile (50 mL). The resulting mixture was heated
at reflux for 24 h. The solid nanoparticles were obtained by centri-
fugation and were washed several times with water and acetone.
The final solid was dried at 70 °C for 16 h.

Nanoparticles Functionalised with Butylthiourea and Anthracene
(NA;Bt;): A colloidal dispersion of LUDOX AS-30 silica nanopar-
ticles (5 mL) was added to a solution containing ethanol (40 mL),
water (20 mL) and acetic acid (20 mL). Then compounds 1
(0.084 mmol) and 3 (0.084 mmol) dissolved in dry acetonitrile
(5 mL) were added to the nanoparticle suspension, and the re-
sulting mixture was heated at reflux for 48 h. Then the ethanol was
removed in a rotary evaporator, and the pH of the water suspension
was lowered to 5 by the addition of sodium hydrogencarbonate.
The functionalised NA;Bt; nanoparticles were isolated by centrifu-
gation at 10000 r.p.m., washed with water and acetone and dried
at 70 °C overnight.

Nanoparticles Functionalised with Phenylthiourea and Anthracene
(NA,Pt)): A colloidal dispersion of LUDOX AS-30 silica nanopar-
ticles (5 mL) was added to a solution containing ethanol (40 mL),
water (20 mL) and acetic acid (20 mL). Then compounds 2
(0.084 mmol) and 3 (0.084 mmol) dissolved in dry acetonitrile
(5 mL) were added to the nanoparticle suspension, and the re-
sulting mixture was heated at reflux for 48 h. Then the ethanol was
removed in a rotary evaporator, and the pH of the water suspension
was lowered to 5 by the addition of sodium hydrogencarbonate.
The functionalised NA;Pt; nanoparticles were isolated by centrifu-
gation at 10000 r.p.m., washed with water and acetone and dried
at 70 °C overnight.

Nanoparticles Functionalised with Butylthiourea and Anthracene
(NABt3): A colloidal dispersion of LUDOX AS-30 silica nanopar-
ticles (5 mL) was added to a solution containing ethanol (40 mL),
water (20 mL) and acetic acid (20 mL). Then compounds 1
(0.084 mmol) and 3 (0.028 mmol) dissolved in dry acetonitrile
(5 mL) were added to the nanoparticle suspension, and the mixture
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was heated at reflux for 48 h. Then the ethanol was removed in a
rotary evaporator, and the pH of the water suspension was lowered
to 5 by the addition of sodium hydrogencarbonate. The function-
alised NA;Bt; nanoparticles were isolated by centrifugation at
10000 r.p.m., washed with water and acetone and dried at 70 °C
overnight.

Nanoparticles Functionalised with Phenylthiourea and Anthracene
(NA,Pt3): A colloidal dispersion of LUDOX AS-30 silica nanopar-
ticles (5 mL) was added to a solution containing ethanol (40 mL),
water (20 mL) and acetic acid (20 mL). Then compounds 2
(0.084 mmol) and 3 (0.028 mmol) dissolved in dry acetonitrile
(5 mL) were added to the nanoparticle suspension, and the re-
sulting mixture was heated at reflux for 48 h. Then the ethanol was
removed in a rotary evaporator, and the pH of the water suspension
was lowered to 5 by the addition of sodium hydrogencarbonate.
The functionalised NA;Pt; nanoparticles were isolated by centrifu-
gation at 10000 r.p.m., washed with water and acetone and dried
at 70 °C overnight.

Deduction of Equation (1): The affinity of the solid NA-Pt; nano-
particles for different anions has been studied by using as starting
model the well-known Langmuir isotherm for adsorption processes
on surfaces. In the Langmuir isotherm the coverage € is a function
of both the temperature and the adsorbate concentration. If the
temperature is constant, the coverage is only a function of the con-
centration and follows Equation (2)

n, I, 1+Kc 2)

where 6 is the fraction of adsorbed anion (74, in mol) vs. the maxi-
mum amount of anion (ny;, in mol) that could be adsorbed in the
monolayer. This is equivalent to the ratio between the measured
fluorescence intensity at a certain concentration (/) and the fluores-
cence signal obtained upon saturation with the analyte (I). Alter-
natively, 6 can be expressed by the Langmuir adsorption constant
K and the concentration ¢ (in mol L") of the anion in the equilib-
rium. Thus, after rearrangement [Equation (3)]:

_ny,Ke

= 0=
4= =T e 3)

Additionally, by taking into account that the total number of moles
of anions (np) is the sum of the number of moles adsorbed on the
monolayer (n,) and the moles of anions remaining in the solution
(n), i.e. ng = n + nu, Equation (3) is then transformed into Equa-
tion (4):

1+ Ke 4)

Dividing by the volume (solution volume ¥ in L), we obtain Equa-
tion (5)

n
M Ke

T ke )
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and finally Equations (6) and (7):

Kc2+(1+1<”7“—1<c0)c—c0=0

(6)
e () Lt
K v K v K
c =
2 @)
From Equation (2) we obtain Equation (8)
_ Ke
M1+ Ke 8)

and by substitution of Equation (7) into Equation (8), the final
Equation (1) used for fitting of the titration curves is obtained.
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