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The use of micelles to transpose lipophilic receptors, such as uranyl-salophen complexes, into an
aqueous environment is a valuable and versatile tool. Receptor 1 incorporated into CTABr micelles forms
a supramolecular system that exhibits excellent binding properties towards fluoride in water, despite the
competition of the aqueous medium. To fully evaluate the potential of micellar nanodevices, we extended
our previous study to other types of surfactants and to a uranyl-salophen receptor with a more extended
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aromatic surface. Paramagnetic relaxation enhancement experiments were used to obtain information on
the location of the two receptors within the micelles and complementary information was obtained from
dynamic light scattering experiments. With these data it is possible to account for the key factors necess-
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Introduction

Anion recognition by artificial receptors that operate in
aqueous solution is a field that has been growing exponentially
in the last few decades due to the biological and environ-
mental significance of these species. Fluoride can be con-
sidered as a biologically important anion but its excessive
intake has been linked to health issues, such as dental and
skeletal fluorosis."” The detection of fluoride in water is con-
sequently a valuable target to pursue despite the intrinsic
difficulty in doing so due to the fact that fluoride is a small
but a highly hydrated anion.

Several neutral receptors which are able to recognize fluor-
ide have been designed and studied in organic solvents.**
Many of them rely on hydrogen bonding™® or on a Lewis acid-
base type interaction.”'® Important colorimetric changes,
enabling easy sensing, are obtained when deprotonation by
fluoride'" or intramolecular charge transfer occurs.'® Uranyl-
salophen complexes which rely on a Lewis acid-base inter-
action (Fig. 1, Receptors 1 and 2) are known to selectively and
efficiently bind fluoride in organic solvents®'***™® and
furthermore, if properly functionalized with hydrophilic sub-
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ary to obtain an efficient supramolecular device for anion binding in water.
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Fig. 1 Receptors and surfactants used, X~ represents Br~ or Cl™ anions.

stituents, can partly maintain this affinity in water."®"” The
use and advantages of these metal complexes have been dis-
cussed and reviewed in the literature.’

We have recently reported that Receptor 1, which is easily
synthesized through the one-pot reaction of 1,2-phenylenedi-
amine with two moles of salicylaldehyde in the presence of
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uranyl acetate,'® can be transposed into water with the help of
CTABr (cetyltrimethylammonium bromide) micelles.'°
Remarkably the supramolecular receptor/micelle assembly
exhibits an affinity for fluoride of the order of 10* M~ which
is one of the highest values ever reported for fluoride binding
by a neutral receptor in water and, very interestingly, higher
than the one observed with the hydro-soluble version of Recep-
tor 1.° The selectivity observed in organic media'® is further-
more maintained versus sulphate, acetate, nitrate, phosphate
and other halides."® Using micelles avoids the time-consuming
synthetic procedures needed to obtain water soluble receptors
and the potential of this strategy has already been exploited by
a few groups interested in the binding or sensing of different
analytes in water using a variety of receptors.'®*' 7

With the aim to better understand these supramolecular
systems, we investigated a number of factors that can influence
their binding efficiency. We report here the study carried out
with Receptor 1 and with Receptor 2, which is characterized by
a more extended aromatic surface, in the presence of four
different surfactants which are suitable for anion recognition
(CTABr; cetyltrimethylammonium chloride, CTACI; dodecyl-
phosphocholine, =~ DPC;  p-tert-octylphenol-polyoxyethylene
ether, Triton X-100; Fig. 1). Both of these receptors are not
soluble in water. The affinity of the systems for fluoride was
investigated by UV-vis or NMR titrations and their structural
characteristics were probed via NMR Paramagnetic Relaxation
Enhancement (PRE) experiments, with the aim of correlating
binding efficiency to the location of the receptors in the
micelles. DLS experiments were also undertaken.

Results and discussion

Receptors 1 and 2 were first studied in CH,Cl, and it was
observed that they bind fluoride with affinity constants of the
order of 10° M™" (see ESIf). In order to evaluate their binding
capacities in water, they were solubilized in CTABr, CTACI and
Triton X-100 micelles (50 mM surfactant concentration) and in
DPC micelles (20 mM surfactant concentration). These concen-
trations are all well above the ecmc of the surfactants and are
comparable to those reported in previous studies.'*?%%?

Fluoride binding was monitored by UV-vis titrations for the
receptors incorporated into the CTABr and CTACI micelles and
Fig. 2 reports the data for the Receptor 2/CTABr system. The
changes in the spectra triggered by the addition of increasing
amounts of KF were sufficient to allow a precise assessment of
the binding affinity. This was not the case for the receptors
incorporated into Triton X-100 and DPC micelles and, for
these systems, "H NMR was used to monitor the recognition
process. Fig. 3 shows the spectra recorded for Receptor 2 in
Triton X-100 (see ESI for Receptor 1 in Triton X-100). Fluoride
binding data for the two receptors in the four environments
are reported in Table 1.

As previously observed, Receptor 1 in CTABr micelles shows
a high affinity for fluoride despite the predictable strong com-
petition of the surfactant counterion, Br~, and of the
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Fig. 2 UV-vis titration of a 5.05 x 10™> M solution of Receptor 2 in
50 mM CTABr with KF and the 1:1 binding isotherms with parametric
adjustment.

medium." Receptor 2 shows the same behaviour and the
binding constant is even slightly higher. Similar results were
obtained when the two receptors were incorporated into CTACI
micelles. The affinity for fluoride however drops drastically
when the receptors are incorporated into Triton X-100 or DPC
micelles.

The data reported in Table 1 were not easy to rationalize.
For example we would have expected, since chloride is more
competitive than bromide, to obtain much lower apparent
binding constants with CTACI micelles than the ones
determined.

To evaluate how the location of the receptor within the
micelle influences the affinity of the systems for fluoride, the
positioning of the receptors was monitored by NMR Para-
magnetic Relaxation Enhancement (PRE) experiments. Several
studies reported in the literature have shown that these exper-
iments are particularly well suited to obtain information on
the localisation and orientation of (bio)molecules inside
micelles.'>?*** 3¢ Pprecise distance information can be
obtained if a calibration procedure is first undertaken.**?” As
we recently showed it is however possible to obtain reliable
information on the localisation and orientation of receptors in
micelles by simply comparing the PRE data obtained for the
receptor protons with those of the surfactant protons of the
micelles."”?° This protocol was applied in this study and for
each receptor/micelle system, the longitudinal relaxation rate
of the different receptor and surfactant protons were measured
in the presence of increasing amounts of the paramagnetic
species (K3[Cr(CN)g]). When plotting the relaxation rate
enhancement (A1/T;) as a function of paramagnetic species
concentration, a linear relationship was obtained and the
slope, known as the relaxivity (¢), was extracted. The normal-

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 'H NMR spectrum of a 1.5 mM solution of Receptor 2 in 50 mM Triton X-100. Receptor signals are amplified and shown for different
additions of KF. (®) Surfactant signals. The assignment of the receptor signals was made by comparison with the spectrum of the receptor in CTAX

micelles. For proton labelling see Fig. 1.

Table 1 Affinity (K, + 26, M%) for fluoride of Receptors 1-2 incorpor-
ated into micelles (50 mM CTAX and Triton X-100; 20 mM DPC). The
receptors are stable over time and no degradation was observed in all
cases

CTABr CTACI Triton X-100 DPC
Receptor 1 13 000 + 1000“ 10 000 £ 1000 35+5 <5
Receptor 2 18 000 = 1000 15000 £ 1000 65+5 <5

“Value in agreement with previous results reported for this system."®

ized relaxivities (value relative to the one obtained for the head
protons of the surfactant) of the receptor and surfactant
protons of all the systems studied are reported in the ESL{ A
careful comparison of these normalized relaxivity values has
enabled us to localise the receptors in the micelles and Fig. 4
gives a schematic representation of the results obtained for
receptors in the different micelles. The PRE data for super-
imposed signals must be interpreted with care as the relaxivity
of such signals is dominated by the relaxivity of the proton
which is least affected by the paramagnetic species (see ESIT).

In DPC micelles, the PRE measurements clearly show that
Receptor 1 is located next to the surfactant’s phosphate group
and this most certainly explains the extremely small apparent
affinity constant of the system for fluoride. It is indeed known
that phosphate binds with a good affinity to uranyl-salo-
phens.'® In Triton-X-100 micelles, the PRE experiments show
that the receptors are located in the highly hydrated palisade
layer. They are consequently not protected from the aqueous
environment and the higher competition with water will con-
tribute to the poor binding capacity of the receptors.

This journal is © The Royal Society of Chemistry 2015

Receptors 1 and 2

DPC __g ....... :
NN NP 0 \0\/‘%,\/‘/
e
Receptors 1and 2
i i
TX100 | \,{/\O/\]?]/olﬁ
Receptor1
H H
CTAX \/\/\/\/\"I/\”\/\@&ﬁb X@
a tHs
Receptor 2

Fig. 4 Schematic representation of the localisation of the receptor
within the different types of micelles.

As far as the CTAX micelles are concerned, the PRE data
show that the receptors are essentially protected from the
aqueous environment. Receptor 1 is located close to the
surface of the micelles with its binding site oriented towards
the outside. In the CTABr micelles, the proton next to the
guest coordination site of the receptor (proton 1) has a relaxi-
vity value which is even larger than the relaxivity of the surfac-
tant head protons (normalized relaxivity > 1), suggesting that it
is protruding into the Stern layer. Receptor 2 is more deeply
buried in the hydrophobic core than Receptor 1, in both types
of micelles, and this can be easily explained by its more
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extended lipophilic structure. This difference has a small bene-
ficial impact on fluoride recognition which could be explained
by the fact that Receptor 2 is better protected from the
aqueous environment.

In order to verify if fluoride binding influences the localis-
ation of the receptor within the micelle, PRE measurements
were also undertaken with Receptors 1 and 2 in CTACI and
CTABr micelles in the presence of 4 equivalents of KF (the
receptors are saturated under these conditions). These PRE
values were compared to those obtained in the absence of fluo-
ride (Fig. 5). In the case of Receptor 2, signals of protons 1 and
8 are superimposed in the "H NMR spectrum and the normal-
ized relaxivity of proton 1 is without doubt higher than the
values obtained for this signal (see ESIT).

The results shown in Fig. 5 indicate that Receptor 1, which
is located at the very interface of the micelles in the absence of
bound fluoride, buries itself into the micelle upon fluoride
binding, both in the case of CTABr and CTACl micelles.
Indeed, the relaxivities of the H1 and H2 protons of the recep-
tor drop significantly and have values which are comparable to
those of the surfactant chain protons. The receptor becomes
negatively charged upon anion binding and thus appears to
position itself so as to put its charge next to the positively
charged polar head of the surfactant molecules. The burying
of a charged species in CTABr micelles has already been
described in the literature.*®*° It has been reported that
phenol, which is located at the micelle surface when proto-
nated, buries itself into CTABr micelles when it is deproto-
nated, driven by the favourable electrostatic interactions
between the negatively charged phenolate ions and the posi-
tive charge of the cationic surfactant head group. As far as
Receptor 2 is concerned, the PRE experiments show that its
location is not markedly affected by complexation with fluor-
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Fig. 5 Normalized relaxivity values for the protons of Receptors 1 (top)
and 2 (bottom) solubilized in 50 mM CTABr micelles (left) and 50 mM
CTACL micelles (right) before and after addition of 4 equivalents of KF.
All normalized PRE are given in the ESL}
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Fig. 6 Hydrodynamic diameters of CTABr and CTACLl micelles upon
incorporation of different concentrations of Receptor 1 (W) or 2 (A).

ide and this can be explained by the fact that its lipophilicity
keeps it in the internal core where it was already hosted before
the addition of fluoride.

To gain more insight into the structure of the particularly
efficient CTAX/receptor systems, dynamic light scattering
(DLS) measurements were undertaken on 50 mM CTABr and
CTACI solutions in the presence of increasing concentrations
of Receptor 1 or 2. KCI or KBr was added to the solutions so as
to minimize the electrostatic interaction effects on the
measured apparent diffusion coefficients.’®*' The derived
hydrodynamic radii are plotted as a function of receptor con-
centration in Fig. 6 (see tables in ESIf). The results clearly
show that CTABr micelles swell when the receptors are incor-
porated whereas no significant size variation is observed in the
case of CTACL The observed different behaviours of these two
surfactants is not astonishing since it is known that the nature
of the counter ions plays a crucial role in the structural fea-
tures of cationic micelles and controls micellar growth
when hydrophobic compounds, such as benzene, are
incorporated.**™” Chloride counterions, which are more
hydrated and consequently bulkier, are described to place
themselves in front of the head groups while bromide counter-
ions are reported to interact specifically with the positively
charged head groups of the CTA surfactant molecules and to
locate themselves between these head groups.””*®"” In the
case of CTABr micelles, the higher affinity observed could
therefore be due not only to the fact that the counterion is less
competitive than in the case of the CTACI micelles, but also
because the swelling of the micelles makes the receptors more
accessible while still protecting the binding site from the
aqueous environment.

Conclusions

In summary, the results obtained in this study clearly show
that the use of micelles to transpose lipophilic receptors, such
as uranyl-salophen complexes, into an aqueous environment

This journal is © The Royal Society of Chemistry 2015
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is a valuable and versatile tool. The surfactant must however
be chosen with care.

In relation to the receptor/micelle nanodevices based on
uranyl-salophen complexes and their ability to bind fluoride in
water, the best systems are those obtained with CTABr and
CTACI. The assemblies that are formed behave as supramole-
cular systems increasing the receptor affinity towards fluoride
despite the competitiveness of the medium. The two receptors
exhibit a very similar affinity for fluoride, despite the different
lipophilicity that affects their location inside the micelle, as
shown via PRE experiments. Receptor 2 is more deeply buried
inside the micelle compared to Receptor 1 which is at the very
interface. Recognition of fluoride by the metal centre trans-
forms the complexes from neutral to negatively charged.
Receptor 1 after fluoride binding buries itself closer to the cat-
ionic head, driven perhaps by the possibility of establishing a
favourable electrostatic interaction. No significant difference
in the location of the more lipophilic Receptor 2, before and
after fluoride binding, is observed. DLS measurements estab-
lished that the inclusion of the receptors leads to swelling of
the CTABr, but not the CTACI micelles, making the receptors
more accessible to the external environment. This could
perhaps explain, in conjunction with the fact that bromide is a
less competitive counterion, that the fluoride binding is
slightly more efficient within the CTABr nanodevices.

The work reported can be seen as a contribution to the
development of simple and efficient supramolecular devices to
bind analytes in water using lipophilic receptors.

Experimental section

Chemicals

Triton X-100, KF, TBAF-3H,0, KBr, KCl, and K;[Cr(CN)s] were
purchased from Aldrich and used without further purification.
CTABr and CTACI were purchased from Aldrich and were puri-
fied following a protocol detailed in the literature.*®* DPC was
purchased from Avanti Lipids and used without further purifi-
cation. D,O was purchased from Aldrich. Receptors 1 and 2
were available from previous investigations.***°

Solutions of surfactants were prepared by dissolving the
surfactant in H,O, for UV-vis spectroscopy, or D,0, for NMR
experiments. For the DLS experiments, surfactant solutions
were prepared by dissolving the surfactant in 100 mM KCl
solutions in H,O for CTACI and in 50 mM KBr solutions for
CTABr. The micelle-receptor solutions were prepared by
adding a weighed amount (to obtain mM concentrations) of
the receptor to a 50 mM of CTABr or CTACI or Triton X-100
solution or to a 20 mM DPC solution. The solution was then
stirred for 30 min. For the UV-experiments the solutions were
diluted with surfactant solutions.

With mM receptor concentrations, considering the aggrega-
tion number of the different surfactants, it can be expected
that 2-3 receptors are incorporated per micelle.

This journal is © The Royal Society of Chemistry 2015
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UV-Vis spectroscopy

UV-vis spectra were recorded on a Perkin Elmer UV-vis spectro-
photometer Lambda 40 using a quartz cell with an optical
path length of 1 cm. Spectra were recorded at 30 °C with the
micellar solutions and at room temperature for the organic
solutions. Solutions with a receptor concentration of around
107> M were titrated with aliquots of a TBAF solution for the
titration in CH,Cl, or with KF in the case of aqueous solutions.
The reported spectra were corrected for dilution. To determine
the binding constants the experimental points were fitted
using a 1:1 binding isotherm (Benesi-Hildebrand equation).

NMR spectroscopy

All the NMR experiments were performed on a Varian spectro-
meter operating at 14.1 T (599.9 MHz for 'H) at 30 °C for CTAX
solutions and at 25 °C for DPC and Triton X-100 solution.
500 ul of different micelle solutions were placed in the NMR
tube.

For the titration experiments, aliquots of freshly prepared
concentrated solutions of potassium fluoride in water in the
presence of 50 mM CTAX/Triton X-100 or 20 mM DPC were
added directly into the NMR tube. The change in receptor con-
centration was <10%. Binding constants were obtained via
integration (following deconvolution if needed) of the H7
(Receptor 2) or H5 (Receptor 1) protons.

For the PRE experiments, aliquots of 5 pl of a concentrated
D,0 solution of K;[Cr(CN)e] (2.7 mM for cationic micelles and
210 mM for DPC and Triton X-100) were added. T; measure-
ments were undertaken using the classical inversion recovery
(180-7-90-acquisition) sequence, with 16 points and the delay
varying between 0 and 6 s. The delays were adapted according
to the amount of added chromium salt. Data treatment was
performed using the Varian VNMR] software. To obtain the T}
values, eqn (1) was adjusted to the values of the signal
integrals:

I, = I {1 —(1—cos a)efﬁ] (1)

where I, is the signal integral after a delay z, I, after full relax-
ation and « is the angle of inversion. The angle is left as a
parameter in the case of incomplete inversion.

For each signal monitored, the increase in the longitudinal
relaxation rate induced by the paramagnetic species (A1/T;;
the difference between the longitudinal relaxation rate
measured in the presence and in the absence of the para-
magnetic species) was plotted as a function of the concen-
tration of paramagnetic species. A linear regression was
undertaken with the experimental data points from which the
relaxivity value was derived (slope of the line).

DLS

DLS experiments were undertaken at 30 °C on a Malvern Nano-
Zetasizer apparatus, equipped with a 4 mW HeNe laser source
(632.8 nm). In this apparatus, the light scattered by the
sample, placed in a thermostated cell-holder, is collected at an
angle of 173°. Unimodal intensity weighted distributions of

Org. Biomol. Chem., 2015, 13, 2437-2443 | 2441
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the hydrodynamic diameters were obtained by analysing the
measured autocorrelation functions using the CONTIN algor-
ithm. The values corresponding to the peaks were considered
as apparent hydrodynamic diameters Dy,. Averaged values of
five measurements were reported, and the repeated measure-
ments were reproducible within +5%.
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