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Abstract

The development of artificial receptors for efficient recognition of analytes in water is a
challenging task. The homooxacalix[3]arene-based receptor 1, which is selective towards
primary ammoniums in organic solvents, was transferred into water following two different
strategies: direct solubilization and micellar incorporation. Extensive *H NMR studies show
that recognition of ammoniums is only observed in the case of micellar incorporation,
highlighting the beneficial effect of the microenvironment of the micellar core. The selectivity
of the system for primary ammoniums over secondary and tertiary ones is also maintained. The
hydrophobic effect plays an important role on the recognition properties, which are counter-ion
dependent due to the energy penalty for the dissociation of certain ammonium salts in the apolar
micellar core. This study shows that the straightforward self-assembly process used for the
encapsulation of artificial receptor in micelles is an efficient strategy to develop water soluble

nanosized supramolecular recognition systems.
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Introduction

The development of strategies for the recognition of primary ammonium cations in water is a
topical field of research, with potential applications in biological and environmental
monitoring. Primary ammonium groups are indeed present in many natural molecules of
biological interests, such as amino acids, peptides, and neurotransmitters.® They are also widely
used in the industry and are reported, in certain cases, to have a negative impact on our health
and the environment.?* A strategy widely exploited for the design of ammonium ion receptors®
consists in using cavity-based systems such as calixarenes,®’ resorcinarenes,?
hemicryptophanes,® or pillararenes.'®! These cavitands provide an electron n-rich pocket that
can stabilize the ammonium through cation—z and CH-r interactions, while ensuring a size and
shape cavity-based selectivity.*>*” Cev or Cav symmetrical cavitands are of particular interest
for primary ammonium groups as, similarly to 18-crown-6 ether derivatives, they can offer a
highly complementary H-bonding acceptor site. Examples of Csv symmetrical calix[6]arenes
displaying a good selectivity for primary ammonium ions are known,*1% however, due to the
flattened cone conformation of the receptor framework, these systems are limited to the binding
of small or linear guests. Hexahomotrioxacalix[3]arenes present a more open cavity and we
have recently shown that receptor 2 (Figure 1) exhibits high affinity and selectivity for primary
ammoniums compared to secondary, tertiary and quaternary ones, even in a competitive protic
environment (log Ka > 4 for various RNHs* in CDCI3/CD30D 4:1).2° The elucidated binding
mode sees the ammonium ion deeply inserted into the polyaromatic cavity and the NH3s*
establishing three H-bonds with the ethereal macrocycle.

While selective recognition and efficient binding have been achieved in polar organic solvents,
a major challenge is the development of systems that work in an aqueous medium.?* Water
molecules can actively interfere in the recognition processes as they are excellent H-bond
donors/acceptors and can efficiently solvate the different binding partners. The high dielectric
constant of water is also problematic in the case of coulombic interactions.?? To the advantage
of water, the hydrophobic effect can be beneficial for molecular recognition processes involving
less polar guests.?® A key issue is of course the solubility of the receptor as most receptors

developed to date are poorly soluble, if not totally insoluble in water.



Different strategies can be envisaged to transfer molecular receptors into water. The most
commonly encountered is the grafting of hydrophilic moieties onto the receptor, as shown in
recent reviews devoted to water-soluble macrocyclic synthetic receptors.?#2% This however
requires additional synthetic steps and careful design, as the hydrophilic groups must not
interfere with the binding event. A few examples of macrocyclic receptors have been reported
to complex ammoniums in water, but none of these show any selectivity towards primary
ammonium ions. Calix[5]arenes with sulfonate groups on the large rim have been reported to
bind the protonated side chain of the amino acid lysine, but with an affinity two orders of
magnitude lower than for quaternary ammoniums.?’-3° Cucurbiturils have been shown to bind
various guests among which primary ammoniums.3-34 Examples of pillararenes (bearing
phosphate groups)® and cyclophanes (with carboxylates)3%:3 that complex various amino acids,
either at the level of their ammonium head groups or of their charged side-chain, have also been
reported.

Another strategy, extensively used for the development of chemosensors for analytes in water,
consists in the grafting of the receptor onto surfaces or nanoparticles.383° Here too synthetic
modifications must be made to ensure efficient grafting onto the chosen surface. Systems which
exhibit selectivity for primary ammoniums in water have however, to the best of our knowledge,
never been reported. Sulfonatocalix[4]arene modified AuNPs have been reported to aggregate
in the presence of lysine, arginine and histidine, via a “sandwich type recognition” with the
sulfonate groups interacting with the cationic side chain and ammonium head group of the
amino acids.®®* A similar sandwich type recognition and colorimetric detection of
diammoniumbenzene isomers by sulfonatocalix[6]arene-modified AuNPs has also been
reported.*® To be noted, the grafting of calix[4]arenes on AuNPs has been reported for the
recognition of quaternary ammoniums in organic solvents.*:

A third strategy, and the one that is investigated in this paper, is the incorporation of the
receptors into micelles. It is a straightforward approach, easy to set up experimentally and does
not require any synthetic modification of the apolar receptor. Several examples of receptors
incorporated in micelles have been reported in the literature, including macrocyclic systems
such as calix[6]arenes and resorcinarenes. These systems have shown the ability to bind
neutral®? but also cationic**-4® and anionic molecules*. In certain cases, their binding properties
have been shown to be enhanced by the micellar environment in comparison to the water-
soluble equivalent. To the best of our knowledge, the only example of recognition of primary
ammoniums in micellar systems is the work of Rebek et al.® They observed that the

conformational reorganization of a water-soluble resorcinarene cavitand when incorporated
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into dodecylphosphocholine (DPC) micelles, significantly increased its binding capacity
towards different neutral or charged guests, including primary ammoniums.

The binding properties of homooxacalix[3]arenes towards primary ammoniums have never
been studied in an aqueous environment. The only report on oxacalix[3]arenes solubilized in
water concerns systems functionalized on the small rim with hydrophilic moieties used to
transfer fullerenes into water for the photocleavage of DNA.552 Regarding the grafting on
surfaces, only two examples of the immobilization of homotrioxacalix[3]arenes have been
reported. In both cases, the receptors were adsorbed on gold electrodes through ionic
interactions and the receptors were used for the complexation of fullerenes.>3

In this paper, we report the results of our investigation, using *H NMR, of the binding properties
of homooxacalix[3]arene 1 in water. It possesses deprotonable carboxyl groups and we
investigate, after studying its properties in organic solvents, two strategies to study it in water:

its direct solubilization in water and micellar incorporation.
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Figure 1. Structure of hexahomotrioxacalix[3]arene-based receptors 1 and 2.

Results and discussion

Binding properties of 1 towards ammonium ions in organic solvents. The binding properties
of homooxacalix[3]arene 1 were studied in organic solvents by *H NMR. A preliminary study
was conducted with hexylammonium picrate (HexNHs*Pic") as the complexation of this guest
has already been the object of intense studies with receptor 2.2° Receptor 1 (1 mM) was
dissolved in a mixture of CDCI3/CD3OD (4:1) and aliquots of HexNH3"Pic™ were added. New
signals for the host-guest complex 1-5HexNHs* were detected, concomitantly to those of the
free receptor and free guest, signature of a slow host-guest exchange process on the NMR
chemical shift timescale. The complex was obtained quantitatively after the addition of 1.2
equiv. of the ammonium salt as signals of the free host were no longer visible (Figure 2a vs.
2b), confirming a high binding affinity (log Ka = 4.7 £ 0.2). The 'H signals of the included guest
were assigned by recording a COSY NMR spectrum.® The intra-cavity complexation of the
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ammonium cation is clearly evidenced by the presence of signals in the high field region of the
H NMR spectrum (< 1 ppm). The downfield shift of ArH and tBu protons of the receptor and
the increase in the difference of the chemical shifts of the axial and equatorial ArCH protons
(from 0.43 ppm to 0.98 ppm) are indicative of a conformational change of the receptor upon
complexation when a more open cone conformation is adopted with the oxygen atoms of the
bridges directed toward the inside of the cavity (see the structure displayed in Figure 2b). The
largest complexation induced shifts (CISs) are observed for the protons in the a.-position (-2.72
ppm) and B-position (-1.93 ppm) of the ammonium head, indicating that they are located deep
inside the polyaromatic cavity. All these results are comparable to what has been observed with

homooxacalix[3]arene 2.
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Figure 2. *H NMR spectra (298 K, 400 MHz) in a 4:1 CDCIl3/CD3OD solution of a) 1 (1 mM); b) 1 +

1.2 equiv. of HexNH3™Pic™. W: water, s: residual solvents, g: grease. Inset: CISs values.

The recognition mode was further investigated by molecular mechanics conformational
analysis. The energy minimized structure of the complex 1oHexNHs* (Figure 3) is consistent
with the information gained by NMR. The host displays an open cone conformation and the
ethereal oxygen atoms are pointing towards the center of the cavity. The ammonium head is
positioned at the center of the ethereal macrocycle with the nitrogen atom located close to the
plane defined by the three oxygen atoms (O1, O2 and O3) of the macrocycle (distance from the
centroid defined by the oxygen atoms: 0.213 A). The complex exhibits a three-point H-bonding

complementarity between the NHs* head of the guest and the ethereal oxygens (N-O distances
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<2.99 A, 136.1°< N-H-O angles < 164.1°).The cation is further stabilized by a fourth H-bond
with one of the phenoxy oxygens (O4), ion—dipole interactions with the phenoxy oxygen atoms
(N—OAr distances < 2.87 A), cation—= interaction (N—Ar distances < 3.93 A) and CH-=

interactions with the aromatic walls of the cavity.
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Figure 3. Energy minimized structure of the complex 1oHexNHs™: a) Side view; b) Truncated top view
highlighting the recognition mode. H-bonds are indicated by dashed lines. Inset: schematic
representation of the three ethereal oxygen atoms centroid displayed as a blue sphere. Selected distances
(A): 0.213 (centroid-N), 2.87 (04-N), 2.99 (O3-N), 2.86 (02-N), 2.91 (O1-N). Selected angles (°): 117.7
(N-H-04), 136.1 (N-H-03), 164,1 (N-H-02), and 159.6 (N-H-O1). Except for the polar H, all the
hydrogen atoms of 1 and HexNH;3* are omitted for clarity.

The binding of several other primary, secondary and tertiary ammonium cations was
investigated by *H NMR in CDCIs/CDs0D 4:1 (Figure 4). The bulky t-butylammonium,1-
adamantylammonium, anilinium and benzylammonium ions were recognized in a similar
manner to HexNHzs*, as confirmed by the significant CISs of their o and B protons (Figure 4).%
The binding constants for these primary ammonium ions, determined by signal integration, are
also very similar (see Figure 4) despite the differences in their shape. This can be explained by
the high flexibility of the homooxacalix[3]arene host that can adapt the opening of its cavity to
the shape of the guest. The nature of the counter-anion (picrate or chloride) has little influence
on the binding properties (see HexNHs*Pic™ vs. HexNH3*Cl, Figure 4), in accordance with the
high stabilization of anions in protic environments. It is noteworthy to mention that quasi-
identical binding constants were reported for host 2 towards these three ammonium ions (log
Ka = 4.7 £ 0.2 for HexNH3s*Pic", 4.3 = 0.2 for HexNHs*Cl-, 4.2 = 0.1 for t-BuNHs* Pic’),
confirming that the substituents on the small rim are not involved in the recognition of the

ammonium ion.



No complexation of small secondary or tertiary ammonium ions was detected even in the
presence of a large excess of these cations (i.e. 21 equiv. for Et2NH2"Pic and 20 equiv. for
MesNH*Pic).% As mentioned in the introduction, such a remarkable specificity for primary
ammonium ions was also observed in the case of 2 and was ascribed to the fact that only primary
ammonium ions can be inserted deeply enough into the cavity to establish H-bonding

interactions with the ethereal macrocycle.
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Figure 4. Association constants for host 1 with various ammonium ions in CDCIs/CD3OD 4:1. The

values displayed on the structures correspond to the CISs determined by 'H NMR.

The impact of the protonation state of host 1 on its binding properties was further investigated
in CDCI3s/CD30D 1:2 at 263K.% The deprotonation of 1 was monitored by following the shift
of the CH2COO protons signals upon the addition of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU): from 4.56 ppm to 4.25 ppm after the addition of ~ 3 equiv. of DBU. Very similar
affinity constants of ca. log Ka = 3.4 = 0.1 and log Ka = 3.1 £ 0.1 were determined for
t-BuNH3*Pic™ in the absence and in the presence of ca. ~3 equiv. of DBU, respectively.® The
slightly lower affinity observed when the receptor is deprotonated could be due to the
competing exo-coordination of the cationic guest at the level of the negatively charged
carboxylates. Again, this result shows that the recognition properties of the receptor are poorly

dependent on the nature of the functional groups on the small rim.

Binding properties of 1 toward ammonium ions in pure water. Having demonstrated that
host 1 displays similar binding properties as 2 in organic solvents, we moved to its study in
water. Receptor 1 was successfully solubilized in D20 following the addition of diethylamine
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whose corresponding ammonium form is not complexed by the receptor (Figure 5a). The
receptor needs to be fully deprotonated to be solubilized as 3 equiv. of Et2NH were necessary
to achieve complete dissolution.>® Upon the addition of HexNH3*Cl-, no recognition was
evidenced. When HexNH:z was used as base to solubilize the receptor, the complexation of
HexNHz* was also not evidenced.>® The strong hydrophilicity of the ammonium head clearly

precludes the binding of the guest in pure water.
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Figure 5. 'H NMR (298 K, 400 MHz) of a) 1 (~1.5 mM) + Et2NH (~7 equiv.) in D20 at pH =
11.3; b) 1 (~0.3 mM) in DPC (20 mM in D20 at pH = 5.3); ¢) 1 in CDCls. w: water, s: residual
solvents, g: grease, *: DPC signals, ¥ : Et2NH/Et2NH2* signals.

Binding properties of 1 toward ammonium ions in micellar systems. The second strategy
investigated to transfer receptor 1 into water was its incorporation into surfactant micelles. 1
was successfully incorporated into dodecylphosphocholine (DPC) micelles by simple mixing
in D20 at rt. The physicochemical properties of DPC micelles, which have already been used
to transfer receptors into an aqueous environment,*>444950 are well documented in the
literature.>-° Receptor signals were clearly visible in the *H NMR spectra of the micellar
solutions, even at pH where the receptor is not soluble in water (i.e. pH < 6), corroborating its

successful incorporation.> Comparison of the 'H NMR spectra of 1 in DPC micelles (Figure
8



5b), in D20 (Figure 5a) and in CDCls (Figure 5c) shows that the receptor adopts a similar Cav
symmetrical cone conformation in all three environments (one singlet for ArH, 1 singlet for
CH2CQOO, 2 doublets for ArCH: and 1 singlet for tBu protons). Inclusion in DPC micelles was
further confirmed by DOSY experiments.> The diffusion coefficient of receptor 1 in the DPC
solutions, at pH 2.53 and at pH 8.55, (D1~ 0.88 £ 0.1 x 1071° m?/s at both pH) was observed to
be significantly smaller than the one determined for 1 solubilized in D20 at pH 12.7 (D1~ 2.9
x 101 m?/s). To be noted, the diffusion coefficient of the surfactant (Dorc ~1.08 + 0.02 x 10-
10m?/s) is slightly larger than the one of the incorporated receptor as it corresponds to the
weighted average of the diffusion coefficients of the aggregated surfactant and of its free
monomeric form (CMC of 1.5 mM; Dprc_monomer = 4.3 £ 0.1 x 10-19m?/s). The chemical shift
of the CH2COO protons of incorporated 1 changed when increasing the pH (from 4.53 ppm at
pH = 2.5 to 4.26 ppm at pH = 7.6), in agreement with the deprotonation of the receptor.% PRE
experiments,*>8! using potassium hexacyanochromate as paramagnetic agent, showed that
receptor 1 is deeply incorporated into the DPC micellar core both at pH = 8.5 and pH = 2.9.5
The binding of HexNHz* by 1 incorporated in DPC micelles was investigated by *H NMR
(Figure 6). A receptor concentration of ca. 0.35 mM was used, which corresponds to one
receptor per micelle.5? To our delight, when the receptor was deprotonated (pH 7.5), the
addition of HexNHs*Cl- led to the formation of complex 1oHexNHs* (Figures 6b).5 As in
organic solvents, guest exchange was slow on the chemical shift timescale. The amplitude of
the downfield shift of the ArH protons and the CISs measured were similar to those observed
in CDCIs/CD30D 4:1, implying the same recognition mode. Surprisingly, when the solution
was acidified to a pH at which the receptor is fully protonated (pH = 2.5) no inclusion was
evidenced, even in the presence of a large excess of HexNH3*Cl- (12 equiv.).>® DOSY
experiments confirmed however that HexNH3s*Cl" partitions into the micelles both at low and
high pH.>® The complexation of HexNHz* was however observed, both at pH 7.5 and pH 2.5,
when HexNHs*Pic- was added instead of the corresponding chloride salt.>® The subsequent
addition of picrate anion (in the form of MesNH*Pic") to the solution containing the 12 equiv.
of HexNH3*ClI interestingly also gave rise to the formation of 1oHexNHs*. Such a counter-ion
effect was not observed in organic solvents (i.e. CDCI3/CD3OD 4:1). These results can be
rationalized based on the nature of the medium (Figure 7):
- in the protic organic environment, anions are stabilized by H-bonds and ion pairs are
well separated. The nature of the counter-anion has thus almost no impact on the binding

of ammonium ions (Figure 7a);



- inthe apolar core of micelles, at pH = 2.5, the binding of the ammonium ion is effective
only when a low coordinating anion such as Pic™ is present in the medium (Figure 7b).63
The energy penalty for the dissociation of the ammonium chloride salt in the apolar
micellar environment is indeed too high to enable the intracavity complexation of the
cation (Figure 7c);%

- inmicelles, at pH = 7.5, the receptor is fully deprotonated and can thus play the role of
counter-anion and the counter-anion of the ammonium salt has little influence on the
host-guest process (Figure 7d).

To our knowledge, such considerations on the impact of a counter-ion on the recognition

properties of a synthetic receptor incorporated in micelles have never been reported in the

literature.
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Figure 6. 'H NMR spectra (298 K, 400 MHz) of a) 1 (0.35 mM) in DPC (20 mM in DO at pH = 7.5);
b) after addition of ca. 6 equiv. of HexNH3*CI". *: surfactant signals, w: water signal.
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Figure 7. Rationalization of the host guest properties of 1 toward HexNH3* in different environments

depending on the counter anion (Pic” or CI).

In a second set of experiments, the binding of different primary ammonium ions by
deprotonated 1 (0.35 mM) incorporated in DPC micelles (DPC 20 mM; 10 mM HEPES, pH ca.
7.8) was monitored by *H NMR (Table 1). In all cases, formation of the inclusion complexes
was evidenced, as in CDCIls/CD30OD 4:1.5° The inclusion complexes were observed more
readily with the more apolar ammoniums (cLogP > 2; AdamNHs*Cl, HexNHs*Cl- and
DodNHzs™*). For the more polar guests (cLogP < 1; PrNH3*CI, t-BuNHs*Cl-and n-BuNHs*ClI"),
a significantly larger number of equivalents of the ammonium salt had to be added to observe
the signature of the inclusion complex. Signal integration in the presence of ~ 6 equiv. of
AdamNH3*CI- suggested a log Ka of 2.6 £ 0.1 M but this value dropped to 2.3 + 0.1 M in the
presence of ~30 equiv. of guest (Table 1).5 This decrease in the measured affinity constant at
higher concentrations is due to the saturation of the micelles, which was confirmed with DOSY
experiments performed with DPC solutions containing different AdamNHs*Cl
concentrations.>® To obtain the correct affinity constants it would consequently be necessary to
work at very low guest concentrations, conditions which did not allow us to obtain quantitative
results (poor S/N ratio). The proportion of 1 with a guest in its cavity, at a given guest
concentration, is also given in table 1 and analysis of this data clearly highlights the beneficial
influence of the hydrophobic effect: a smaller proportion is observed with the more hydrophilic
guests (PrNHs*, t-BuNHs* and n-BuNHs*). As mentioned in the introduction, the only example

11



of a primary ammonium complexed by a host in micellar environment was reported by Rebek
et al. who determined a Ka = 11 M* for the complexation of adamantan-1-methanaminium by
a resorcinarene in DPC micelles, a value much lower than the ones obtained in our system for

similar primary ammoniums.

Table 1. Measured association constants (Kmes) for host 1 with ammonium chloride salts measured by
'H NMR spectroscopy in 20 mM DPC, 10 mM HEPES (pH ca. 7.8) in DO at 298 K; [1] = 0.35 mM.%

Guest (CI salt) Equiv. Log Kmes [1DG])/[lw] cLogP

PrNH;" 38 13+0.1 22 0.43
t-BUNHs* 35 13+0.1 19 0.61
n-BuNHs" 27 17+01 31 0.96
HexNH3* 6 26+0.1 49 2.02
AdamNHs* 6 26+0.1 51 2.03
30 23+0.1 62
DodNHs* 14 34+01 42 5.19
HaN*(CH2)sNHs" 25 <1 15 1.23
HaN*(CH,)12NHs* 15 35+0.1 50 3.35

The complexation of apolar bisammonium ions HsN*(CH2)nNHs* (with n = 8 and 12) was also
assessed. A weak binding of the shorter more hydrophilic guest was observed (small inclusion
signals detected in the presence of 25 equivalents), while the binding of HsN*(CH2)12NH3s*" was
favorable, with a log Kmes of 3.5 + 0.1 (for a smaller number of equivalents), a value similar to
the one obtained with the more hydrophobic DodNHs*. This good affinity may be due to the
favorable interaction between the second ammonium group and the phosphate of the DPC
headgroup.® In the case of the shorter diammonium ion, the second ammonium group would
be in the hydrophobic core of the micelle, which is not favorable. The complexation of other
primary ammoniums was also evaluated: aniline hydrochloride, benzylammonium chloride,
dopamine hydrochloride, histamine monohydrochloride and protonated spermine. Even with
large excesses of these guests (respectively 75, 42, 30, 55 and 20 equiv.) no recognition was
evidenced at pH = 7.6 — 8.1.5” The hydrophilicity of these guests means that they are not
incorporated into the micelles, as confirmed by DOSY experiments for benzylammonium
chloride.® The selectivity of 1 in DPC micelles for primary ammonium ions was confirmed as
no recognition was observed with the relatively apolar Me:NH2",EtsNH* and MesN*

ammoniums (respectively after the addition of 450, 180 and 180 equiv.).»®
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Host 1 was also successfully incorporated in micelles of other surfactants (i.e. TPGS-750-M,
Triton-X-100, SB3-14, SDS and CTABTF).%® No recognition of HexNHs*Pic- was observed in
SB3-14 and SDS micelles at pH = 4.8.5° With SDS micelles, this can be explained by the non-
specific interactions between the sulfate head of the surfactant and the ammonium ion. With
TPGS-750-M or Triton-X-100 recognition was clearly observed at pH = 5.3-5.4 (respectively
with HexNHs*Pic- and AdamNHs*CIl") but the broadness and isochrony of the 'H signals
complicated the studies with these systems. Nevertheless, affinity seem similar to those
observed in DPC systems.> Recognition of AdamNH3*Cl- was qualitatively evidenced in
CTABr at pH = 7.0, but the affinity is low as only 40% of the host was complexed in the
presence of a large excess of the ammonium ion (175 equiv.).® This low affinity can be
rationalized by the electrostatic repulsion between the positively charged head groups of the

guest and of the surfactant.%®

Conclusion

In summary, the binding properties of homooxacalix[3]arene receptor 1 were studied in organic
solvents and in water via *H NMR spectroscopy. The receptor is, similarly to what we recently
observed with a parent receptor,?° selective for primary ammoniums in organic solvents with.
affinity constants up to log Ka = 4.7 + 0.2 for HexNH3" in CDCIs/CD3sOD 4:1. An in-silico
study showed that the primary ammonium is deeply inserted into the polyaromatic cavity with
the NH3* group almost in the plane defined by the 18-crown-3 moiety. The protonation state of
the carboxyl groups on the small rim of 1 does not show a significant impact upon the binding
properties in organic solvents, indicating that the substituents on the small rim are not involved
in the recognition process.

Receptor 1 was transferred into water following two strategies: 1) direct solubilization through
deprotonation of the carboxyl groups and 2) incorporation into micelles. The first strategy
shows its limits as no recognition could be evidenced, while in micellar systems, of different
surfactants, recognition was observed. Extensive studies were undertaken with the receptor
incorporated in DPC micelles. DOSY and PRE experiments confirmed that 1 is located deep in
the micellar core, even at pH where it is soluble in water. 1D *H NMR studies confirmed that
the encapsulated receptor is able to host selectively primary ammoniums, such as HexNHs* or
AdamNHs*, which is remarkable considering that primary ammoniums are more hydrophilic
than secondary or tertiary ones. The hydrophobic effect does however play an important role in
the recognition abilities as the affinity increased by two orders of magnitude from PrNHs* to
DodNH3*.
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Ammonium recognition by receptor 1 was seen to be counter-ion dependent. With the low
coordinating picrate counter anion, recognition was observed whatever the protonation state of
the receptor, while with the chloride salt complexation was only observed when 1 is
deprotonated, due to the energy penalty for the dissociation of ammonium and chloride in the
apolar micellar core. To the best of our knowledge, this behavior has never been described in
micellar system.

In conclusion, this study shows that the straightforward encapsulation of artificial organo-
soluble receptors in micelles is an efficient strategy to develop water soluble nanosized
supramolecular recognition systems. Future work will be directed toward the incorporation of

fluorescent receptors in micelles to sense biologically relevant molecules in water.

Experimental Section

General Information. *H NMR spectra were recorded either on a Jeol 600 MHz spectrometer
or on a Varian 400 MHz spectrometer. NMR parameters (acquisition time, recycling times and
signal accumulation) were chosen to ensure that quantitative data could be obtained from signal
integration. The NMR spectra were recorded at 298 K unless otherwise stated. Chemical shifts
are expressed in ppm. Compound 1 was synthesized as previously described.5%70

Procedure to determine affinity constants in organic solvents. Receptor 1 was dissolved in
the selected mixture of organic solvents at the desired concentration (typically 1 mM). Stock
solutions of the guests were prepared and contained receptor 1, so as to avoid host dilution
during the titrations. Aliquots of these stock solutions were added stepwise to the 600 pL host
solution in the NMR tube. Slow host-guest exchange on the NMR chemical shift timescale was
evidenced each time and the association constants were determined via integration of the signals
of interest.®

Micellar preparation. Micellar solutions were prepared by weighting the surfactant and
adding D20. For receptor incorporation, the solid receptor was weighted (typically 1-2 mg) and
the necessary amount of micellar solution was added to reach the desired concentration. The
solution was placed under magnetic stirring for at least 6 hours and until a clear solution was
observed. The exact concentration of the receptor in the different micellar solutions was
determined using an external reference (*H,'H,'H,*H-Perfluoro-3,6,9-trioxaundecane-1,11-
diol) of known concentration. When buffered conditions were required, HEPES was added with
surfactants and D20 was added further with further addition of NaOD to reach the desired pH.
Procedure to determine affinity constants in micellar systems. Concentrated solutions of
the different guests (in a range of 10-100 mM, depending on the affinity) were prepared with
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micellar solutions containing receptor 1 to avoid any dilution effect during the titration.
Aliquots of these solution were added stepwise to the 600 ul solution in the NMR. Slow host-
guest exchange on the NMR chemical shift timescale was evidenced each time and the
association constants were determined via integration of the signals of interest.>®

DOSY experiments were performed at 298K on the Jeol 600 MHz spectrometer using the
BPPDSTE (bipolar pulse pair double stimulated sequence). The diffusion delay was set to 100
ms and the gradient time length to 5 ms. The acquisition time and relaxation delay were chosen
to ensure complete relaxation.

The magnitude of the gradient pulses was optimized for each sample so that the final gradient
intensity gave rise to a signal which is between 10-20 % of initial signal (gradients ranging
between 30 mT/s and 600 mT/s). At least 15 gradient values were used for each experiment.
PRE measurements. For the PRE experiments, aliquots of 5 pl of 5 and 10 mM solutions of
K3[Cr(CN)s] in D20 were added to 600 pl of the micellar solution under study. Ti
measurements were undertaken using the classical inversion recovery (180 — t© — 90 —
acquisition) sequence, with 20 points and the delay varying between 0 and 6 s. For each signal
monitored, the increase in the longitudinal relaxation rate induced by the paramagnetic species
(the difference between the longitudinal relaxation rate measured in the presence and in the
absence of the paramagnetic species) was plotted as a function of the concentration of
paramagnetic species. A linear regression was undertaken with the experimental data points, to
obtain the relaxivity parameter (slope of the line).

Molecular Modeling. Monte Carlo multiple minimum (MCMM)™ conformational searches
(100 steps per torsion angle, maximum 1000 steps in total) were performed in Schrodinger
Release 2019-1, using the OPLS3e force field’? with CHCIs or H20 as selected solvent in
Maestro MacroModel (version 11.9.011).

Supporting information
Additional experimental details and NMR spectra (*H, COSY, DOSY), graphs and tables

obtained from PRE and DOSY experiments are available in the supporting information.
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