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We report here the monitoring of reversible guest inclusion in
phosphonate cavitands through a large increase in luminescence
intensity caused by the modulation of the exoergonicity of an
electron-transfer reaction.

Photoluminescence is one of the most versatile and sensitive
techniques for the detection of chemical species in solution,
and for this reason standard UV-VIS-NIR spectrofluori-
meters, easy to use and low-cost instruments, are largely
employed in research and analytical laboratories. In particu-
lar, luminescence spectroscopy has been finding applications
in fields of great impact from a social and economic point of
view, such as medical diagnostics and imaging, environmental
sciences, and molecular electronics. In this context, lumines-
cence spectroscopy has proved to be a very powerful technique
when it is necessary to monitor molecular recognition events in
cells or on surfaces, because of its submicron visualisation and
submillisecond temporal resolution. Furthermore, one can
take great advantage of the variety of possible ways of
modulating the photophysical properties of a chromophore.
Typical examples are the introduction of proton-, energy- and
electron-transfer processes, the presence of heavy-atom effects,
changes of electronic density, and the destabilisation of a
nonemissive nt* excited state. Knowledge of the rules govern-
ing these processes is of great importance in obtaining an
efficient signal transduction mechanism.'*

Self-assembly is the most promising approach to build
organic nanostructures on surfaces, leading to hybrid organi-
c—inorganic materials.> Among the different kinds of surfaces,
most of the activity in the past has been concentrated on gold,
due to the easy access to SAMs (self-assembled monolayers),
but attention is shifting more and more towards silicon,
because most electronic devices are Si-based. One of the
obstacles hindering the development of Si-based hybrid mate-
rials is related to their characterization, and it was only very
recently that we proposed the use in this context of lumines-
cence spectroscopy, which helped to demonstrate the forma-
tion and distribution of coordination cages on Si(100), using a
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pyrene moiety as a fluorescent label.* The same approach
could be used to monitor molecular recognition phenomena
on silicon surfaces, another important feature to be imple-
mented in Si-based hybrid materials.

As a first step forward in this direction, we report a suitable
protocol for the reversible complexation of methylammonium
and methylpyridinium salts by the phosphonate cavitand
TiilCi1Ha3, H, Ph]® and its monitoring via fluorescence
spectroscopy (Chart 1).

Ty cavitands present remarkable molecular recognition
properties toward charged N-methyl derivatives in the solid
state,® in solution’ and in the gas phase.® The large K, values
measured for the Ty N-methyl complexes, which exceed 107
M~ in dichloromethane, can be attributed to three synergistic
interaction modes: (i) N -.-O=P cation—dipole interactions;
(ii) CH3—7 interactions of the acidic " N—CHj; group with the ©
basic cavity; (iii) two simultaneous hydrogen bonds between
two adjacent P=—0 bridges and the two nitrogen protons,® in
the case of protonated secondary amines like 4. A K, = 7.8 X
10 M~! has been determined for the Ty;[CsH7, CH3, Ph]-3b
complex in dichloromethane by ITC titrations (Table 1).
Interestingly, the complexation is not only enthalpy but also
entropy driven, indicating that solvation plays a pivotal role in
the process. The corresponding K, for the Tj;[CsH,, CHa,
Ph]-4 complex could not be evaluated by ITC since its value in
dichloromethane is above the ITC reliable measurement range
(10% < Kpss < 107 M™H°
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Chart 1
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Table 1 Results of ITC titration of Tj;[C3H7, CH3, Ph] with 3b and fluorescence titration of Tji[Cq1Has, H, Ph] with 1 in dichloromethane at

298 K. The ITC value is the average of three independent measurements

Host Guest n? AH/kJ mol™'  TAS/kI mol™!  AG/kJ mol™' K, (ITC)/M™! K,s(Fluorescence)/M ™!
T;iilCsH7, CH3, Ph]  3b 095 +0.01 (1/1) —-241+04 15141 —392+02 (7.8+£05) x 10° —
TilCiiHas H, PRl 1 — — — -393+02 — (8.0 £0.6) x 10°

“ n: Molar ratio of both components in the complex. The value in parentheses is the theoretical value for all binding sites occupied.

As a guest, we synthesized compound 1 (see ESI{), which
has a methylpyridinium unit as recognition moiety connected
to a pyrene probe via a diester tether. In particular, pyrene was
chosen as a fluorescent unit for several reasons, in particular (i)
its high emission efficiency, (ii) its ability to signal the presence
of other pyrenes in the vicinity, (iii) the possibility of observing
its fluorescence close to a silicon surface, and (iv) the possibi-
lity of giving rise to electron-transfer processes with
pyridinium units.

The absorption spectrum of 1 (Fig. S17) is largely domi-
nated by the transitions centred on the pyrene units, with a
small additive contribution from the methylpyridinium moiety
at around 300 nm. The fluorescence spectrum of 1 in dichloro-
methane solution (Fig. 1a) showed the typical monomeric
band of pyrene, but with a thirty-fold lower intensity com-
pared to that of the reference compound 2;I the excited state
lifetime of 1 was correspondingly shorter (5.8 and 0.2 ns for 2
and 1, respectively).

Apart from the lack of any other thermodynamically acces-
sible quenching mechanism, the occurrence of an electron-
transfer process was in this case also supported by electro-
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Fig. 1 Fluorescence spectra (Aexe = 345 nm) of (a) a CH,Cl, solution
of 1 (1 x 107> M) and upon addition of an increasing (0—1.2 equiv.)
amount of the cavitand Tj;;{CyHas, H, Ph]; (b) an equimolar CH,Cl,
solution of Tj;[Cq1Hz3, H, Ph] and 1 (1 x 1073 M) and upon addition
of an increasing (0-1.3 equiv.) amount of the ammonium ion 4.

chemical data. In fact the energy of the singlet excited state
centred on the pyrene unit (E°° = 3.17 eV) is more than
sufficient to transfer an electron from the pyrene (E°(27/2) =
+1.53 V, irreversible process) to the pyridinium moiety
(E°(3a/3a®*7) = —0.68 V, irreversible process). The addition
of T;i:lCi1Has, H, Ph] to a dichloromethane solution of 1 did
not cause appreciable changes in the absorption spectrum in
the 320-450 nm region, while the absorbance at lower wave-
lengths increased as expected because of the contribution of
the added species. On the contrary, the addition of
T;iiil C11Ha3, H, Ph] caused very evident changes in the fluor-
escence spectrum, since the intensity of the pyrene band
underwent a six-fold increase (Fig. 1a). It is also noteworthy
that the fluorescence revival is accompanied by a proportional
increase of the excited state lifetime to 1.2 ns. No changes
either in absorption or in the fluorescence spectrum were
instead observed upon addition to a solution of Tj;[CyiHza,
H, Ph] of the reference pyrene compound 2. These results
cannot be explained in terms of a direct interaction between
Tl C11Hz3, H, Ph] and the pyrene moiety, since the lack of
any change in the absorption spectrum in the transitions
typical of pyrene leads to the conclusion that there is no
electronic interaction between this latter unit and Tj[Cr1Has,
H, Ph], also after the formation of the complex depicted in
Fig. 2. Rather, the observed increase of the luminescence can
be ascribed to the decrease of the exoergonicity of the electron-
transfer process that, in turn, leads to the decrease of the rate
constant of the process. In fact, the inclusion inside the
electron-rich cavity of the electron-poor methylpyridinium
moiety is expected to make its reduction process more energy
demanding. Although it is very difficult to make a quantitative
analysis from chemically irreversible processes, this is sup-
ported by a ca. 40 mV shift towards more negative values of
the reduction potential of the methylpyridinium unit in 1 upon
addition of two equivalents of Tj[CqH,3, H, Ph]. From the
changes observed in the fluorescence intensity during the
association process between Tj;CriHas, H, Ph] and 1, it has
been possible to measure a K,s = 8.0 x 10° M, in perfect
agreement with the value obtained by ITC titration with
reference compounds (Table 1).

To prove the reversibility of the association process, we
added an increasing amount of the methylammonium salt 4 to
a solution containing the Tj[CqiHas, H, Ph]-1 complex. As
inferred by ITC, 4 has a much higher affinity than 3b towards
T;ii; cavitands. As can be observed from Figs. 1b and 2, such
addition is accompanied by a gradual decrease of the fluores-
cence until the intensity reaches the value typical of 1 alone
when one equivalent is added, clearly demonstrating that 1 is
ejected away from the cavity by the more competitive 4. The
dissociation of the Tj;[Cy1Ha3, H, Ph]-4 complex was obtained
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Fig.2 Fluorescence intensity (Jexe = 345 nm, Aem = 390 nm) of a 1 x 10> M CH,Cl, solution of 1 upon a subsequent addition of one equivalent
of cavitand Tj;;C11Hzs, H, Ph] (from 0-1 in the figure), one equivalent of ammonium ion 4 (from 1 to 2), one equivalent of DBU (from 2 to 3), and
one equivalent of triflic acid (from 3 to 4). In the structures of the complexes the alkyl feet and the counterions are omitted for clarity.

by the addition of a hindered base (such as 1,8-diazabi-
cyclo[5.4.0Jundec-7-ene, DBU), that, by deprotonating the
ammonium ion 4, makes it unfit for interacting with the cavity,
while the addition of triflic acid shifted the system towards the
T;iil C11Ha3, H, Ph]-4 complex again. As can be seen from
Fig. 2, all these processes, which are completely reversible,
were clearly monitored by looking at the fluorescence of the
pyrene unit.

It is important to note at this point that, as desired because
of the intrinsic higher offered sensitivity, the Tj;[CqiHas, H,
Ph]-1 complex formation is accompanied by a large increase in
the luminescence signal, the final value of the fluorescence
quantum yield being remarkably high (¢ = 0.08). This is not a
trivial result, since quenching between a pyrene chromophore
and a resorcinarene receptor was previously observed.'”
Furthermore, while PET processes have been often used with
success to modulate the fluorescence intensity of a dye in a
variety of sensors through the involvement of a nitrogen atom
as electron donor,>!! this is in our opinion a rather elegant
signal transduction mechanism since it makes the process
orthogonal to the presence of protons or metal ions. A
different design of the molecular thread would not have led
easily to similar results. For example, a hypothetical linear
molecule with a pyrene and an amine group covalently linked
to it could have the luminescence of the dye quenched if the
two groups were not too far apart, and the protonation of the
amine would lead to both insertion in the cavity, if present,
and to an increase of the fluorescence signal. However this
latter effect would be observed independently of the presence
of the cavitand and, as a consequence, of the association
process. The extension of these studies on surfaces is in
progress in our laboratories.
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