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Abstract: We have investigated the
spectroscopic  properties (absorption
spectra, emission spectra, emission life-
times) of three triads in CH,Cl,: C2-M-
C2, C343-M-C343, and C2-M-C343, in
which M is a shape-persistent macrocy-
clic hexagonal backbone composed of
two 2,2'-bipyridine (bpy) units embed-

spectively, as established by investigat-
ing suitable model compounds). In
each triad excitation of M leads to
almost quantitative energy transfer to
the lowest coumarin-localised excited
state. Upon addition of acid, the two
bpy units of the M component undergo

monoprotonated (e.g., C2-M-H"-C2)
and diprotonated (e.g., C2-M:2H*-C2)
species. Further addition of acid leads
to protonation of the coumarin compo-
nent so that each triad is involved in
four protonation equilibria. Protona-
tion causes strong (and reversible,

ded in opposing sides, and C2 and
C343 are coumarin 2 and coumarin 343,
respectively. All the components are
strongly fluorescent species (@ =0.90,
0.79, and 0.93 for M, C2, and C343, re-

Introduction

Much attention is currently devoted to the synthesis and
properties of shape-persistent macrocycles.!! Because of
their rigid backbones with reduced conformational flexibili-
ty, such compounds can form ordered structures, such as
tubular channels or two-dimensional nanopatterns on surfa-
ces, and act as scaffolds for placing functional units at prede-
termined spatial positions. This latter feature, together with
the possibility of changing the nature of the functional units
by exploiting accessible synthetic routes, makes these com-
pounds suitable for applications as sensors and catalysts.
Particularly interesting are shape-persistent macrocycles in-
corporating coordination units such as 2,2-bipyridine
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independent protonation leading to  upon addition of base) changes in the
absorption and fluorescence properties
Keywords: electron  transfer of the triads because of inversion of

the excited-state order and/or the oc-
currence of electron-transfer quenching
processes.

(bpy)™ in which exocyclic coordination can be exploited to
construct dinuclear metal complexes.”>

Over the past few years it has been shown that suitably
designed molecular and supramolecular species can perform
as nanoscale devices and machines upon stimulation with
photons, electrons or protons.**! In this regard, shape-per-
sistent macrocycles are particularly interesting because they
can play the dual role of simple scaffolds for placing suitable
functional moieties at fixed spatial positions and also the
role of active components by incorporating acid/base-,
photo-, and/or redox-active units in their backbone. It is
indeed expected that stimulation of such units with the ap-
propriate input can influence the properties of the appended
moieties or the energy- or electron-transfer processes even-
tually occurring between them.

As an extension of our previous work,? triads C2-M-C2,
C343-M-C343 and C2-M-C343 (Scheme 1) have been de-
signed and synthesised.”! All three triads have the same
shape-persistent macrocyclic hexagonal backbone (M) as a
central component, which is composed of two bpy units em-
bedded in opposing sides with four hexyloxymethyl chains
at the remaining four corners for solubility reasons. Their
exocyclic peripheries are decorated with three different
combinations of coumarin2 (C2) and 343 (C343) chromo-
phores at two opposite corners of the structure.
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Because of their absorption and emission properties, cou-
marin 2 and coumarin 343 have been extensively studied,®
are employed in dye lasers, and used as energy donor and
acceptor moieties, respectively, in the construction of multi-
component systems.’! The components M, C2 and C343 of
the triads contain basic sites, that can be protonated leading
to a variety of species.

Here we report 1) the light absorption and emission prop-
erties of triads C2-M-C2, C343-M-C343, and C2-M-C343 in
CH,Cl,, 2) the changes induced by acid addition on the ab-
sorption and emission spectra of these compounds, and
3) the energy- and electron-transfer processes that are at the
basis of the acid-dependent spectroscopic features. For com-
parison purposes the behaviour of unsubstituted macrocycle
1, as a model of the backbone (M) of the triads, and N-
benzyl-coumarin 2 (2) and benzyl ester of coumarin 343 (3),
as model compounds of the C2 and C343 moieties
(Scheme 1) has been examined.

Results and Discussion
Unsubstituted macrocycle 1
Acid-controlled absorption and emission spectra: Macrocycle
1 (Scheme 1) shows a strong structured absorption band in

the UV spectral region at 14,,=308nm (&=
190000m 'cm™!, Figure la, —) and a very intense blue

Abstract in Italian: [/ presente lavoro riporta lo studio effet-
tuato in CH,Cl, delle proprieta spettroscopiche (spettri di as-
sorbimento ed emissione, tempi di vita degli stati eccitati) di
tre triadi: C2-M-C2, C343-M-C343 e C2-M-C343. M rappre-
senta un macrociclo rigido a struttura esagonale in cui sono
incorporate in posizioni diametralmente opposte due unita
2,2'-dipiridina (bpy), mentre C2 e C343 indicano, rispettiva-
mente, la cumarina 2 e la cumarina 343. Tutte le unita com-
ponenti le triadi sono fortemente luminescenti (®=0.90, 0.79
e 0.93 per M, C2 e C343, rispettivamente, come stabilito stu-
diando opportuni composti modello). In ciascuna triade I'ec-
citazione selettiva di M porta ad un trasferimento di energia
al piu basso stato eccitato localizzato sulle cumarine con
un’efficienza praticamente unitaria. Aggiunte crescenti di
acido inducono, dapprima, l'indipendente protonazione delle
due unita bpy del componente M con formazione delle specie
monoprotonate (per esempio, C2-M-H*-C2) e diprotonate
(per esempio, C2-M-2H"-C2) e, successivamente la protona-
zione delle cumarine. Ciascuna triade é quindi coinvolta in
quattro equilibri di protonazione che, invertendo [l'ordine
energetico degli stati eccitati e/o favorendo l'insorgere di pro-
cessi di trasferimento elettronico che spengono le emissioni,
sono accompagnati da modifiche consistenti (e reversibili per
aggiunta di base) delle proprieta spettroscopiche (assorbi-
mento ed emissione) delle triadi esaminate.
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emission at A,,,=381nm and ©&=0.90 (Figure 1b, —;
Table 1), similar to those exhibited by an analogous previ-
ously investigated macrocycle.

Upon addition of triflic acid, strong spectral changes are
observed that can be attributed to monoprotonation of the
bpy units. The absorption changes are complete when
3.2 equivalents of acid are added and the final spectrum
(Figure 1a, =—=) with A,,,, =360 nm and £;5,=67000M 'cm "
is assigned to the diprotonated macrocycle. The presence of
clean isosbestic points shows that the two bpy units, main-
tained far apart by the rigid structure of the macrocycle,
behave independently. This consideration is supported by
the linear changes, observed up to 3.2 equivalents of acid, of
the absorbance at 308 (Figure 2, 0) and 360 nm (Figure 2,
0), which correspond to the absorption maxima of the un-
protonated and diprotonated macrocycle, respectively.

Acid addition induces strong changes in the emission
spectrum, monitored by exciting at the 278 nm isosbestic
point (Figure 1b): the disappearance of the intense emission
with 1,,,,=381 nm, characteristic of the unprotonated mac-
rocycle, is accompanied by the appearance of a broad and
weak emission at A,,,, =514 nm, which reaches its maximum
intensity (@=0.12) when 3.2 equivalents of acid are added
(Figure 1b, ———; Table 1) and can be attributed to the dipro-
tonated macrocycle.

As shown in Figure 2, the decrease of the emission inten-
sity at 381 nm (@) does not parallel the decrease in the ab-
sorption at 308 nm (o). When half of the acid equivalents
needed to diprotonate the macrocycle is added, the absorp-
tion is that expected for a 1:1 mixture of the unprotonated
(0) and diprotonated (o) species, whereas the emission at
381 nm (e) is quenched to about 25% of the initial value.
This finding corresponds to a statistic distribution, that is,
25% of the macrocycle is present as the unprotonated spe-
cies, 25% as the diprotonated species and 50% as the mo-
noprotonated species, in which the emission at 381 nm of
the unprotonated bpy unit is quenched by the monoproto-
nated one.

Figure 2 also shows that the changes of the emission in-
tensity at 514 nm (m) upon excitation with light at 278 nm
(absorbed by the macrocycle regardless of its protonation
state) are similar to those observed for the absorption at
360 nm (). This result indicates that 1) the emission spectra
of the mono- and diprotonated species have the same shape
and the same quantum yield, and that 2) in the monoproto-
nated macrocycle the quenching of the unprotonated bpy
unit emission does not occur by energy transfer to the pro-
tonated bpy unit. Energy transfer, which could seem the
most obvious kind of quenching process by considering that
the protonated species lies at a lower energy than the un-
protonated one, can be, indeed, ruled out because, in such a
case, the emission increase at 514 nm would be the mirror
image of the emission decrease at 381 nm (m).

It is likely that the quenching occurs by photoinduced
electron transfer from the excited state of the unprotonated
to the protonated bpy because it is easier to reduce the pro-
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C2-M-C343

C343-M-C343

Scheme 1. Structural formulae of the triads investigated, unsubstituted macrocycle 1, N-benzyl-coumarin 2 (2) and the benzyl ester of coumarin 343 (3).

tonated bpy than the unprotonated one.®! Unfortunately
such hypothesis cannot be verified experimentally because
in argon-purged CH,Cl, or in purified tetrahydrofuran
(under vacuum conditions) the protonated macrocycle
shows irreversible reduction processes and the unprotonated
macrocycle does not exhibit oxidation processes in the ac-
cessible potential window (+1.7/—1.7 V for CH,Cl,, and +1/
—3 V for THF versus SCE).

Time-resolved fluorescence experiments: Time-resolved fluo-
rescence experiments, with excitation at 278 nm, have shown
that the excited states of the unprotonated and the diproto-
nated forms of macrocycle 1 have lifetimes of 750 ps and
11.5 ns (Table 1), respectively, and that during acid titration
only two such lifetimes are present. These results enable us
to conclude that 1) the mono- and diprotonated species of 1
have the same lifetime and 2) in the monoprotonated mac-
rocycle the quenching of the excited state of the unprotonat-
ed bpy unit by the protonated one is a very fast process be-
cause only the unquenched lifetime of the unprotonated bpy
is observed. Upon addition of increasing amounts of acid
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(from 0 to 3.2 equiv), the pre-exponential factor of the un-
protonated macrocycle decay (monitored in the isoemitting
point at 472 nm) changes as expected for statistical protona-
tion.

Reversibility of the acid-controlled luminescence changes:
The switch off of the intense emission of the unprotonated
macrocycle and the switch on of the emission of its diproto-
nated species obtained upon the addition of 3.2 equivalents
of triflic acid can be completely reversed by adding a stoi-
chiometric amount of tributylamine. We have verified that
the acid-base cycle can be repeated at least ten times with-
out loss of absorption and emission intensities (Figure 3).

Triad C2-M-C2

Acid-controlled absorption and emission spectra: The ab-
sorption spectrum (Figure 4, ——) of triad C2-M-C2
(Scheme 1) coincides with that of a 1:2 mixture of 1 and 2
(Scheme 1; A, =346 nm; &3,=15300M 'cm™"), used as
model compounds of macrocyclic backbone M and of the
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Figure 1. Changes in a) absorption and b) emission (A.,.=278 nm) ob-
served in CH,Cl, air-equilibrated solution of 1 (3.4x107°m) at 298 K
during the titration with triflic acid. ——: starting spectrum; ———: after
the addition of 3.2 equivalents of acid.

Table 1. Photophysical parameters of the investigated triads and model
compounds.'?!

Aem [nm] @l 7 [ns]
1 381 0.90 0.75
1.2H* 514 0.12 11.5
C2-M-C2 427 0.73 3.6
2 436 0.79 3.2
C343-M-C343 471 0.92 3.0
3 470 0.93 3.0
C2-M-C343 471 0.82 3.0

[a] Air-equilibrated solutions in CH,Cl, at 298 K. [b] Calculated by using
a solution of 9,10-diphenylanthracene in deoxygenated ethanol (@ =0.88)
as the standard.

appended C2 moieties, respectively. This finding indicates
that the component units of the triad do not interact in the
ground state. The situation is, however, completely different
as far as the emission properties are concerned. Upon exci-
tation of the triad with 278 nm light, absorbed almost exclu-
sively by the macrocyclic component M, only an emission
with a maximum at 427nm and ®=0.73 is observed
(Figure 5: ——; Table 1) that can be straightforwardly as-
signed to the C2 moieties on the basis of the emission prop-
erties of the model compound 2 (4.,=436 nm; @=0.79;
Table 1). This result clearly evidences that an energy-trans-
fer process from the excited state of the unprotonated mac-
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Figure 2. Normalised absorption (308 nm: o; 360 nm: ) and emission
(381 nm: e@; 514 nm: m; A, =278 nm) changes in an air-equilibrated solu-
tion of 1 (3.4x107°m) in CH,Cl, at 298 K as a function of the number of
equivalents of triflic acid added.
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Figure 3. Normalised emission intensities (1., =278 nm; 1., =381 nm: e;
Jem=514nm: 0) of a solution of 1 (3.2x10°m) in CH,CI, at 298 K ob-
served during protonation (CF;SO;H)/deprotonation (Bu;N) cycles.

rocyclic component to C2 (Figure 6a) occurs with an almost
unitary efficiency.

During the titration with triflic acid, strong changes in the
absorption and emission spectra are observed (Figures 4 and
5, respectively).

Upon addition of up to 3.2 equivalents of acid, the ab-
sorption changes are consistent with the protonation of the
bpy units contained in the macrocyclic component, and the
final spectrum (Figure 4, ———) shows that diprotonation of
the macrocyclic component has occurred.

The absorption decrease at 308 and increase at 352 nm,
characteristic of the unprotonated and protonated forms of
the macrocyclic component (Figure 7: o and 0, respective-
ly), are equal to those found for macrocycle 1.

These changes in the absorption spectrum are accompa-
nied by a decrease in the intensity of the C2-based emission,
which disappears almost completely when 3.2 equivalents of
acid are added (Figure 5, ——-). Such a decrease (Figure 7,
@) can be interpreted by considering that during the statistic
protonation of the macrocycle the exciting light is distribut-
ed between the unprotonated species, which transfers
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Figure 4. Absorption changes of an air-equilibrated solution of triad C2-
M-C2 (3.0x107°m) in CH,Cl, at 298 K upon addition of triflic acid: a) 0—
3.2 equivalents; b) 3.2-10 equivalents. —: starting spectrum; ———: after
the addition of 3.2 equivalents of acid; seeee: after the addition of
10 equivalents of acid.

energy to the C2 moiety, and the protonated species, the ex-
cited state of which lies below that of C2. The lack of pro-
tonated macrocycle emission can be explained by the occur-
rence of an electron transfer involving the C2 moiety and
the excited state of the protonated macrocycle, as schemati-
cally shown in Figure 6b.

Upon further addition of acid (from 3.2 to 10 equiv), the
C2 moieties are transformed into their non-emissive proton-
ated form (Figure 4, esee¢), as established by protonating
model compound 4. Under such conditions the emission
with a maximum at around 500 nm appears, characteristic of
the diprotonated macrocycle (Figure 5, esees; Figure 6¢). This
finding is consistent with the fact that protonated C2 is no
longer able to reduce the excited state of the diprotonated
macrocycle. As expected, the increase in emission of the di-
protonated macrocycle at 500 nm (Figure 7, m) mirrors the
decrease in absorption of the unprotonated C2 moieties at
352 nm (Figure 7, ).

Time-resolved fluorescence experiments: Time-resolved fluo-
rescence experiments were performed by exciting with
278 nm light, which is almost exclusively absorbed by the
macrocyclic component regardless of its protonation state.
Triad C2-M-C2 exhibits only one mono-exponential decay
with a 7 value of 3.6 ns (Table 1). This decay can be attribut-
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Figure 5. Emission changes (4., =278 nm) of an air-equilibrated solution
of triad C2-M-C2 (3.0x 10"°m) in CH,Cl, at 298 K upon addition of triflic
acid: a) 0-3.2 equivalents; b) 3.2-10 equivalents. ——: starting emission;
———: after the addition of 3.2 equivalents of acid; «eese: after the addition
of 10 equivalents of acid.
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Figure 6. Energy-level diagram of the excited states involved in the
energy- and electron-transfer processes occurring in triad C2-M-C2 and
its protonated forms. Solid line: selective excitation, dashed line: radia-
tive decay; wavy line: non-radiative decay; ICT (intercomponent charge
transfer): the energy of this state is uncertain.

ed, for comparison with model compound 2 (7=3.2ns;
Table 1), to the C2 moieties and confirms the occurrence of
a fast energy transfer from the excited state of the macrocy-
clic component to appended C2. This lifetime is observed
until complete protonation of M is achieved. For further ad-

Chem. Eur. J. 2008, 14, 10772-10781
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Figure 7. Normalised absorption (308 nm: o; 352 nm: g) and emission
(427 nm: e; 500 nm: m; 4., =278 nm) changes of an air-equilibrated solu-
tion of triad C2-M-C2 (3.0x107°m) in CH,Cl, at 298 K upon addition of
triflic acid.

dition of acid, a longer lifetime component with 7=11 ns ap-
pears, similar to that of 1.2H™, which indicates that protona-
tion of the C2 prevents electron-transfer quenching of the
excited state of the diprotonated macrocycle.

Reversibility of acid-controlled luminescence changes: The
reversibility of the switching off of the C2-based lumines-
cence and the switching on of the diprotonated macrocycle-
based luminescence has been proven by repetitive (at least
ten times) addition of 10 equivalents of triflic acid followed
by an equivalent addition of tributylamine.

Triad C343-M-C343

Acid-controlled absorption and emission spectra: The ab-
sorption and emission properties of triad C343-M-C343
(Scheme 1) can be substantially interpreted on the basis of
the considerations drawn for the previously described triad
C2-M-C2. Its absorption spectrum (Figure 8a, —) is coinci-
dent with the sum of the spectra of the components, in par-
ticular for 4 <350 nm it is dominated by absorption of the
macrocyclic component, whereas the band at 1,,, =440 nm
and &4, = 88000M 'cm™! can be straightforwardly assigned
to the C343 moieties for comparison with the absorption
spectrum of the benzyl ester of coumarin343 (3 in
Scheme 1; A, =438 nm; £,,3=40000mM 'cm™') taken as a
model compound.

Selective excitation of the macrocyclic component (A.,.=
278 nm) leads to an emission with a maximum at 471 nm
and ¢=0.92 (Figure 8b, —; Table 1) that can be assigned
to the C343 moieties, on the basis of the emission properties
of model compound 3 (4., =470 nm, ¢ =0.93; Table 1). This
result evidences that energy transfer from the excited state
of the macrocyclic component to the peripheral moieties
occurs (Figure 9a) with an almost unitary efficiency, as we
have also found for triad C2-M-C2. In the case of C343-M-
C343, this conclusion is further supported by the fact that
the same emission quantum yield is obtained by selective
excitation of the C343 moiety with 440 nm light.

Chem. Eur. J. 2008, 14, 10772-10781
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Figure 8. Changes in a) absorption and b) emission (4.,.=278 nm) ob-
served of an air-equilibrated solution of triad C343-M-C343 (1.1x 10 °m)
in CH,Cl, at 298 K upon addition of triflic acid. ——: starting spectrum;
———: after the addition of 3.2 equivalents of acid.

As observed for C2-M-C2, addition of 3.2 equivalents of
acid (Figure 8a, ———) causes absorption changes for 1<
400 nm that are consistent with the protonation of the two
bpy units contained in the macrocyclic component and a
small shift of the C343-based band towards lower energy.
During protonation of the macrocycle, almost complete dis-

3
(]
®
Ui oa) b) ¢)
30
*M.2H* *M.2H*
24 *C343 ij —
- gy ICT
12 /
6 H

C343 M C343 M.2H* C343.H* M-2H*

Figure 9. Energy-level diagram of the excited states involved in the
energy- and electron-transfer processes occurring in triad C343-M-C343
and its protonated forms. Solid line: selective excitation, dashed line: ra-
diative decay; wavy line: non-radiative decay; ICT (intercomponent
charge transfer): the energy of this state is uncertain.
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appearance of the C343-based emission is observed (Fig-
ure 8b, ——-). Because, as established by the absorption spec-
tra, the excited state of C343 lies at a lower energy than the
diprotonated macrocycle, the emission disappearance is not
due to a lack of population of the coumarin-based excited
state, as previously observed for C2-M-C2, but to an elec-
tron-transfer quenching process (Figure 9b). Two paths are
possible: electron-transfer quenching of the *M-2H* excited
state by C343, or energy transfer from *M-2H™ to C343 fol-
lowed by electron transfer from the excited *C343 moiety to
the protonated species of the macrocycle. The latter possi-
bility is consistent with the fact that the quenching of the
(C343 emission is observed when such a unit is directly excit-
ed.

From a quantitative viewpoint (Figure 10), 1) the decrease
of the absorption band of the unprotonated macrocycle at
Amax =308 nm (O), 2) the increase of the absorption band of

AAorAllau.

0 2 4 6 8
[H]/ [C343-M-C343]

Figure 10. Normalised absorption (308 nm: o; 360 nm: ) and emission
(471 nm: e; A =278 nm) changes of an air-equilibrated solution of triad
C343-M-C343 (1.1x107°m) in CH,CI, at 298 K upon addition of triflic
acid.

the protonated macrocycle at A,,,, =360 nm (o), and 3) the
decrease of the C343-based emission with A,,,, =471 nm (e)
show trends similar to those observed for triad C2-M-C2.
Upon further addition of acid, the observed changes in
absorption (Figure 11a) and emission (Figure 11b) indicate,
on the basis of results obtained for the model compound,
that protonation of C343 moieties occurs. This process, how-
ever, is incomplete even when 50 equivalents of acid are
added, evidencing that C343 is a weaker base than C2.
When C343 is protonated, its emission is sensitised by
energy transfer from the protonated macrocyclic component
(Figure 9c). This finding suggests that, as expected, protona-
tion of the C343 moiety prevents its involvement in elec-
tron-transfer quenching. Incidentally, this result shows that
the system is also stable in the presence of a large amount
of acid (50 equiv), that is, under conditions in which cleav-
age of the ester bond connecting the C343 moieties and the
macrocyclic component could be expected to occur.

Time-resolved fluorescence experiments: Time-resolved fluo-
rescence experiments performed at 278 nm, which is ab-

10778 ———

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

b)
51
4
:
2
1
OJM . ;
400 450 500

Alnm

Figure 11. Changes in a) absorption and b) emission (4.,.=278 nm) ob-
served for an air-equilibrated solution of triad C343-M-C343 (1.1 x 10 °m)
in CH,Cl, at 298 K upon addition of triflic acid: from 3.2 (---) to 50
(-+-+) equivalents.

sorbed almost exclusively by the macrocyclic component re-
gardless of its protonation state, have shown that triad
(C343-M-C343 exhibits only one mono-exponential decay
with 7=3.0 ns (Table 1). This decay can be attributed, for
comparison with model compound 3 (r=3.0 ns, Table 1), to
the C343 moieties and confirms the occurrence of a fast
energy transfer from the excited state of the macrocyclic
component to the appended C343 moieties.

During the addition of up to 3.2 equivalents of acid, only
the lifetime of the unquenched C343 moiety is observed,
which indicates that the quenching electron-transfer process-
es in the C343-M-2H"-C343 species are very fast.

Reversibility of the acid-controlled luminescence changes:
Because C343 is a very weak base, only the reversibility of
the protonation/deprotonation process involving the macro-
cyclic component and thereby the reversibility of the off/on
switching of the C343-based luminescence has been investi-
gated. We have found that addition of 3.2 equivalents of
triflic acid followed by adding an equivalent amount of trib-
utylamine can be repeated at least ten times with very small
changes in the starting absorption and emission spectra.
This result shows that the C343 peripheral units do not
modify the acid/base properties of the central macrocycle,
whereas the protonation state of the macrocycle affects the

Chem. Eur. J. 2008, 14, 10772-10781
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C343-based emission that is reversibly switched off/on
through electron transfer.

Triad C2-M-C343

Acid-controlled absorption and emission spectra: The ab-
sorption spectrum of the triad C2-M-C343 (Scheme 1) coin-
cides with the sum of the absorption of its components, in
the same way as the symmetrically substituted compounds;
in particular, its spectrum is exactly the sum of half of the
absorption spectra of triads C2-M-C2 and C343-M-C343
(Figure 12a, —).

Upon excitation of M in the C2-M-C343 triad no emission
from the macrocycle is observed, whereas the C343- and C2-
based emissions (4., =471 nm and 430 nm, respectively) are
sensitised with 90 and 5% efficiencies, respectively (Fig-
ure 12b, —; Table 1). These values could reflect the differ-
ent rates of *M to C343 or *M to C2 energy-transfer pro-
cesses, but population of the *C343 excited state via *C2
cannot be excluded. An estimation of the rate constant of
energy transfer from *C2 to C343, based on the Forster
equation,””’ shows that this process can compete with the in-
trinsic decay of C2.11%

Upon addition of 3.2 equivalents of triflic acid, triad C2-
M-C343 behaves like triad C343-M-C343: protonation of

a)
A
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Figure 12. Changes in a) absorption and b) emission (4.,,=278 nm) ob-
served for an air-equilibrated solution of triad C2-M-C343 (2.0x107°m)
in CH,CI, at 298 K upon addition of triflic acid. —: starting spectrum;
———: after the addition of 3.2 equivalents of acid.
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the two bpy units of the macrocyclic component takes place
(Figure 11a, ——=) with the concomitant, almost complete
disappearance of the C343-based emission (Figure 12b,
——0).

Further acid addition (up to 25 equiv) causes protonation
first of the C2 and then of the C343 moieties without recov-
ery of the emission of the diprotonated macrocycle, as al-
ready observed for triad C343-M-C343.

It is important to notice that triad C2-M-C343, although
its behaviour matches, particularly in emission, that of C343-
M-C343, is characterised by a more complex pattern of
energy- and electron-transfer processes.

As schematically shown in the energy-level diagram of
Figure 13, this multicomponent system undergoes efficient
energy-transfer processes that lead to the appearance of the

E
Yy a) b) c)
%0 " __*C2H
. c2
24 j:}_f,? *M-2H* *M-2H*
*C343
o CaaH
18 s
12 X
6 _é

C343 M c2 C343 M2H* C2 C343.H" M:2H* C2.H*

Figure 13. Energy-level diagram of the excited states involved in the
energy- and electron-transfer processes occurring in triad C2-M-C343
and its protonated forms. Solid line: selective excitation, dashed line: ra-
diative decay; wavy line: non-radiative decay; ICT (intercomponent
charge transfer): the energy of this state is uncertain.

emission characteristic of the C343 moiety (Figure 13a).
Upon protonation of the bpy units of M, such an emission is
quenched by the occurrence of an electron-transfer process
(Figure 13b), that is prevented upon successive protonation
of the amine units of C2 and C343. An energy transfer from
the excited state of the protonated macrocycle to protonated
C343 occurs (Figure 13c), which results in the appearance of
the characteristic emission of this latter moiety.

Time-resolved fluorescence experiments: Time-resolved fluo-
rescence experiments performed by selective excitation of
the macrocyclic component at 278 nm confirms almost com-
plete energy transfer from the excited states of the macrocy-
cle and appended C2 moiety to the C343 moiety. Indeed,
only one mono-exponential decay with 7=3.0ns (Table 1)
was observed that could be assigned to the C343 moiety, in
comparison with the data obtained for model compound 3
and triad C343-M-C343.

Upon acid addition, the changes observed are practically
identical to those obtained for triad C343-M-C343, showing
once again that the behaviour of triad C2-M-C343 is almost
exclusively determined by the C343 moiety.
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Reversibility of the acid-controlled luminescence changes: As
in the case of triad C343-M-C343, and for the same reasons,
only the reversibility of the protonation/deprotonation pro-
cess involving the macrocyclic component M and thereby of
the off/on switching of the C343-based luminescence has
been investigated.

In agreement with the results obtained for triad C343-M-
C343, we have found that the addition of 3.2 equivalents of
triflic acid followed by adding an equivalent amount of trib-
utylamine can be repeated at least ten times with relatively
small changes in the absorption and emission spectra of the
triad C2-M-C343 (Figure 14). This result shows that the

Alg71/ a.u.

0 2 4 6 8 10
Cycles
Figure 14. Normalised emission intensities at 471 nm (4.,, =278 nm) of an
air-equilibrated solution of triad C2-M-C343 (3.0x10°m) in CH,CI, at

298 K during reversible protonation (CF;SO;H)/deprotonation (Bu;N)
cycles.

C343 and C2 peripheral units do not modify the acid/base
properties of the central macrocycle and that the emission
characteristics of the C343 moiety are reversibly switched
off/on upon acid/base addition.

The slight decrease in the C343-based emission observed
by increasing the number of the protonation/deprotonation
cycles could be due to a very small percentage of photode-
composition that occurs upon long irradiation.

Conclusion

Suitably designed multicomponent systems can play interest-
ing functions upon chemical, electrochemical, and photo-
chemical stimulation.!!

Starting with the shape-persistent macrocyclic hexagonal
backbone M, which contains two bpy units, and the well-
known coumarin 2 (C2) and coumarin 343 (C343) dyes, we
have designed and synthesised three novel triads (C2-M-C2,
C343-M-C343 and C2-M-C343), the outstanding spectro-
scopic properties of which (in particular, very strong fluores-
cence signals) can be profoundly and reversibly modified by
chemical inputs (acids and bases). Comparison with the be-
haviour of model compounds of the component units M, C2
and C343, has allowed us to understand the reasons for the
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observed changes. Each of the investigated triads is, indeed,
involved in protonation equilibria among five species;
taking C2-M-C343 as an example they are C2-M-C343, C2-
M-H'-C343, C2-M-2H*-C343, C2.H*-M:2H*-C343 and
C2-H*-M-2H*-C343-H™.

In the unprotonated triads, excitation of M leads to
almost quantitative energy transfer to the lowest coumarin-
localised excited state. Protonation of the bpy units of M
and of the amine units of C2 and C343 causes inversion of
the excited-state order and/or the occurrence of electron-
transfer quenching processes in these multicomponent sys-
tems.

The possibility of manipulating the absorption spectra and
the very strong fluorescence signals by successive acid/base
inputs suggests that these compounds could be profitably
used for molecular logic purposes.&"

Experimental Section

Materials: Tributylamine (Bu;N, Fluka, >99.5%) and triflic acid
(CF;SO;H, Fluka, >99.8 %) were used as received. The solvent dichloro-
methane used was purchased from Merck (Uvasol) for the photophysical
experiments and from Romil (Hi-dry) for the electrochemical experi-
ments.

Syntheses: Triads C2-M-C2, C343-M-C343, C2-M-C343, and unsubstitut-
ed macrocycle 1 were synthesised as described in the literature.”’

Photophysical experiments: All the experiments were carried out at
298 K on air-equilibrated solutions that were kept and manipulated in the
dark because the compounds investigated, particularly compounds 2 and
3, are slightly photodecomposed upon long irradiation. UV/Vis absorp-
tion spectra were recorded with a Perkin-Elmer 240 spectrophotometer,
using quartz cells with a path length of 1.0 cm. Fluorescence spectra were
performed with a Perkin-Elmer LS-50 spectrofluorimeter, equipped with
a Hamamatsu R928 phototube, using spectrofluorimetric quartz cells
with a path length of 1.0 cm. 9,10-Diphenylanthracene in deoxygenated
ethanol (@ =0.88)"2 was used as the standard for evaluation of the lumi-
nescence quantum yield. Fluorescence lifetime measurements were per-
formed by using an Edinburgh FLS920 spectrofluorimeter equipped with
a TCC900 card for data acquisition in time-correlated single-photon
counting experiments (0.5 ns time resolution) with a D, lamp.

Titration experiments: Titrations were performed by adding small ali-
quots (typically 5 uL) of a concentrated (1.0x107>m) solution of either
acid or base to a dilute (1x107°-4x 107°m) solution of the sample (3 mL)
by using a microsyringe. UV/Vis absorption and luminescence changes
were monitored during the titration. Whenever possible, excitation was
performed at an isosbestic point and corrections for inner filter effects!"
were carried out if necessary.

Electrochemical experiments: The electrochemical investigation of mac-
rocycle 1 and its protonated species was carried out by using the equip-
ment and procedure previously described.?"
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