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Three novel bichromophoric dyads containing dansylamide
and 1,8-naphthalimide linked by oligomethylene spacers of
varying length were prepared. The fluorescent moiety can
be reversibly selected by protonation/deprotonation of the
dansyl residue via control of singlet—singlet energy transfer
and photoinduced electron transfer, leading to a molecular
optical switch with two spectrally distinguished “on” states.

The tailored design of photoactive molecular switches
showing a defined fluorescence response upon changes
in their chemical surrounding, e.g., by addition of protons,
has been a topic of considerable interest in recent years.!
In most cases, the fluorescence of monochromophoric
systems has been switched “on” or “off”, by blocking or
enabling a transduction mechanism, e.g., photoinduced
electron transfer or energy transfer, which allowed
communication between the fluorophore and a receptor
side.?2 One step ahead of “on—off” or “off—on” switching
is the achievement of control over the photoactivity of a
certain fluorophore, i.e., the selection between two dif-
ferent “on” states, in a multichromophoric system. Few
examples for such behavior have been realized by using
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directional control® of energy transfer between two
photoactive units by protonation, metal cation complex-
ation, temperature change, or electrochemical reduction.
This includes an oligophenylenevinylene—phenanthroline
dyad* as well as ruthenium(II) polypyridine-containing
multicomponent systems linked to anthracene,” cat-
enanes,® or osmium(II) polypyridine complexes and cou-
marin.”

Such systems are foreseen to open new perspectives
for the realization of artificial functions at the molecular
level. For example, the presence or absence of input
information, e.g., of chemical nature, can be translated
into the photoactivity of either one of the fluorescent
output sites, giving rise to spectrally and spatially
distinguished optical signals.” The latter point is an
important one, since the induction of site-selective emis-
sion distinguishes this conceptual approach from trivial
spectral shifts of fluorescence as a result of changes in
the chemical surrounding, e.g., solvent polarity, of a
fluorophore.®

Herein, we report dyads containing two well-known
fluorophores, which are widely used in chemosensors and
as fluorescent labels: the dansyl (DANS)° and 1,8-
naphthalimide (NAPIM) fluorophores.'® As will be shown
below, the selection of these two particular chromophores
allows controlling of the fluorescent entity in the dyads
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SCHEME 1. Structures of Fluorophore Model
Compounds 1 and 2 and Preparation and
Structures of Dyads 3a—c
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by simple protonation of the dansyl amino nitrogen. Both
fluorophores show absorptions in the near-UV and in-
tense fluorescence in the visible region. N-Propyl-1,8-
naphthalimide (1) shows blue fluorescence with Ay =
376 nm and characteristic fine structure [®; = 0.016, ¢
= 0.145 ns (for N-methyl-1,8-naphthalimide) in MeCN].!
The dansyl chromophore (2) is characterized by a strong
and broad green fluorescence (Ayax = 507 nm, ®¢= 0.30,
7r = 11.2 ns, in MeCN).12

Three dyads (3a—e¢) with two fluorophores connected
by oligomethylene spacers of varying length were pre-
pared in a two-step synthesis (cf. Scheme 1): (i) conden-
sation of 1,8-naphthalic anhydride with an excess of
diamine yielding a N-(aminoalkyl)-1,8-naphthalimide and
(i1) linking of the dansyl residue by sulfonamide forma-
tion with the free amino group.

Figure 1 shows the fluorescence spectra of the dyads
3a—c obtained by excitation at 339 nm, where photons
are absorbed by both chromophores (29% by DANS and
71% by NAPIM, based on €339 = 4100 and 9900 M~ cm™!
for DANS and NAPIM, respectively). The typical fluo-
rescence bands of the two chromophores can be observed.
However, for dyads with longer spacers (3b and 3c¢)
DANS fluorescence is clearly dominant as compared to
dyad 3a with an ethylene spacer. This is also expressed
by the emission efficiency (cf. the Supporting Information
for the experimental determination). While its value for
NAPIM is <0.1% for all dyads, for dansyl significant
variations are observed: 0.2% for 3a, 0.9% for 3b, and
1.5% for 3c. Remarkably, although NAPIM absorbs the
main fraction of photons (71%), its fluorescence is almost
negligible, giving rise to visually observable DANS-based
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FIGURE 1. Fluorescence spectra (lexe = 339 nm) of optically
matched solutions (A = 0.145) of dyads 3a (dotted), 3b
(dashed), and 3¢ (full) in acetonitrile.

SCHEME 2. Energy Diagram Describing the
Major Photophysical Processes (SSET, PET) in the
Dyads 3¢
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@ The free energy changes are shown in parentheses.1?

green light emission. However, also the DANS fluores-
cence is considerably quenched with respect to the model
compound 2 (O = 0.30).

These results can be explained by invoking singlet—
singlet energy transfer (SSET) and photoinduced electron
transfer (PET) as intramolecular quenching mechanisms.
Analysis of the thermodynamic feasibility of these deac-
tivation pathways (cf. Scheme 2) revealed that SSET is
only possible in one direction, namely from NAPIM to
DANS.

The energy transfer is assumed to proceed via a
Coulombic mechanism,* which is corroborated by the
rather large spectral overlap integral (Jcoulombic = 3.1 X
102 cm® mol ™). Theoretical calculations (AM1) provide
insight into the center-to-center distance between the two
chromophores, 5.6, 8.4, and 9.7 A for 3a, b, and c,
respectively (cf. Supporting Information), well below the
estimated critical energy transfer distance (Ry)' of ca.

(13) Free energy changes for PET were calculated with the Rehm—
Weller equation: AGPET = on - Ered - Eoo + C, while AGSSET = Eoo-
(DANS) — Eoo(NAPIM) was used to estimate the energetics of the SSET
process. The following electrochemical potentials (vs SCE in MeCN)
and excited-state energies were used: E(DANS) = +0.90 V, E-
(DANS) = 2.80 eV (cf. ref 12); E,ea(NAPIM) = —1.44 V, Eoo(NAPIM) =
3.51 eV (cf. ref 11b). The coulomb term C was taken as —0.06 eV.

(14) Speiser, S. Chem. Rev. 1996, 96, 1953—1976.
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FIGURE 2. Absorption spectra of dyad 3¢ (0.1 mM) with
different acid concentrations ([TFA] = 0—20.5 mM) in aceto-
nitrile. The inset shows the development at 288 nm.

14.4 A. This leads to SSET rates in the range of (0.3—
20) x 10! s71, being fastest for the dyad with the shortest
spacer (3a) and slowest for 3¢ with the longest spacer.
Further experimental evidence for SSET from NAPIM
to DANS was obtained from the excitation spectra (Aem
= 507 nm, where only DANS fluoresces), which clearly
displayed the features of the NAPIM chromophore (not
shown).

On the other hand, photoinduced electron transfer from
the electron-donating DANS to the strong electron ac-
ceptor NAPIM is thermodynamically allowed for both
excited chromophores (NAPIM via direct excitation,
DANS via direct excitation or population via SSET). The
rate constant for PET involving singlet-excited DANS can
be estimated to k. ca. 10° s71, based on the lifetime of
DANS in the model compound 2 (7= 11.2 ns) and in dyad
3¢ (7; = 0.6 ns).'” Further, comparison of the thermody-
namics of PET (AG, ca. 0.7 eV more favorable for singlet-
excited NAPIM; vide supra) indicated that singlet-excited
NAPIM should be quenched with rate constants consid-
erably larger than 10° s~1.16

The above-described situation changes completely upon
addition of acid to acetonitrile solutions of the dyads. In
Figure 2, the dramatic changes in the absorption spec-
trum of dyad 3¢ upon additon of trifluoroacetic acid (TFA)
are shown. Akin to the situation observed for the DANS
model compound 2, the long wavelength absorption band
related to a n,7* transition disappears; instead a fine-
structured band between 275 and 310 nm can be
observed.?i The latter is ascribed to r,7* transitions of
the naphthalene derivative resulting from protonation
of the DANS amino group.

The absorption spectra show two isosbestic points at
271 and 308 nm, clearly indicating the uniform formation
of one new species, i.e., the monoprotonated dyad. This
is further corroborated by quantitative analysis of the

(15) The bimolecular quenching (Aexc = 375 nm) of the DANS model
compound 2 by the NAPIM model compound 1 in acetonitrile proceeds
with a diffusion-controlled rate constant (kq = 1.7 x 1010 M~1 s71).

(16) The experimental determination of accurate rate constants for
PET and SSET quenching of singlet-excited NAPIM by DANS in the
dyads is complicated by the short fluorescence lifetime of the imide
chromophore [0.145 ns for N-methy-1,8-naphthalimide (cf. ref 11a)].
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FIGURE 3. Fluorescence titration (Aexc = 339 nm) of dyad 3¢
(0.01 mM) with trifluoroacetic acid (0—5.4 mM) in acetonitrile.

absorption spectra at different acid concentrations with
the HYPERQUAD2003 software,!” which yields a log 11
value of 2.7 for all three dyads (3a—c) as well as the
DANS model compound 2. This value compares favorably
with the one obtained for similar dansyl-containing
compounds which yielded log 511 = 2.4 in acetonitrile/
water (60/40) mixtures.”

Control experiments with model compound 2 showed
that protonated DANS does not absorb at 339 nm.
Therefore, in the protonated dyads all light is absorbed
exclusively by NAPIM. Further, the electron donor
capability of DANS is lost and the excited singlet state
energy of the formed naphthalene chromophore (Es =
3.86 eV; from the intersection of the 0,0 absorption band
and the fluorescence of protonated DANS-M, this work;
cf. Supporting Information)®®¢ is higher than that of
NAPIM by 0.35 eV. Thus, electron and energy transfer
quenching of singlet-excited NAPIM are not possible, and
all excitation energy resides at the imide chromophore,
giving rise to its intense and visually observable blue
fluorescence. The development of the fluorescence spec-
trum with increasing acid concentration is shown in
Figure 3. The green DANS fluorescence at A,,.x = 507 nm
disappears, and at the same time the NAPIM emission
at Amax = 376 nm is evolving. Noteworthy, tuning of
energy transfer efficiency can be also achieved via
variations of the donor—acceptor distance as demon-
strated for the example of metal complexation by a
bichromophoric coumarin dyad with a podand spacer.!®
On the other hand, our system constitutes an example
for the total switch-off of energy transfer due to a shift
of the acceptor excitation energy and resulting endergonic
thermodynamics. This is a clear advantage from the
viewpoint of a highly defined output signal, i.e., fluores-
cence of only one of both output sites.

Additional evidence for the activation of NAPIM ex-
cited states upon protonation of the DANS chromophore
was obtained by laser flash photolysis studies. Laser

(17) (a) Gans, P.; Sabatini, A.; Vacca, A. Talanta 1996, 43, 1739—
1753. (b) Alderighi, L.; Gans, P.; Ienco, A.; Peters, D.; Sabatini, A.;
Vacca, A. Coord. Chem. Rev. 1999, 184, 311—-318.

(18) Valeur, B.; Pouget, J.; Bourson, J.; Kaschke, M.; Ernsting, N.
P. J. Phys. Chem. 1992, 96, 6545—6549. For other examples, see also
ref la.
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SCHEME 3. Switching Principle of Dyads 3
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excitation at 308 nm of Ny-outgassed acetonitrile solu-
tions of the unprotonated dyads leads to no signal of
triplet—triplet absorption of NAPIM. The highly efficient
quenching of singlet-excited NAPIM by energy and
electron-transfer excludes notable triplet state popula-
tion. Instead, the NAPIM radical anion (A, = 410 nm)
formed by electron transfer is detected.!® On the other
hand, protonation of DANS switches off SSET and PET
quenching pathways (see above), leading to NAPIM
triplet state population from the singlet-excited state
(®rsc = 0.94),112 as evidenced by detection of the char-
acteristic triplet—triplet absorption spectrum with maxima
at 360, 440, and 470 nm (cf. the Supporting Informa-
tion).1

Finally, the system can be switched back in a totally
reversible manner by deprotonation of DANSH™ with a
strong organic base [1,4-diazabicyclo[2.2.2]octane
(DABCO)]. The initial absorption and fluorescence spec-
tra are recovered upon addition of base (cf. Supporting
Information). In other words, energy and electron trans-
fer between NAPIM and DANS can be reversibly con-
trolled as summarized in Scheme 3.

10568 J. Org. Chem., Vol. 70, No. 25, 2005

In conclusion, we prepared novel bichromophoric dyads
and demonstrated their potential as optical switches for
the potential realization of artificial functions at the
molecular level. Namely, in comparison to conventional
“on—off” or “off—on” systems with one fluorophore, our
dyads open a way of converting reversibly chemical input
information (acid or base) into two distinct optical output
information (fluorescence of NAPIM or DANS) which
differ in energy (AAsmax ca. 130 nm) and space domain.’
This is enabled via control of intramolecular energy and
electron transfer between two fluorophores. Both interac-
tion mechanisms are switched off for thermodynamic
reasons upon protonation of the dansyl unit, which leads
to strong blue fluorescence of NAPIM. On the other hand,
deprotonated dyads show green fluorescence of DANS.
The spectrally well distinguished outputs could be used
again as inputs for photoactive molecular devices with
different light absorption characteristics leading to opti-
cal networks in which the direction of signal transduction
can be switched by protonation.!® Although the emission
efficiencies of both chromophores are diminished by
competing deactivation processes (ISC, PET), it must be
noted that the significant large molar extinction coef-
ficients € balance this disadvantage and lead to overall
efficiencies (¢ x ®¢) which allow both optical output
signals to be detected with the naked eye.
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