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I. Introduction

The crucial recognition events of chemistry, biology,
and materials science occur in a much smaller world
than the one we are accustomed to. Information
about these events can be conveniently transmitted
to us via light signals emitted by purpose-built
molecular devices.'™® Besides this sensory role,*~%
such molecular devices also have potential for infor-
mation processing since their emission can be switched
between two distinguishable states by environmental
stimuli. In this review, we highlight the uniqueness
and utility of such systems. It is remarkable that
these devices serve several categories of beneficiary
with very different needs and methods. Analytical
chemists and environmental scientists usually re-
quire populations of sensor molecules which need to
be bound to surfaces such as optical fibers in some
instances.332 Analytical biochemists, clinical and
medical scientists as well as cell biologists prefer to
work with populations of freely mobile sensor mol-
ecules under a microscope,®33* although fiber optic
work is also possible now.%%:3€ On the other hand,
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information technologists would wish to deal with
optical switches at the single molecule level with the
help of photon scanning tunneling microscopy®” or
near-field scanning optical microscopy.*832 The real-
ity of individual molecules and their orbitals is no
longer in doubt.3°

Il. Using Fluoro/Lumophores for Signaling: Why
and How

The advantages of molecular fluorescence or lumi-
nescence for sensing and switching can be sum-
marized;”® high sensitivity of detection down to the
single molecule,38240-44 “on—off” switchability, feasi-
bility of human—molecule communication, subnan-
ometer spatial resolution with submicron visuali-
zation®~38 and submillisecond temporal resolution.
Furthermore, many of the structural features which
control (reduce) fluorescence efficiency have been
delineated;*>~5! double-bond torsion, low energy na*
levels, “heavy” atoms, weak bonds, and opportunities
for photoinduced electron transfer (PET) or electronic
energy transfer (EET). The importance of extensive
delocalization in compensating for these negative
effects has also been appreciated. Therefore, consid-
erable opportunities exist for modulating these struc-
tural features via chemical or physical means at the
molecular level.

Our emphasis will be on the transduction of
discrete and stoichiometric recognition events into
fluorescence signals. However, nonstoichiometric
interactions such as solvation have much to teach us
in this field. In fact, it will become clear that the
information gleaned from the fluorescence effects due
to nonstoichiomeric interactions is not only important
in its own right. Such data can be adapted, some-
times rather directly, by designers of molecular and
atomic recognition systems.

The plan of the review is as follows. First, we
consider emissive photophysical effects arising from
monofluoro/lumophore components. Additional com-
ponents if present will only serve in auxiliary capaci-
ties. The supramolecular aspects will mainly arise
from the necessary interaction of the environment or
guest with the fluoro/lumophore. Most of the prin-
cipal types of excited states encountered by organic
and inorganic chemists will be represented in sec-
tions I11-VII. From then on, the photophysical phe-
nomena themselves take on a supramolecular char-
acter, i.e. two or more components are essential for
the phenomenon. Their perturbation by the environ-
ment/guest will form the second layer of supramolecu-
larity. One of these phenomena, photoinduced elec-
tron transfer (PET) can occur in monofluoro/lumo-
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Figure 1. Hydrogen bond-induced naz*—nz* state inver-
sion.

lll. nT* Excited States

Molecules with lowest excited singlet states of the
nz* type are typically nonemissive in fluid solu-
tion,*851 with the exception of small carbonyl com-
pounds such as acetone and biacetyl.52535% There-
fore such systems can be persuaded to switch “on”
their fluorescence if the nx* state is perturbed
(usually in a destabilizing manner) such that the
lowest energy singlet excited state is of the wzz* type.
Figure 1 illustrates this situation in terms of hydro-
gen bonding—a major determinant of recognition in
host—guest® and solvent—solute systems.>®> The
hydrogen bond-donating solvent methanol increases
the energy of the nz* excited state of pyrene-1-
carboxaldehyde to such an extent that the fluores-
cence quantum yield increases over a 100-fold com-
pared to the apolar (and aprotic) solvent hexane.5657
9-Acetylanthracene possesses a zz* lowest excited
singlet state but remains poorly emissive (except at
rather low temperatures) because of intersystem
crossing to an energetically close triplet state.5®
na*—ma* state inversions are easier to arrange if
stronger forces can be brought into play. Azaaro-
matics such as acridine,>® 1,10-phenanthroline de-
rivative 1,50 and quinolines 206! and 3% demonstrate
this when they engage in Lewis base—acid interac-
tions with BF3, Lit, and Na* besides direct protona-
tion. The 2,2'-bipyridyl-based macrocycle 4% acts
similarly except that the fluorescence switching “on”
effect is large (1000-fold increase) and selective for
Li*. The presence of hydrogen atoms on the bridge-
head carbons in related systems had led to tautomeri-
zation and colorimetric sensors over a decade ago.5
We close this section by noting that polyacrylates
carrying acylbenzo-18-crown-6 ether fluorophores dis-
play emission assigned to nz* excited states which
are quenched upon K* complexation.®®> This case
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deserves further study because of the unusual emis-
sion behavior. K* binding is augmented by the poly-
anionic environment around the crown ether recep-
tor.

V. ™ Excited States

Non-alkenic hydrocarbon zz* excited states are
largely insensitive to solvents. Nevertheless, the
fluorescence of discoidal z-electron systems, e.g.
pyrene, show a particularly subtle form of solvent
control. The 0—O0 vibrational band (I) intensity is
strongly dependent on solvent dipolarity,>® whereas
e.g. 0—2 band (I1) is not.’®¢ Apolar solvents cause
minimal perturbation to the symmetric, nearly vi-
brationless excited state. Such symmetric states are
poor emitters; hence, the 0—0 band is of low intensity
in apolar media. Polar solvents perturb and desym-
metrize the vibrationless excited state and the 0—0
band intensity rises accordingly. Therefore, the /111
band intensity ratio serves to sense the net effect of
dipoles in the neighborhood.?6-5°% Attempts have been
made to apply this to recognition studies.”® A dif-
ferent, but not unrelated, effect is found in inorganic
systems. The intensity of the lowest energy elec-
tronic emission band (°*Dy—"F¢) of Eu(lll) is also
sensitive to the symmetry of its ligand environment,
whereas the other emission bands are not.”* Conju-
gated alkenes such as 1,6-diphenyl-1,3,5-hexatriene
display useful fluorescence only in semirigid mem-
brane environments when double-bond torsion is
obstructed in the excited state.*®72=74 |n other words,
they serve as sensors for microviscosity.

Such obstruction to double-bond torsion may also
occur upon tight encapsulation as seen to some extent
in S-cyclodextrin complexed trans-stilbene.” Of
course, torsion is best prevented by structural rigidi-
fication via covalent bridges.”7%7” For instance, 5
is a maximally fluorescent analogue of trans-stilbene
and sets the standard for sensor/switch designers
who wish to follow this avenue but with noncovalent
regimes. An elegant example which employs cova-
lent but reversible interactions is 6.7 Compound 6
switches “on” its fluorescence upon rigidification via
macrocyclization with disaccharide guests. The situ-
ation was less clear-cut in pathfinding cases such as
7—9 when rigidification and conformational effects
were invoked to explain the small fluorescence changes
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observed upon ion binding near zzzz* fluorophores.”®:8°
The clearest effect in these experiments was due to
“heavy” atom-induced spin—orbit coupling which can
even happen in a remote fashion.81-8
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V. Metal-Centered (MC) Excited States

The huge influence of emissive MC excited states
on photophysics3~57187-%0 and assay procedures® 94
is largely due to two species Eu(l11) and Tb(Ill). This
influence is set to grow as the special features of
these excited states are exploited for signaling pur-
poses. We offer the following status report as a spur
in this direction. Signaling with MC states in
conjunction with other mechanisms is deferred to a
later section.

Since the excitation of lanthanide(l11) ions is locked
away in inner f orbitals, environmental influences are
few. This is critical for their application as lumines-
cent labels since a label must remain constant in all
its parameters whatever environment it finds itself
in.%t However, hydration of these trications couples
the electronic excitation into the vibrational manifold
of O—H bonds resulting in luminescence loss.®> The
problem is compounded by the rather high frequency
of O—H vibrations and the rather low energy of the
lowest MC state [especially in the case of Eu(l11) °Dy]
since the Born—Oppenheimer hole® -8 is easily ac-
cessed. This energy sink can be plugged by replacing
the hydration shell with a set of hard ligating atoms
devoid of O—H connections. The metal ion—ligand
recognition is thus signaled with a enhanced lumi-
nescence. However this interaction is not rapidly
reversible in many cases to be useful as sensors and
switches. Most of these were originally designed for
use as labels and reagents only. Nevertheless, such
replacement of the hydration shell is totally success-
ful in only a few instances; since some water mol-
ecules hang onto the trications rather stubbornly .89
The Born—Oppenheimer hole is even harder to
eliminate than the hydration shell since N—H and
even C—H vibrational manifolds can lead to signifi-
cant luminescence quenching. These can be mini-
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mized by perdeuteration to reduce the size of the
vibrational quantum.100.10

Additional problems remain. Since f—f electronic
transitions are intrinsically difficult, lanthanide(l11)
ions are poor absorbers. Laser excitation is one way
of overcoming this difficulty.®®> This has opened up
the active sites of metalloproteins to investigation
provided that the metal ion could be replaced with
Ln(Il). Quite separately, there is an advantage
within the disadvantage of disallowed f—f transitions.
In fact, this advantage is perhaps the one driving the
popularity of pure and applied lanthanide photo-
physics. Once a lanthanide MC excited state has
been populated one way or another, the difficulty of
the f—f downward transition forces a longer excited
state lifetime. Quite commonly, this extends to the
millisecond time scale. Since fluorescence and light
scattering operate over much faster time scales, these
common optical interferences arising from chemical
and biological matrices can be easily time-resolved
out from the Ln(l111) signal.®27%4%° This results in
exquisitely low limits of detection.

A simple solution to the difficulty of exciting f—f
transitions is the use of a photon antenna.”87:88 |n
fact, the beginnings of lanthanide luminescence
research employed this strategy half a century ago.%?
Many of the classical analytical reagents for lan-
thanide(l11) ions also operate this way.’® Photon
antennas are also finding use in all-organic photo-
chemistry.%® Basically, the principle is that an
intrinsically strong photon absorber with a relatively
high excited-state energy will funnel the photonic
energy to populate a MC excited-state held nearby.
Such electronic energy transfer (EET) processes can
be very efficient.

A particularly venerable example of this phenom-
enon has been used to signal the presence of DNA.
The signaling agent is the simplest possible: aquo
terbium(l11). The polyanionic nature of the DNA
holds the Th(lll) close and strips part of its first
hydration shell. Its aromatic nucleocbase components
provide the photon antenna. So it is not surprising
that DNA could be assayed by its switching “on”
effect on Th(l11). Eu(lll) fails in this regard, 4
presumably owing to quenching by PET (photoin-
duced electron transfer; see section VIII) from nu-
cleobases to Eu(lll). This general solution has en-
joyed considerable popularity and various antenna—
ligand systems have seen service with or without
intervening spacers. These include acetylaceto-
nates,%102.105 gcyclicl®-120 and macrocyclic polyami-
nocarboxylates,% crown ethers,?1123 cryptands,124-1%6
calixarene amides, acids,'?2 and ethers,?512¢ polypyr-
idine carboxylates,115-119.128-130 nolypyridine ar-
rays,1?4125131132 nolypyridine N-oxide sets,?5126 phos-
phonates,3® phosphinates,'32134 aneN, amides,35476
and combinations thereof. As far as we are aware,
the antenna has been an organic sz-electron system
without exception so far. We see no reason why
suitable metal-containing systems with MC, MLCT,
or LMCT excited states cannot fill this role.

While many of the above cases produce excellent
luminescent labels, few of them show sensory/switch-
ing behavior. The ternary systems,!18128.136137 g g
diaza-15-crown-5 ether N,N-diacetate, Eu(lll), and
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Figure 2. Luminescent sensors based on MC excited
states for light-absorbing aromatics.
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1,10-phenanthroline-2,9-dicarboxylate, are particu-
larly interesting but usually show complicated and
sluggish kinetics. Nevertheless, the principle of
signaling the aromatic component by means of the
emission from the assembly is clear. pH-induced
disassembly of the ternary complexes causes emission
loss'?® but the use of multicomponent sensors are
fraught with reversibility problems especially when
employed in microheterogeneous environments.

The basic message of the previous paragraph is
that a photon antenna is essential for the widespread
exploitation of lanthanide(l1l) luminescence. This
point is underlined by the fact that lanthanide(l11)
ion concentrations as high as 0.01 M are necessary
for luminescence experiments with aminopolycarbox-
ylate ligands devoid of antennas.'® Sensors/switches
with lanthanide complexes can be designed on this
basis for photon absorbing aromatic compounds.
Figure 2 shows how the lanthanide(l11) complex lacks
a photon antenna until an aromatic molecule takes
up residence in the receptor for the guest. Thus the
arrival of the aromatic molecule is signaled by strong
luminescence. The heterobireceptor system needs to
possess orthogonal guest selectivities at its terminii
for proper operation. It is important that the guest
does not trigger new deactivation channels for the
MC excited state it has just helped to create. Pho-
toinduced electron transfer (PET) is constantly lurk-
ing in the shadows.®®113 Low-lying ligand to metal
charge transfer (LMCT) excited states also take their
toll.8” Furthermore, energetic proximity of guest low-
est excited states can lead to temperature-dependent
emission at best®:131132 and complete quenching at
worst.?®13* Sensors 10,13° 11,14° and 124! show the
evolution of this approach at Nocera's laboratory.141:142
Although the heterobireceptor system in 10 has been
known before along with several other 3-cyclodextrins
capped with crown ethers,*3 no optical investigations
were conducted. The antenna action in 10 is limited
by the relatively large distance between the com-
plexed benzene guest and the Eu(lll) center. Com-
pound 11 solves this problem but the hydrophobic
environment needed for efficient guest inclusion is
spoiled by the presence of the charge-uncompensated
trication in the cyclodextrin cap. The three carboxy-
late side arms in the cap of 12 cure this difficulty
provided that Th(Ill) is used as the lanthanide center
apparently in order to avoid charge transfer problems
from the aminocarboxylates to Eu(l11). Nocera has
also developed physical sensing schemes with these
and other delayed luminescent systems for velocim-
etry in turbulent fluids.?*1%42 Gouterman’s work is
also interesting in this respect.?44145
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The threads in the previous two paragraphs come
together nicely in Sammes’ homogeneous assay for
a target base sequence in single-stranded
DNA.122.130.146,147 The probe DNA strand carries an
aliphatic polyaminocarboxylate to hold Eu(l11) which
remains poorly emissive until the photon antenna
(1,10-phenanthroline-2,9-dicarboxylate in this case)
arrives and remains close enough to sensitize lumi-
nescence. The effective concentration of the antenna
near the Eu(l11) center can be enhanced by attaching
it via a short spacer to an intercalator (e.g., phe-
nanthridinium) as soon as the double strand becomes
available upon hybridization of the probe strand with
the target DNA strand. Figure 3 represents this
approach with 13 and relatives. Even point muta-
tions in base sequences have been recognized in this
way.129

Even though several lanthanide(lll) ions exhibit
luminescence, Th(Ill) and Eu(lll) appear to have
divided the signaling field between them. Other
valence states are hardly represented either. The
only stirrings of life that we have seen are repre-
sented by Eu(11)1*® and TI(1).14° Even though Eu(ll)
is unstable to oxidation in air, it is interesting that
partial isolation from methanol solvation with 15-
crown-5 ether leads to switching “on” of lumines-
cence. The opposite is true of TI(I) when it is
presented with dibenzo-30-crown-10 ether and sev-
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Figure 3. The principle behind Sammes’ homogeneous
assay for a DNA strand.
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eral other ionophores in that strong quenching is
seen. Addition of alkali cations results in competition
for the ionophore and luminescence recovery. A band
shift rather than quenching is found if the saturated
ionophore dicyclohexyl-18-crown-6 ether is used.
Although the shortness of the communication wave-
lengths limits the popularity of TI(l), this work over
20 years ago by Haynes et al. is remarkable for its
foresight concerning several principles in the lumi-
nescent sensor/switch field including time-resolved
detection. Time will tell if any of the other lumines-
cent heavy metal ions can add some diversity to the
role of MC excited states in this field.

VI. Charge-Transfer (CT) Excited States and
Relatives

A. All-Organic Internal Charge Transfer (ICT)
Excited States

Non-hydrocarbon (i.e., heteroatom containing)
m-electron systems'®® have very different dipole mo-
ments in their ground and lowest energy singlet
excited states due to internal charge transfer (ICT).
We note that within the context of this review it is
preferable to refer to ICT as internal rather than
intramolecular charge transfer. The word “intramo-
lecular” is poorly focused when supermolecules with
multiple components are being addressed. On the
other hand, the word “internal” can be restricted to
a given fluorophore m-electron system. A further
qualifier is that some of the systems featured in this
section may turn out, upon further study, to involve
twisting in the excited state. Currently clear in-
stances of the latter are deferred to section VI.C.
Most common examples of heteroatom-containing
m-systems have enlarged dipoles in their excited
states, 517153 although the opposite is true for betaines
such as the popular solvatochromic, but non-fluores-
cent, dye E1(30).2* The influence of the solvent—
solute dipole interaction on the various states of a
sensor/switch is shown in Figures 4 and 5. For
maximum clarity, we consider an extreme case where
the ground state (Sp) has a much smaller dipole
moment compared to that of the lowest energy singlet
ICT excited state (S;). The orientation of the solvent
dipoles neighboring the thermally equilibriated S
state would therefore be distributed in an unbiased
manner. Upon photon absorption, the Franck—
Condon S; state is populated with the solvent dipole
orientational distribution being conserved. Hence
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for a fluorophore with an ICT excited state. FC represents
a Franck—Condon excited state. “Equil.” represents a
thermally equilibriated electronic ground state. The dipole
of the ground state is assumed to be small. So and S;
represent the electronic ground and lowest energy excited
states, respectively.
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Figure 5. Solvent effect on emission spectral wavelength
for a fluorophore with an ICT excited state. “Thexi”
represents a thermally equilibriated electronic excited
state. The other terms are defined under Figure 4.

polar solvent

the solvent dipolar effects on the charge separation
within the S; state largely cancel out within the time
scale of the absorption experiment. In contrast, the
longer time scale of the emission experiment means
that the solvent dipoles can relax around the S; state
in response to the charge separation. The field due
to the oriented solvent dipoles is now non-zero and
is responsible for perturbation of the thermally
equilibriated S; and Franck—Condon S, states. The
message we wish to take is that solvent or external
effects can show up in emission even when they are
hardly visible in absorption. Although extreme, this
situation can be found in 1,3-diaryl-2-pyrazolines.*5®
Red-shifted fluorescence induced by polar solvents
can be observed to evolve over a few picoseconds
following excitation due to the rotational relaxation
of solvent molecules around the fluorophore men-
tioned above.'®157 Hydrogen bonding can also con-
tribute to the situation.’®® Many of the better per-
formers in this category are sz-electron systems with
push—pull substituent pairs, e.g., 14,15 15,160 and
16.161  Aminophthalimides,'%2153 bimanes,¢? diaryl-
alkenes,®® and furocoumarins®* are further sets of

CF3

o
X
Me, N/\ /\NM82
N O (0]
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Figure 6. Hydrogen-bond donation to 17 from protic
solvents.

Vibrational deactivation
via hydrogen bond

examples. Even pyrene-1-carboxaldehyde fits this
category (even though it is monosubstituted) provided
that protic solvents are used to avoid low-lying nz*
excited states.®® Several of these cases give rise to
linear solvation energy relationships of emission
maximum wavenumber versus Kamlet—Taft solvent
parameters.t61.163164  QOther solvent properties can
also serve as independent variables.165-167

Some fluorescent ICT sensors can report on two
guasi-independent microenvironmental parameters
by means of two fluorescence spectral parameters.
Such two-dimensional sensing capability becomes
available if an environmentally induced quenching
channel is opened up in addition to the red-shift dis-
cussed above.'%® As Figure 6 shows, 17 develops sub-
stantial electron density on N(2) which gives a
strengthened hydrogen bond with protic solvents.
This opens a fluorescence deactivation pathway.
Related, but different, fluorescence quenching chan-
nels arising from intramolecular hydrogen bonds are
common in commercial ultraviolet stabilizers.’®® The
fluorescence quantum yield of 17 fits a linear solva-
tion energy relationship which is dominated by sol-
vent hydrogen bond acidity (o). On the other hand,
the emission maximum wavenunber fits a relation
which involves dipolarity (7*) and a equitably. Thus
the effective 7* and o of a single microenvironment
can be separately estimated by measuring the emis-
sion maximum wavelength and the quantum yield
of 17.1%8 Methyl 9-anthroate shows some similarity
in that the fluorescence lifetime is controlled by sol-
vent hydrogen bonding, whereas the emission red-
shift is controlled by overall polarity of the solvent.1”®
A related inorganic example!’ is deferred to section
VI.B.

In a valuable development, Walt et al. immobilize
the environmentally sensitive ICT fluorophore Nile
Red in different polymers at different points on a
fiber optic tip so that each element of the array
responds differently to a pulse of a solvent vapor.7?
These spectral and temporal responses can be used
to train a neural network so that it will recognize
the vapor. This study, which emulates the olfactory
system in some ways, follows related work with
electrically conducting polymer arrays.’?

We have just seen how the electric field of the
solvent shell (along with hydrogen bonding) controls
the emission maximum wavelength of a sensor/switch
molecule with an ICT excited state. lons with their
uncompensated charge can exert stronger electric
effects. However, ions are likely to be present in far
smaller concentrations than the solvent molecules.
The effective molarity of ions needs to be increased
if their monopole nature is to be properly exploited.
This can be done rather efficiently by trapping the
ion in a receptor built into the fluorophore with the
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Figure 7. Cation effect on absorption or excitation spectral
wavelength for a fluorophore with an ICT excited state.
The terms are defined under Figures 4 and 5.
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Figure 8. Dampening of the cation effect on emission
spectral wavelength for a fluorophore with an ICT excited
state. The terms are defined under Figures 4 and 5.

E

ICT excited state. In fact the fluorophore and the
receptor share some critical atoms.

Most of the examples carry a cation receptor at the
electron-rich terminal of the fluorophore. This leads
to the situation illustrated in Figure 7 where a partial
positive charge is photogenerated adjacent to the
cation i.e. a cation-induced blue-shift is seen in the
absorption or fluorescence excitation spectra. Fluo-
rescence emission spectra are less affected due to
cation ejection during the excited state (Figure 8). It
is interesting that the cation which was initially
attracted to the receptor is no longer welcome due to
the new photogenerated repulsion. These principles
were first crystallized to rationalize the increased
acidity of phenols in the excited state!’*'’> and later
exploited in the pH jump method for photogenerating
proton (or hydroxide) pulses.1’2176.177 However the
generality of these principles and their application
to metal ion-sensing phenomena was not realized
until Valeur!’8-180 and Lapouyade and Rettig'8—1842
had conducted extensive steady state and Kinetic
studies on 18 and 19, respectively. Alfimov’'s systems
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also display photocontrolled cation binding, although
most of them are weakly fluorescent (see 3723 for an
example). These are further distinguished by their
reliance on E—Z photoisomerization to modulate the
ligating ability of a side chain. Newer examples
related to 18 and 19 which carry the cation acceptor
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at the electron-poor terminal of the fluorophore such
as 20 produce Ca?*-induced red-shifts in the emission
spectra.’8s

wn H : ( ]

The integrated fluorophore—receptor system is one
of several approaches connecting fluorophores and
receptors for sensing and switching applications
(Figure 9).8 Integrated fluorophore—receptor systems
are in wide use. For instance, many fluorescent pH
indicators based on aniline and phenolate derivatives
are of this type.1”>18" Lipoidal versions of these have
helped to illuminate membrane-bounded proton con-
centrations.'8189 polymer-bound versions which are
well retained in cells have permitted sharp imaging
of intracellular pH.*® However the strongest reason
for the popularity of this class is due to the success
of low molecular weight sensors in physiological
monitoring of H*, Ca?*, Nat, and Mg?* largely due
to Tsien and his collaborators.?®=1% The fact that
these sensors can be internally calibrated against
several common microenvironmental variables (other
than ion concentration) by dual excitation wavelength
monitoring and ratioing of the two intensities is a
contributor to their success.’®” Compound 21 for
Ca?t19% 22 for Nat19920 23 for Mgz+,2°1’203 and
fluorescein for H* 204 function on this basis. Their

'ozc—Q‘N

sensing efficiency is augmented by the metal ion-

23
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Figure 9. Three different ways of connecting fluorophores
(F) and receptors (R).

induced decoupling of a key nitrogen from the rest
of the fluorophore m-electron system. Their appeal
to practicing biologists is enhanced by a painless
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method for smuggling them into living cells in the
fully esterified form.294-206 A minority of cases also
show cation-induced shifts in emission as in the case
of 20 although in the opposite direction. These are
24 for Ca?*,'*®® 25 for Na',?%” and 26 for H*.208
Compound 272% is particularly interesting since its
rhodamine-type fluorophore is transformed into a
fluorescein-type emitter upon Ca?*-induced deconju-
gation mentioned above. Thus intensity ratioing
between two familiar emissions becomes possible.
The applicability of several of these ICT-based sys-
tems is strengthened by time-resolved experi-
ments.?19-214 A related study is available for 2,2'-
bipyridyl-3,3'-diol when it binds Zn(I1).?2*> For in-
stance, the weakened cation binding in the excited
state (which leads to cation disengagement)'78-184 can
be quantitated in this way.?1-213

Prior to this benevolent invasion of biology by
molecular fluorescent sensors/switches, there were
examples quietly serving analytical chemistry. 8-Hy-
droxyquinoline,?® 2 2'-dihydroxyazobenzene,?” and
1,8-dihydroxyanthraquinone?® are classical Mg?*
reagents of this type. The growing influence of
macrocyclic systems broke into the field of fluorescent
sensors with two studies on dibenzo-18-crown-6
ether.8221° More highly functionalized macrocyclic
sensors 28220221 gnd 29222 were also in the vanguard.

29

Naturally, these pioneering cases only showed small
responses to alkali cations, but a valuable principle
was thereby established. Compound 30227225 has
something in common with 29, i.e., both are struc-
tural elaborations of previously known solvent polar-
ity sensors. The possible involvement of TICT (twisted
internal charge transfer) excited states in 30 has
been examined.??®> Compound 18, which is of laser

g %ﬂw

O
%0 \\/

dye parentage, has been similarly scrutinized.??®
Whatever their mechanistic classification, there is no
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doubt about their cation-responsive fluorescence. Two
close relatives of 30, and a more distant one,?262 also
show similar cation responses. The use of benzodi-
azinone in 31%?7 and 32228 instead of benzoxazinone
moieties permits the attachment of extra function-
alities on the new nitrogen atom.

H

LS

%

R

o

Macrocyclic crown receptors continue to feature
heavily in the growth of integrated fluorophore—
receptor systems with ICT excited states. Coumarin
fluorophores form more of the common ground in 33—
36.229-232122 Compound 3523 distinguishes itself by

o

S

36

targeting Li*, whereas 36 does the same by tackling
extracellular K*.232 Lariat ether 372 has several
interesting features such as cation-controlled absorp-
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tion spectra and photocontrollable cation binding.
However the photoisomerization process responsible
for the latter also causes reduced fluorescence quan-
tum yields. Compound 3823423 js structurally related
to popular thermotropic liquid crystal media. This

e

o o
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parentage may be responsible for some of its spectral
characteristics even in homogeneous solution. K7
causes a substantial blue-shifted fluorescence. Long
communication wavelengths are achieved by 39236
and 40,287 but small ion-induced spectral effects
remain a problem.

40

Catenane 41238 contains poly(oxyethylene) straps
but the effective receptors are the phenanthroline
moieties. The latter are also fluorophores with ICT
excited states. The mechanical interlocking brings

about a special enhancement of the basicity of 41
leading to proton catenates. The various protonation
states of 41 have very different fluorescence wave-
lengths, quantum vyields, and lifetimes. Further-
more, the luminescence spectrum of 41 can be tuned
from 380 to 780 nm with various cationic guests.
Such sensors with tunable spectra are rare. Voyer's
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bis[porphyrinzinc(l1)] peptide?3® gives smoothly tun-
able absorption spectra in response to a,w-diami-
noalkanes of various lengths, whereas our substitu-
tionally tunable proton sensor family 4224 has broad
emission spectra which can be useful from 450 to 600
nm. It is particularly interesting that the proton-
induced fluorescence and absorption spectral varia-
tions of bis(phenanthroline) 432! can be understood
in terms of a dimer entwined about two protons.

MeO

An indirect but clever approach to the fluorescent
sensing of Nat with 44242 employs the macrocyclic
calix[4]arene tetraester to bind the cation. During

nHeptyl
O e nHeptyl
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N N
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44

this binding, Na* breaks the internal hydrogen-
bonding array and allows the diaminopyridine moi-
eties to reorientate toward an external flavin. Hy-
drogen bonding deactivates the ICT excited state of
the flavin. Such deactivation is known for flavins,?*3
pyridylindoles,?*424> and other fluorophores with ICT
excited states.’®® In fact, the binding isotherms
involving several hydrogen-bonded arrays?*6 such as
45247 and 46248 have been quantitated by means of
the fluorescence changes that accompany the pro-
cesses. In an interesting departure, self-assembling
monolayers of alkanethiols on gold surfaces have
been elaborated into relatives of 45.24° Small but
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46

significant emission wavelength shifts were induced
by the barbiturate guest. While most of these studies
have been conducted in noncompetitive media like
chloroform, the observation of hydrogen-bonded ar-
rays within surfactant micelles in agueous solu-
tion?59-252 podes well for the future.

The Ca?*-binding protein calmodulin has been
derivatized with the long wavelength dye 47.25325
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Ca?"-induced conformational changes move the ICT
fluorophore to a more hydrophobic region. The Ca?*
response is measured from the shifts in the excitation
spectrum which also allows ratiometry. A similar
philosophy and format can be identified in a zinc
finger domain peptide outfitted with a fluorophore
of the TICT type (see section VI.C).3%¢ We also note
a fluorescein-appended S-cyclodextrin?>#2 which may
show related effects when its guest responsive fluo-
rescence is examined. The fluorescence response of
nonmacrocyclic but internally hydrogen bonded 48255
to high concentrations of Li™ in acetonitrile has some
similarities to the Mg?"-binding 1,8-dihydroxyan-
thraquinone mentioned previously.?!8

NH, O
48
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We end the discussion of cation-responsive ICT
excited states by featuring some examples which
involve cation-induced proton ejection. The basicity
of the medium is poised such that the phenol unit
remains intact until the alkali cation arrives at the
receptor. Substantial fluorescence enhancements can
be observed in this way especially by employing
excitation wavelengths which are transparent to the
phenol form of the fluorophore. The emissive ICT
state corresponds to the tight ion pair of the alkali
cation—phenolate. Compounds 49256258 and 50%° are
the simplest examples. The fluorophore in 49 fea-
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tures again in a calix[4]arene ether receptor.?%°
Compound 51?1 has its crown ether receptor spaced
from the fluorophore even though the latter can act
as a lariat especially upon deprotonation. A concep-
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tually related system contains a [5-(dimethylamino)-
naphthalene-1-sulfonamido]ethyl lariat which depro-
tonates upon Zn(ll) entry into a 12aneN, macro-
cycle.?812 This results in fluorescence enhancement
and a blue-shift.

Fluorophores with ICT excited states are successful
in responding dramatically to polyanionic DNA,
although apparently via several mechanisms. For
instance, the excited state of 522627265 suffers enough

electron drainage from the primary amine units to
allow deprotonation when exposed to water. This
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52

5

fluorescence deactivation channel is closed off upon
intercalation of 52 in double-stranded DNA, resulting
in a large fluorescence enhancement along with a
blue-shift in emission. Dimers of 52 linked via the
guaternary nitrogen center are even stronger DNA
binders.?6® A similar excited-state effect may also
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control the fluorescence switching “on” of 53 where
the displacement of water molecules from the minor
groove binding site is crucial.?6” On the other hand,

the large DNA-induced switching “on” in 5428 is
more likely to arise from obstruction of double bond
torsion (of the type discussed in section 1V). The
reversibility of binding is sacrificed in dimers of 54
with quaternized spermine linkers but extremely
high detection sensitivity is gained.?®® It is particu-

S
©i+/
N
Me
\ N

\
Me
54

larly interesting that heterodimeric relatives of 52
permitted the estimation of the nucleobase composi-
tion of DNA via a fluorescence excitation ratio
method nearly two decades ago?™ (cf., cation sensing
21-23 and relatives).

The near-absence of ICT fluorophores responsive
to small anionic or neutral molecules is an embar-
rassing fact. Some headway is being made by Shin-
kai with 5527 which shows a small spectral shift
upon binding fructose. It may be symptomatic that

similar structural motifs give rise to much larger
fluorescence responses when coupled to different
photochemical mechanisms (see section VII). The
cyanine dye 56 is more promising.?’? Its ICT excited

Me Me
Me Me
m
N N
(HO),B B(OH),
56

state is poorly fluorescent until monosaccharide
binding obstructs its torsion. The switching “on” of
fluorescence by visible excitation and the detection
of a previously intractable analyte are two very
positive developments. Macrocyclic rigidification of
a related cyanine such as 5722 can reduce nonradia-
tive rates a 1000-fold in spite of this being dimeric
(see section IX).
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The F~-selective fluorescence enhancement of dipro-
tonated 5827 also fits best here even though porphy-
rins (expanded or not) do not usually display the
spectral properties we expect of ICT fluorophores.

Nevertheless there is no escaping the fact that such
systems with their multiple heteroatoms have ample
opportunity for electron density redistribution. Cou-
pling of the inner N—H protons to the solvent leads
to fluorescence quenching. The situation discussed
previously for 17 is not unrelated. F~ nesting in the
central cavity cuts off this coupling to the solvent,
causing the fluorescence enhancement.

It is clear even from the preceding pages that much
of the success of fluorescent sensors has arisen from
ion recognition phenomena. Quite separately, ion
movements control nerve impulses and, through
them, our thought and motion. Therefore it is
natural that fluorescent signaling of membrane
potential has evolved into a vital research area.
However it must be emphasized that these signaling
systems recognize the net electric field of these ions
rather than their chemical nature. Interestingly,
almost all the fluorescent systems developed for this
purpose possess ICT excited states. Although some
have formally neutral z-electron systems, many of
them carry a positive charge to help anchoring in
negative membranes. The older, and slower, fluoro-
phores, e.g., 59,25 show rather large reductions in
emission quantum yield due to accumulation and
subsequent concentration quenching in hyperpolar-
ized cell membranes. However we note that the ICT
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nature of the excited state is not expected to be
critical to this mechanism. On the other hand, the
ICT phenomenon lies at the heart of the younger, and
faster, fluorophores which can act on the microsecond
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timeframe e.g. 60.26277 The pyridinium nitrogen
o)
\ L@—N(nHexyi)z
60

center can be expected to lie close to the membrane
headgroups with the alkyl sulfonate segment stretched
toward water. The di-n-hexylamino moiety will
burrow among the hydrocarbon chains in the mem-
brane interior. It is important that the long axis of
the fluorophore is oriented perpendicular to the
membrane. As we have seen previously, population
of the ICT excited state results in considerable dis-
placement of electron density. In cases like 60, this
results in a shift of positive charge from being near
the membrane surface to the interior where it is
shielded from the electrical effects. Thus membrane
potential will influence the wavelength position of the
emission band.?’® These electrochromic fluorophores
represent another strong application of fluorescent
sensors and switches in the biological sciences.

B. Metal to Ligand Charge Transfer (MLCT)
Excited States

There is a wealth of metal complex-based lumo-
phores with MLCT excited states?’°-284 which can be
harnessed for the design of sensors and switches. The
best known MLCT lumophore is tris(2,2'-bipyridyl)-
ruthenium(11) where photon absorption results in the
generation of a lowest energy excited state which
corresponds to a Ru(lll) center and a radical anion
of one bipyridyl moiety. In this section, we restrict
ourselves to those cases whose switchability is a
direct result of the charge transfer nature of the
excited state. Quenching of excited states by protic
solvents is not limited to the organics featured in
section VI.A. Tris(2,2"-bipyridyl)ruthenium(ll) shows
this effect as unveiled by solvent deuteration stud-
ies.?85 Tetrakis(3-phenylpyridyl)dioxorhenium(V) can
be used to gauge water penetration in membranes
by means of related effects.!”> The MLCT excited
state of (2,2'-bipyridyl)tetracyanoruthenium(l1)66.167
is also subject to solvent effects involving hydrogen
bonding similar to those discussed for e.g. 17.168

We begin our discussion of ion recognition phe-
nomena with a set that contains a Re(l) polypyridyl
lumophore and a crown ether-type receptor for metal
ion guests: 61—63.2867288 Ca?* causes a 8-fold en-
hancement in the luminescence of 61286 which is half
that achieved by protonation of the N-aryl aza-15-
crown-5 ether receptor. The rationalization of the
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low luminescence quantum yield and lifetime is the
evolution of the Re(l) to bipyridine MLCT state into
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a nonemissive arylazacrown to bipyridine LLCT
(ligand to ligand charge transfer) state. However,
photoinduced electron transfer (PET) across the
amide linker (section VIII.A) could serve as the
luminescence quenching route. In either case, cation
binding into the crown ether is expected to disfavor
such deactivation. Compound 6228 shows significant

CICO),-Ré()

luminescence enhancement with Pb?* in spite of the
“heavy atom” nature of the latter, perhaps because
the sensor is already significantly spin—orbit coupled
due to the Re(l) center. Unlike 61, the direct link
between the azacrown ether and the phenanthroline
ligand forces considerable overlap between the elec-
tron systems of the lumophore and the receptor. So
62 is a direct metal-based analogue of the cases
discussed in section VI.A. The functionalized phenan-
throline ligand in 62 is itself a fluorescent sensor of
the TICT type for Zn?" and H*(see section VI.C). K*
causes a 3-fold drop in luminescence lifetime of 63288

63

upon nestling in the central cavity. The reasons for
this effect are currently unknown. More detailed
examination of guest-induced spectral shifts and
lifetime effects in this family would be welcome from
a sensor perspective. Relatives of 63 present inter-
esting possibilities for guest mediation of transmo-
lecular movements of electrons and/or energy, a
challenge which is being taken up elsewhere.?89-293
Compound 642°* also belongs here since it contains
an N-arylaza-15-crown-5 ether receptor and a tris-
(2,2'-bipyridyl)ruthenium(ll) lumophore integrated
into one another. Na'-binding causes blue-shifts in
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emission spectra even though the alkali cation would
be expected to electrostatically stabilize the MLCT
excited state if sufficient charge is transferred into
the receptor-functionalized bipyridine moiety.
While 65 is devoid of any crown ether receptors, it
does possess an array of poly(oxyethylene) chains
which can organize around a guest cation, e.g.,
Ca?".2%5 The MLCT excited state of tris(6,6'-alkoxy-
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65

3,3'-bipyridazine)ruthenium(ll) is thus perturbed to
result in small increases of the luminescence quan-
tum yield and lifetime. It is conceivable that the
presence of the guest dication close to the ligand
m-electron system can preferentially stabilize the
MLCT state relative to the nonemissive MC excited
state.?%52

Nonmacrocyclic receptors such as carboxylate and
2,2":6',2"-terpyridyl can also be infused into poly-
(pyridyl)ruthenium(l1) lumophores, e.g., 66292°7 and
67.2% Protonation of these receptors induces signifi-

cant changes in the luminescence phenomena. These
changes are particularly large in 67 where protona-
tion serves to increase the electron-withdrawing
nature of the “substituent” on the terpyridyl ligand.?%
Such substituents on ruthenium(ll) terpyridyl com-
plexes are known to revive luminescence,?® most
probably by preferentially stabilizing the MLCT
excited state compared to the nonemissive metal-
centered excited state. We take this opportunity to
point out that the same outcome arises from the use
of ligands with extended s-electron systems.?*® On
the other hand, 66 shows some quenching of lumi-
nescence and a concomitant lifetime reduction upon
protonation in spite of the electron-withdrawing
nature of the carboxylic acid group.?®” The proton-
induced red-shift is evidence of the latter effect,
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however. Such quenching is even more prominent
in an isomeric complex with a nonsymmetrically
substituted bipyridine dicarboxylate ligand.3°* Evi-
dently this behavior can be assigned to the coupling
of the carboxylic acid group (and to some extent, the
carboxylate) to the solvent via hydrogen bonds. The
observation of negative activation energies is intrigu-
ing, however 301302

If protons are considered as the simplest of guests
to interact with metallolumophores, octaprotonated
32aneNg must be one of the most complex among
nonpolymers. This “guest” wraps around the 2,2'-
bipyridyl, tetracyanoruthenium(ll) lumophore with
high affinity and produces blue-shifted emission of
much higher quantum yield.?%® Since the “guest”
occupies most of the first solvation shell of the
lumophore, the observed behavior can be understood
as a specially augmented solvent effect.166.167 Specif-
ically, the “guest” ammonium centers hydrogen bond
to the cyano ligands causing a destabilization of the
ruthenium(ll) center in the MLCT excited state.

A discussion of sensory lumophores with MLCT
excited states is best rounded off with some attention
to anionic guests which have so far been the poor
cousins of supramolecular chemistry.3%* During his
extensive studies, Beer?8%:3%5-307 hgs unearthed some
significant luminescent responses to Cl- and H,PO,~
with systems such as 68 and 69. The approach here
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is to get effective anion binding with the combined
forces of electrostatic attraction and hydrogen bond-
ing acidity. Anionic perturbation of the adjacent
MLCT excited state does the rest, although the
mechanisms remain to be elucidated. Compound 69
is particularly interesting in several aspects. First,
the macrocyclic receptor permits effective selection
of CI~ against the larger H,PO,~. Second, the fer-
rocene moiety distal to the tris(2,2'-bipyridyl)ruthe-
nium(ll) can encourage photoinduced electron trans-
fer (PET) or electronic energy transfer (EET) which
the Cl~ guest can mediate, cf., 63.288 Third, the Cl—-
induced switching “on” of luminescence is remark-
able, though quantum yields remain low and the
spectral shape is anomalous. This is in marked
contrast to previous all-organic systems such as 70
which involve PET-type fluorescence quenching with
CI~ (see section VIII.B).

Polyanionic double-stranded DNA can be targeted
with cationic metal complexes such as 71398310 and

69
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7231 containing extended planar z-electron systems
for intercalation between the base pairs. The popu-
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lation of the MLCT excited state deposits significant
electron density on the metal-free nitrogen centers
of the dipyridophenazine ligand, i.e., the basicity is
significantly augmented upon excitation. Subse-
guent protonation of the excited state therefore opens
up a luminescence-quenching channel provided that
the crucial nitrogen centers are exposed to water.
Hence, DNA intercalation serves to protect the MLCT
states of 71 and 72 from water and switch “on” their
luminescence. The Os(ll) derivative 72 extends the
luminescence into the low nanosecond time scale and
the far red region of the spectrum.3!* Protection from
the detrimental effects of aqueous media can also be
achieved by hiding the sensitive MLCT excited state
of 71 within anionic detergent micelles.3? Con-
versely, 71 and 72 serve as sensitive detectors for
these important anionic assemblies.

When complexes with less functionalized bipyri-
dines, e.g., tris(2,2'-bipyridyl)ruthenium(ll) are em-
ployed to probe DNA and other polyanionic species,
less dramatic luminescence enhancements and life-
time extensions are seen.?° This residual effect can
be understood as follows. The ligand which serves
as the acceptor in the MLCT excited state is likely
to point away from the anionic surface toward water
(as well as the counter cation atmosphere, in the
context of the Debye—Huckel/Gouy—Chapman mod-
els). This stabilizing influence is behind the small
red-shifts observed and also increases the barrier to
reach the nonemissive MC excited state.3!3 Racemic
tris(2,2'-bipyridyl)ruthenium(ll) also binds to the
pockets of polyclonal antibodies raised against struc-
turally related complexes.?132 Significant increases
in luminescence intensity and lifetime are found upon
binding. The fact that the bound species displays
essentially single exponential luminescence decay
leads to the important deduction that the antibody
population is responding homogeneously, at least
with respect to the photophysics experiment.
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Compound 72 is not the only instance where the
monopoly held by ruthenium(ll) complexes in this
area has been broken. The Pt(l1) complex 7334 and
the Au(l11) complexes 7435 and 753 (with or without
cyclometalation respectively) display all three quali-

tative possibilities in turn: “off—on”, “on—off”, and
no change. Evidently, there is life beyond ruthe-

=
A

nium(ll) in this area but more exploration will be
required to understand it. Interestingly, previous all-
organic luminescent switches for double-stranded
DNA, e.g., 52, share some of the mechanistic platform
occupied by ruthenium(ll) complexes like 71. Com-
pound 733 may involve a similar effect.

We conclude this section with two additional
points. First, we are unaware of any sensory/switch-
able luminescent systems based on LMCT (ligand to
metal charge transfer) excited states. Perhaps this
is because the portfolio of emissive LMCT excited
states is still small, at least for those operating in
fluid solution at room temperature. It is to be hoped
that 76,316 77,317 and earlier relatives®!® represent the
tip of an iceberg waiting to be exposed. The com-
moner examples of LMCT excited states such as 78
are nonluminescent.?” Second, several MLCT excited
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states such as tris(2,2'-bipyridyl)ruthenium(ll) are
subject to quenching by O,, at least partly because
of their relatively long intrinsic lifetimes.31%320 This
has led to practical sensors for this lifegiving gas.3?—32
While no recognition processes are involved, the
delocalization of the excitation over a ligand must aid
collisional deactivation by an external agent.
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C. Twisted Internal Charge Transfer (TICT)
Excited States

Sections VI.A and VI1.B catalogued some of the uses
to which photogenerated charge separation (or shift
or even destruction) can be put in a fluorescence/
luminescence context. Obviously, any such phenom-
ena can be enhanced yet further if the charge
separation in the excited state can be maximized.
Grabowski®?4325 realized that decoupling of the donor
and acceptor components of a push—pull sz-electron
system in the excited state by twisting through 90°
can achieve full charge separation. A further advan-
tage of full charge separation is that its thermody-
namic feasibility can be assessed independently with
electrochemical data.3?*732° Compound 793247329 js
perhaps the most celebrated of these systems and
gives emission from its TICT excited state along with
a shorter wavelength emission from a ICT-type
excited state. The latter has the more delocalized
excitation even though it was formerly referred to as
a LE (locally excited) state. Compound 79 has a
planar skeleton and hence a well conjugated 7-sys-
tem. The ICT-type excited state is similarly planar,
whereas the TICT excited state has the dimethyl-
amino unit orthogonalized from the rest of the
m-system. The result is a dimethylamino radical
cation and an adjacent benzonitrile radical anion.

NMe,

CN
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Although emissive TICT excited states were in-
strumental in convincing sceptics of their exist-
ence,3?4325 poorly emissive counterparts®3¥33! have
been in the vanguard regarding applications. The
destabilization of red-shifted but poorly emissive
TICT excited states would favor the strongly emis-
sive, less polar, ICT-type delocalized excited state.
Lowering the solvent polarity is one way of causing
such a destabilization. For instance, 80331332 and
relatives®® have been serving the biochemical com-
munity since 1954 as sensors for environmental
“polarity”. Compound 80 shows dramatic switching

e

80

“on” of fluorescence upon being moved from an
aqueous to a hydrophobic environment. A blue-shift
also accompanies this switching action. The tempta-
tion of such a powerful switching phenomenon has
proved to be too much for a host of workers in the
molecular recognition area.

For instance, calix[n]larene amino acids include
anionic 80 provided that the pH value is not basic
enough to produce an anionic host.”® Host concentra-
tions are such that aggregation complications are
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absent. The same cannot be said about a study with
octakis[poly(oxyethylene)]calix[8]arene.?3* On the
other hand, aggregation was the object of study when
poly(vinylbenzo-18-crown-6 ether) transformed from
a neutral micelle to cationic version upon treatment
with alkali cations. Compound 80’s binding increases
under the latter conditions causing switching “on” of
fluorescence.3> Comparison of the last two investi-
gations is educational because the same type of
double reciprocal plot of fluorescence intensity—host
concentration data is used to draw different conclu-
sions concerning aggregation33® or stoichiometric
complexation.®3* Not only can 80 detect hydrophobic
microenvironments in water, it can also indirectly
detect anything that arranges or blocks such regions.
The former situation is illustrated by Schneider's336.337
and de Shayes'**® work on metal ion-induced cyclo-
phane formation from nonmacrocyclic precursors.
Compound 80 takes up residence in the rather
hydrophobic cavity of the cyclophane and signals its
new status by switching “on” its fluorescence. The
latter situation can be seen during the binding of
ribose by 3-cyclodextrin.33® Since 80 is displaced from
the interior of the cyclodextrin to the aqueous me-
dium during this process, the fluorescence is switched
“off”.

The 5-(dimethylamino)naphthalene-1-sulfonamide
group,®¥® which is a close relation of 80, can be built
into complex supramolecular structures which un-
dergo large conformational changes upon environ-
mental command. This fluorophore is the key re-
porter of a solvent-switchable molecular umbrella 81
devised by Regen.3* Facially amphiphilic cholic acid

CONH
NCO~" > HNO,S

Me IOO
|
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| Ho OH NMe,

81

units surround the fluorophore in largely agueous
conditions but move away to expose the reporter in
less polar media. Thanks to the clear fluorescence
switching evidence, other applications of this inter-
esting “open—close” function can now be addressed.
While there is no doubt about the elegance and
potential of Regen’s supermolecule, it is important
to note that a similar protection of a fluorescent
reporter system in water-rich media by a copolymer
was outlined by Tazuke as far back as 1982.342
5-(Dimethylamino)naphthyl-1-sulfonyl derivatives'6®
are also useful as fluorescent reporters when at-
tached to cross-linked poly(dimethylsiloxane) materi-
als for swelling agents such as ethanol.

Although aminonaphthalene sulfonic acid deriva-
tives like 80 appear to have stolen the show, there
are others waiting in the wings. Cowley's 82157:343
shows strong switching “off” of fluorescence in polar
media irrespective of their proticity. Corresponding
red-shifts are also found. Substitutional tuning of
these phenomena is an added advantage. The pres-
ence of the pyridine nitrogen center in 83%* endows
it with a special sensitivity to quenching by protic
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solvents, although polar aprotic media also exert a
moderate influence. It is worth comparing 83 with

the older and ICT-based 17 which is selectively
guenched by hydrogen bonding rather than dipolar-
ity.168

The twisting motion essential for the birth of TICT
states can be retarded by obstructions in their
neighborhood. While this can include intramolecular
bridging®* as seen in corresponding alkene mx*
excited states such as 5,7 the more popular focus has
been on microviscosity or (especially in the case of
polymers) free volume.346:347 Examples like 8434 with
poorly emissive TICT states show sharp switching
“on” of fluorescence corresponding to the untwisted
excited state as the environmental restrictions in-
crease during polymerizations proceeding to high
conversion. Others signal local viscosity by means
of spectral blue-shifts.3*® Some cases will also permit
ratio measurements with the delocalized ICT and
TICT bands for added reliability.*” The traditions
of this field go back at least 40 years with examples
like 85%*° and are being kept alive by current ex-
amples such as 8630351 and 87.3%2 Although the
emphasis in all these sensors and switches is on
rotation about formal single bonds, we must not
forget that they also possess alkene units. As dis-
cussed in section IV, alkenes can also use rotation
about double bonds as a deexcitation mode if the
lowest excited state is of the &zz* type. In passing,
we note the structural similarity between 86 and the
membrane potential sensor 60.276 This reminds us
that the relatively rigid membrane environment is
essential for 60 to fluoresce in the first place. The
voltage-dependent wavelength shifts require this
underpinning.
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Just as fluorescent molecular viscometry is growing
(see also section 1X), fluorescent molecular thermom-
etry is also gaining in prominence. Even though
chemical recognition features are not usually in-
volved, we use this opportunity to give a snapshot of
the field since it represents the fluorescent signaling
of a chemically crucial parameter. Compound 79 in
aqueous S-cyclodextrin solution displays a tempera-
ture-invariant TICT emission, whereas the fluores-
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cence from the ICT-type delocalized ICT state de-
creases significantly at higher temperatures.3°3
Although the system is complicated by the different
locations available to 79 in each of its electronic
states, it permits ratioing of two emissions to give
self-calibrated sensing. TICT state involvement is
also suspected to control the thermal fluorescent
response of 88 and 89 embedded within membranes
of live cells.3* The TICT excited state of 88 is
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nonemissive but is expected to lie energetically above
the ICT-type delocalized state. So increasing tem-
perature biases the Boltzmann distribution of excited
states toward the TICT state which results in fluo-
rescence loss. The energetic positioning of a non-
emissive excited state just above an emissive one is
an approach to fluorescent molecular thermometers
whose validity transcends TICT states. The non-
emissive state within thermal reach can be a ligand
centered triplet in some Tb(l11) complexes.87:131.132 |t
can be a dissociative MC (metal-centered) excited
state in tris(2,2'-bipyridyl)ruthenium(11).33 It can
also be a repulsive wo* or go* state in fluorescent
systems like 90 which show largely reversible fis-
sion—recombination sequences.?® Compound 90 can
be substitutionally tuned to adjust the critical energy
gap and, in turn, the working temperature range. The
opposite of this principle is found in the delayed
fluorescence of e.g. 91.3%6 The emissive singlet state
lies above the nonemissive triplet. Thermally driven
back EET (electronic energy transfer) replenishes the
singlet excited state and enhances the fluorescence
at higher temperatures.

COH

90

Our final concern in this section is with ion and
molecule recognition observed via TICT excited states.
As noted at the outset, the maximized charge separa-
tion in these states should be sensitively perturbed
by external agents. The host—guest pairs 19—
Ca2+ 181,182,347 92— H+ 357 93— H+ 358 94— H+ 359 o5—
Ca2+ 360,361 96— H+ 362—364 and 96— Ag+ 363,364 attest to
the success of this approach. The last pair is the first
example known to us where fluorescence is switched
“on” by a redox-active metal ion, and we have
commented on its success.3%® With the exception of
94, all the other cases involve cation reception near
the electron-donor site of the TICT excited state and
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display cation-induced switching “on” of the ICT-type
emission. Cation reception near the electron acceptor
site of the TICT state is arranged in 9785 and leads
to emission red-shifts upon Ca?" addition. Some
examples due to Valeur (e.g. 115) which may be
related to 97 will be considered in section VIII.A. The
crowned phenanthroline ligand in 62287 which switches
“off” its fluorescence upon protonation is apparently
another example. Evidently, the TICT state is non-
emissive in this case.

wen— N :/<

A more indirect, but clever, example of ion recogni-
tion with TICT excited states is due to Walkup and
Imperiali.3 The peptide finger domains organized
by zinc3®” can be exploited for signaling by derivati-
zation with the 5-(dimethylamino)naphthalene-1-
sulfonamide fluorophore. The tertiary structure of
the peptide undergoes large alterations upon binding
nanomolar levels of Zn(Il) which forces the fluoro-
phore from a hydrated to a hydrophobic environment.
The TICT fluorophore shows considerable enhance-
ment of emission along with a significant blue-shift
useful for ratiometry. The Zn(ll) response of this
supramolecular system compares very well with that
of the more classically designed sensor 98%%8:3%° of the
ICT type which has much in common with 8-hydrox-
yquinoline and others discussed earlier.?16-218
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Molecule recognition by molecular fluorescent sen-
sors and switches by whatever mechanism remains
a major challenge. Generic solutions are few and one
of the most successful is due to Ueno and his
co-workers. Various cyclodextrins are employed as
receptors for organic guests in agueous media. The
cyclodextrins are appended with various fluorophores
and signaling is achieved via several mechanisms.
Some of these systems can be found in section IX. A
subset involving TICT excited states is considered
here and can be represented by 99.37081 The self-

B-cyclodextrin
-—

complexation of the fluorophore within the rather
apolar f-cyclodextrin cavity produces substantial
emission from the TICT excited state.®° The use of
1l-adamantanol as a guest displaces the fluorophore
out into the aqueous environment causing a major
reduction in the TICT emission. The emission from
the ICT-type delocalized state is affected much less
by this operation. Thus emission-ratioable sensing
of l-adamantanol and related molecules becomes
possible. The change in residency is well-supported
by circular dichroism and NMR spectroscopies. The
smaller o-cyclodextrin counterpart of 99 cannot ac-
commodate such self-complexation.3* So its fluores-
cence is opposite in direction and smaller in magni-
tude upon addition of 1-pentanol as a guest. These
experiments were guided by data gathered from
intermolecular interactions between cyclodextrins
and TICT fluorophores.®’27374 Newer data are also
available.®>® The 5-(dimethylamino)naphthalene-1-
sulfonamide fluorophore also makes an appearance
in another version of 99.37° Elaboration of 99 with a
biotin unit gives a very interesting triad whose guest
sensitivity is inverted in the presence of avidin.3¢ A
huge increase of guest binding is also seen. Enhance-
ments of alcohol binding are also found when the
monensin residue is connected to a relative of 99
carrying a 5-(dimethylamino)naphthalene-1-sulfon-
amide fluorophore with further augmentation upon
addition of Na*.37%2 Hydrophobic capping appears to
be responsible for these effects.

D. Through-Bond Charge-Transfer Excited States

Although intermolecular charge-transfer interac-
tions have a long history,3”” intramolecular counter-
parts between separated components is of much more
recent vintage. Such through-bond interactions have
been brought to light by the efforts of Verhoeven, 3’8
Paddon-Row,37® and Closs and Miller.3 Essentially
complete charge transfer can be achieved in this way
with the attendant advantages for fluorescent signal-
ing mentioned in section VI.C. This becomes a
reality in cases which display radiative charge re-
combination. These through-bond interactions de-
pend on rigid all-trans o-bond frameworks which link
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the donor and acceptor components. Due to the
active participation of the linker, these systems are
discussed here rather than in section VIII. Section
VI will deal with cases where the linker plays the
role of a spacer—a much more passive behavior.

Even systems as small as 100%! produce CT
excited states which emit in the near UV—visible
region: evidence of considerable electron delocaliza-
tion. The response of the emission wavelength to
solvent polarity is also considerable, corresponding
to an excited-state dipole of 13 D. The fluorescence
guantum vyields are rather low, even when these
systems are optimally excited by irradiating into
their CT absorption bands. Nevertheless, these cases
set an important precedent. Rather high quantum
yields approaching unity can be achieved while
preserving the other special features if the basic
structure of 100 is elaborated with aromatic units
into 101382 or 102.38 Some fluorescence loss is seen
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at extremes of polarity where aprotic solvents are
concerned. Protic solvents cause complete, but sub-
diffusional, quenching. Hydrogen bonding to the
radical anion site in the CT excited state is a likely
culprit. Comparisons with 17'%8 and 833 can be
drawn from a sensing perspective. The solvent
polarity range producing the large fluorescence can
be rationally tuned by paying attention to the redox
potentials of the donor and acceptor components of
101. This is one of the bonuses of working with
complete charge transfer, i.e. electron transfer (see
sections VI.C and VIII). Electrochemical rationaliza-
tions can also be made for solvent-induced excited
state interactions seen in some cases. The lowest
excited state of 103 is usually CT but not in aliphatic
hydrocarbon solvents where the locally excited (LE)
state of the 2-vinylnaphthalene unit wins out. The
excellent sensitivity of 101%2 to local “polarity” can
be applied to illuminate biochemical problems by
attaching a thiol reactive maleimide unit to the
4-position of the aniline moiety.®* However, ingress
of water will kill off the emission.382 Hence, only
hydrophobic microenvironments can be targeted at
the moment.

The apparent rigidity of 101 belies the fact that
the excited state must undergo some conformational
adjustment following complete charge transfer, e.g.,
flattening of the initially pyramidal nitrogen in the
piperidine ring and of the vinyl naphthalene unit.
Hence a degree of fluorescence response to viscosity
is expected.385386 The small conformational changes
mean that 101 can detect changes in the high
viscosity regime.®® Compound 8434 and related
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TICT systems®#6347 have several similarities with 101
in their behavior.

An example of ionic perturbation of a CT excited
state is also provided by 103.382 The state inversion
mentioned above can be easily arranged by protona-
tion of the aniline component. The broad CT emis-
sion is then replaced by the blue-shifted and vibra-
tionally structured emission from the LE state. A
particularly important case of proton-controlled switch-
ing of fluorescence is found in 104.387 Careful acidi-

O 00
SO 0

fication neutralizes the central aliphatic amine unit
from its participation in the three-component CT
interaction. A long-range aniline to naphthalene CT
process survives however. Experimentally this is
indicated by the extremely red-shifted emission being
replaced by a shorter wavelength, but still weak and
broadened fluorescence. Such ion-directed switching
of electron transfer route is unprecedented.

VIl. All-Organic Triplet Excited States

The last type of excited state which we meet in
luminescent signaling research shifts the focus from
orbital occupancy or charge separation to spin mul-
tiplicity. All of the all-organic excited states consid-
ered so far were singlets. Metallic systems can
introduce states of higher multiplicity though spin
begins to lose its meaning as spin—orbit coupling
takes hold lower down the periodic table. Neverthe-
less, a triplet designation can be attached to the
MLCT excited state of tris(2,2'-bipyridyl)ruthenium-
(1IN for instance.®® Our emphasis here is on all-
organic systems however.

Organic triplet states can be generated by direct
excitation with “heavy” atom auxiliaries to aid the
required intersystem crossing (ISC).?848 Direct ex-
citation in the presence of O, is another approach,?®
although the requirement of high gas pressures and
the fear of photoxidation are drawbacks. Some
molecules such as aromatic carbonyl compounds need
no external help since ISC is rapid anyway. These
can assist the birth of other organic triplets by
intermolecular electronic energy transfer (EET).2848

Phosphorescence is the most visual photophysical
signal from a triplet excited state.389-3%1 However its
observation is not straightforward due to the fragility
of triplet excited states with regard to collisional
guenching with other triplets. Embedding it in a
glass is a solution which is most successful at low
temperatures,®®° making it less useful for general
sensing and switching purposes. Adsorption of the
phosphor on certain surfaces is also fruitful.3®* The
problem is more intransigent in fluid solution and
schemes employing statistical or steric protection of
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the triplet excited state become necessary. The
former scheme requires microenvironmental com-
partmentation as provided by aqueous micellar
solutions.1416:392-3%4 Sjnce the organic phosphor and
the quencher (most commonly residual O,) will take
up residence in the micelle according to a Poisson
distribution,416:3% g significant fraction of organic
triplet excited states will not have a quencher within
the same micelle when they are photogenerated.
Double occupancy of a given micelle by organic triplet
states is also disfavored. This clever solution is only
limited by the intermicelle diffusion rate of O, and
by micelle dynamics. In practice this means that
deaeration of samples becomes necessary.

The second solution of steric protection is also an
elegant one. Insertion of a phosphor into a cyclodex-
trin cavity provides a transparent jacket for the
triplet excited state. Material contact with the
environment is minimized while permitting photon
traffic in and out. Early successes involved ha-
lonaphthalene phosphors,3%-397 although even aro-
matic hydrocarbons were persuaded to emit phos-
phorescence by coincluding haloalkanes or relatives
as “heavy” atom auxiliaries.3%7402 Some of the cases
even operated in aerated solution with?*®? or with-
out?® O, scavengers. There are limitations however.
If phosphorescence is to be useful for sensing, the
encapsulation of the triplet excited state away from
the very environment to be sensed might seem
paradoxical (see later and section VI11.C). Phosphors
with nz* character can lead to irreversible hydrogen
atom abstraction reactions with the encapsulant.4%4-40%6

Once a triplet excited state is persuaded to emit
phosphorescence in room temperature fluid solution,
two rewards present themselves. Both arise from the
long millisecond lifetime caused by the spin change
required during deexcitation (exceptionally short
triplet lifetimes are usually caused by additional
guenching processes). As in the case of lanthanide
luminescence (section V), delayed observation will
remove interference from fluorescence and scattering.
The second reward, also potentially available to
lanthanide systems, is that lifetime (rather than
intensity)-based sensing is technically easy. There
is a substantial literature on fluorescence/lumines-
cence lifetime sensing of several guests?10-214,319-323
(see also section VII1.A) which can be adapted for the
less demanding time scale. By its very nature,
lifetime sensing is internally calibrated against en-
vironmental uncertainties that can bother intensity-
based methods.

In spite of these rewards, phosphorescent sensors
and switches represent a field in its infancy. After
all, the observation of fluorescence emission in room
temperature fluid solution had a head start of four
centuries*®” over its delayed cousin. We begin this
discussion of the small handful of examples with
some cryogenic experiments. Sousa and Larson’s
pioneering investigations into macrocyclic systems
7—9 with cation-responsive emission included phos-
phorescence measurements on 77 K glasses.”®& The
changes observed can be largely rationalized by
“heavy” atom induced spin—orbit coupling. Shirai
and Tanaka's study focused on the aryl ketone
phosphor within 105.4%¢ Under most conditions it
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displays phosphorescence from a wz* triplet state as
judged from the length of the lifetime. The possible
exception is in the presence of Nat which fits well
into the crown cavity when the emission component
of wx* origin is significantly quenched. We can
understand this since the aromatic ether oxygen
electron pairs are held by Na* and, in effect, decon-
jugated from the rest of the z-electron system. The
blue-shift of emission in this case is suggestive. Thus
triplet-state inversion becomes feasible (see section
111 for singlet cases). Phosphorescence from the nz*
triplet excited state occurs at much shorter time
scales. Of course, “heavy” atom influences must play
a part in the smaller enhancement of emission
guantum yield of 105 with Cs™.

As mentioned above, cyclodextrins can offer sub-
stantial steric protection for triplet excited states held
within. However, in most cases, O, is capable of
breaching this defense, i.e., the complex is nonemis-
sive in aerated solution. Binding of an additional
agent can cover these remaining deficiencies. Ter-
nary complex formation with tert-butyl alcohol pro-
duces intense phosphorescence from 1-bromonaph-
thalene included in glucosyl S-cyclodextrin.*®® This
example fom Nocera’s laboratory is an excellent “off—
on” switch induced by a neutral guest.*® Hydrogen
bonding of the guest functionalities to the rim of the
macrocycle is considered to be responsible for cocom-
plexation. An interesting pH-dependent phosophores-
cence is seen when pivalic acid is substituted for tert-
butyl alcohol because the ionized form of the acid is
unable to offer complete steric protection from O,.
Less dramatic but older examples from Turro's
research concern acetonitrile as the cocomplexant.3%
A somewhat related phosphorescent signaling system
will be considered in section VIII.C.

VIIl. Photoinduced Electron Transfer (PET)
Systems

Due to its central role in photosynthesis, there is
a rich mine of information on this subject.#11-416
Nevertheless, the exploitation of this information for
the development of fluorescent sensors and switches
has been confined to the last two decades with the
few pioneering efforts being scattered across the first
of these decades. We comprehensively reviewed this
field in 1993.3%5 We have updated this survey in a
companion*!’ to the present account. Several of the
laboratories active in this field have summarized
their own contributions along with related material.
These include the groups of Czarnik,*8-421
Fabbrizzi 4?2424 Tsien 33192425 Kuhn,*?® Desvergne
and Bouas-Laurent,*?"428 Rettig and Lapouyade,3*’
Valeur,?6:186429 Shinkai,*3°~433 and ourselves.” 8434438
The reader interested in the wider picture is referred
to the above material.

Fluorescent signaling via the PET strategy is
distinguished by its intrinsically supramolecular
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Figure 10. Frontier orbital energy diagrams illustrating
thermodynamics of PET and back electron transfer.
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nature since distinct components perform each one
(or more) of the necessary functions. A fluorophore
module is the site of both photonic transactions of
excitation and emission. A receptor module is re-
sponsible for guest complexation and decomplexation.
A spacer module holds the fluorophore and receptor
close to, but separate from, each other. This also
means that true molecular engineering applies, i.e.,
the optical, guest-binding, and redox properties of the
components allow the quantitative prediction of the
signaling parameters of the supramolecular system.
Further, PET signaling systems have natural “all or
none” switchability: guest-induced “off—on” and “on—
off” fluorescence are both designable.

The pionering work of Weller over a quarter of a
century ago*3®440 is our starting point, since this
provides the thermodynamic basis of PET. Figure
10 provides a summary in terms of frontier orbital
energies. It also shows how PET systems employ
thermal back-electron transfer as a self-repair mech-
anism following the potentially damaging PET pro-
cess. Although allowance needs to be made for the
extent of electron delocalization in the PET part-
ners,*! Weller's approach even allows estimates of
kinetics in intermolecular situations.**® However the
PET Kinetics in the intramolecular context, which
applies to the signaling systems under discussion, are
best described following Marcus.*42-444

As indicated in sections VI.A—D, charge-separating
processes, especially those separating a full electronic
charge, are highly sensitive to environmental stimuli.
Of course, PET is the ideal process fitting this
description, even though charge shift (or transloca-
tion) can be seen in intrinsically charged systems.
This environmental sensitivity shows up in fluores-
cence (quantum yield and lifetime but not wavelength
except for exciplexes) since it competes with electron
transfer to deactivate the photoproduced excited
state.**5~%%8 For instance, the fluorescence quantum
yield of 106%4° shows a nearly step-function response
to solvent polarity with switching “off” at high
polarities. Solvent dipolarity (=*) and hydrogen bond

NHnBu

NHnBu
106

basicity (3) are the controlling parameters. Not only
is this linear solvation energy relationship under-
standable according to PET principles but substitu-
tional tuning of the step-function to different solvent
polarity ranges is also possible, cf. 101.382
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Figure 11. Spaced fluorophore—receptor system in the
“off” state. The thermodynamic condition for PET is that
the excited-state energy of the fluorophore must be suf-
ficient to oxidize the receptor and reduce the fluorophore.
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Figure 12. Spaced fluorophore—receptor system in the

“on” state. PET is thermodynamically disfavored since the
oxidation potential of the receptor is raised by cation entry.
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Figure 13. Frontier orbital energy diagram elaborating
on Figure 11.
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Figure 14. Frontier orbital energy diagram elaborating
on Figure 12.

A. “Off -On” and “On —Off" Switches

Stoichiometric host—guest recognition is the more
popular avenue for fluorescent PET signaling. This
strategy is Schematized in Figures 11 and 12.78:365
A somewhat more quantitative view is in terms of
the frontier molecular orbital energies given in
Figures 13 and 14.2365 The fact that cationic guests
are chosen in these figures simply reflects their
dominance in the literature thus far. One reason for
this dominance is that receptor design for metal ions
is relatively rational.**® A substantial literature has
built up concerning cation-induced alterations of
frontier orbital energies as estimated from redox
potentials.2%4451:452 The history of the field began with
10748 along with other phenylalkylamines*** and
108,455 due to Morawetz,**® Shizuka, and Selinger
respectively. Davidson also reported the related case
of N-butyl-N,N-bis(1-naphthylmethyl)amine in 1977.457
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All four reported the enhancement of fluorescence
due to protonation: the first cases of guest-induced
“off—on” switching. Nakaya’'s 1095 was a near miss
since the low fluorescence was noted but not ex-
ploited. Of course the insights of Weller's investiga-
tions were not generally available in 1966. Com-
pound 109 was ahead of its time.
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The strength of the fluorescent PET signaling
principle is that, given suitable redox activity, almost
any receptor that is available for a given guest under
a specific set of conditions can be converted into a
sensor or switch. Indeed, this can be done in a range
of absorption and emission colors. The converse can
also be recognized in the examples that follow. A
given fluorophore can be paired with a variety of
receptors. The flexibility of the modular approach
is the clear message. The favorable binding selectivi-
ties shown by cryptands toward alkali cations is
exploited within 110459460 and 111452 on the basis of
anthracene and coumarin fluorophores, respectively.

110 111

Both of these show substantial fluorescence enhance-
ments upon guest entry. Compound 110 also binds
Ag(l) because of cation—x interactions due to the
anthracene lining the cryptand cavity, but no fluo-
rescence is seen (see section VIII.C). A bifluorophoric
version of 110 shows some similarities and also some
interesting variations (see section 1X).61 Attachment
of the diaza-18-crown-6 ether unit to the 1,4 positions
of the anthracene reduces the intercomponent inter-
actions compared to 110 resulting in smaller inten-
sity effects due to alkali cations.*®? However, sig-
nificant band shifts are seen, especially with protons.
The orientation of the m-electron system in 111 is
such that potential guests are presented with a
classical [2.2.2] cryptand cavity. So it is not surpris-
ing that 111 can measure intracellular K* after
careful pH adjustment.*6® On the other hand, per-
fluorination of the methyl group in the coumarin unit
appears to lose this fluorescence “off—on” signaling
capability toward alkali cations.*®* Further study
seems necessary, especially because proton binding
causes the expected fluoresence enhancement. N-
Benzannelated cryptand 112 produces order of mag-
nitude fluorescent enhancements with K*.465
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Azacrown ethers like 113%6% are also unequivocal
in delivering K*-switched emission in spite of their
structural simplicity. Compound 114 is an early
example whose fluorescence responded to Ca?t in a
solvent extraction experiment.“6” Compound 115 is
one of several examples from Valeur’'s laboratory
which respond to a variety of metal ions from various
regions of the periodic table.*%8~470 Charge density

control of the metal ion-induced fluorescence en-
hancement is evident. Compound 115 has another
point of interest since the ICT excited state of the
fluorophore is stabilized by the metal ion when bound
to the receptor. This leads to metal ion-induced red-
shifts in the emission which are unusual among ICT-
type fluorescent signaling systems in section VI.A
and among the TICT counterparts in section VI.C.
Zinic's 116 also delegates an auxiliary role in guest
binding to the fluorophore as in 115 and offers X-ray
crystallographic evidence as well.*”* Czarnik’s 117472
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possesses a Pb(ll)-selective receptor but no Pb(l1)-
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induced fluorescence enhancement is found. Con-
nection of the anthracene fluorophore through its
2-position seems to exert a negative regiochemical
effect on PET (see section VIII.C). The aliphatic

("
[N
o0 L
117
nitrogen centers in 113—117 naturally leads to large
fluorescence enhancements with H*. Compound
118473 controls this tendency by adapting the heart

of Tsien's ICT-type fluorescent sensor 22199290 for
Na*. Now the nitrogen centers in the diaza-15-

crown-5 ether unit are part of the aniline z-electron
systems and therefore of reduced basicity. Neverthe-
less, its pseudo cryptand nature allows sufficiently
strong Na* binding. Furthermore, the draping of this
ligand around Na* causes decoupling of the nitrogen
centers from the rest of the z-electron system of the
receptor (cf. section VI.A). Thus the retardation of
PET, and hence the Nat-induced switching “on” of
fluorescence, is as strong as ever.

The macrocycle theme continues with 18aneNg and
12aneN, systems 119474 and 120,475476 respectively.

NﬂN
G

Ti”m“f@
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Both of them serve as fluorescent “off—on” switches
with Zn(Il) given adequate pH control. Zn(l1) binding
alters the relative spatial disposition of the four
naphthalene fluorophores in 120 to produce different

enhancement effects in the monomer and excimer
bands. Therefore, self-calibration via ratiometry
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becomes possible. Kubo and Sakurai*’® find the
same outcome for N,N-bis(1-pyrenylmethyl)diaza-18-
crown-6 ether with a range of metal ions. The
presence of multiple fluorophores exacts a price and
large reductions of binding strength are seen relative
to N-(1-pyrenylmethyl)aza-18-crown-6 ether, al-
though this is partly caused by the change in the
ligating atom set. Polyazacyclophane 12147 and
calix[4]arene 122478 share the feature of proton-
induced enhancement even though their receptor
units are based on different atoms. Suitably posi-

A N

N N~
Rl

SNT N

— L

121

tioned pairs of aza-15-crown-5 ether units can signal
the presence of butane-1,4-diammonium ions via an
intervening anthracene fluorophore due to the com-
plex 123.47° Hydrogen-bonding blocks both nitrogen
lone electron pairs and their possible PET activity.
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Compound 124 has two diaza-18-crown-6 ether units
bridged by two 2,6-naphthylenedimethyl units.*&
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124

Binding of pentane-1,4-diammonium ions by 124 is
supported by several lines of evidence, but fluores-
cence signaling is not one of them. Since protons are
very successful in switching the emission “on”, the
failure of pentane-1,4-diammonium ions must be
attributed to their inability to block all four nitrogen
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lone electron pairs sufficiently strongly. Compound
125 targets the neurotransmitter y-aminobutyric acid
zwitterion,*®! although improvements will be neces-
sary if this target is to be sensed in its natural

habitat.
o
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[ [o N,
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AN
2
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Nonmacrocyclic receptors play perhaps a larger
part in serving as recognition components within
fluorescent PET “off—on” signaling systems. The
Bragnsted basicity of aliphatic amines is exploited
within the pH sensors/switches 126—133387:482-488 3¢
in their predecessor 107.4534%* The signaling ability

NEt,

SO
NEt,
126

127

6o,

{: E? Ph
fe) N /N NEt, o N 0
a0 )
Ph OMe
133

b4

NH.
\/\NEtz
131 132

of 127483484 gand 13388 is also supported by time-
resolved studies. Significant signaling action is not
confined to methylene spacers.*5448648 Saeva’s study
with conformationally restricted systems is also
relevant.*®®© Compound 134*°! even predates 107 in

134

terms of its structural format, but its pH sensing
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action is complicated by protonation of its ICT
fluorophore with resulting fluorescence loss. The
proton-induced fluorescence “off—on” switching be-
havior can be shifted to the alkaline region with cases
like 135%°2 in the presence of sugars (see later) where
the nitrogen electron pair is blocked by the boron
center except at rather high pH values. Following

O I\llle B(OH),
¢ “@

135

on from 108,%%° aromatic amines feature in systems
136482 and 1374% responding to lower pH ranges. A

NMe

L4

/'\
N N

NH N
\Q SR
XN AN

N
|

H/Q NMe
N

137

/7 \

§ 9
\ 9
)
-
\

related case is distinguished by the presence of a
B-turned dipeptide as part of the spacer module.*%
The difficulty of protonating polyamine receptors
such as 138%%* and 139%% also leads to a similar

outcome.
Me,N N O N NMe,
RN

138

NH\/\NH/\/\NH/\/NHZ

Compounds 129, 138, and 139 can also signal the
presence of Zn(l11) and bear comparison with 98368369
and fluorescent zinc finger peptides®®® (also see
section X). Morawetz's 129453456485 and derivatives
are rather special because they helped to initiate
several lines of research which are burgeoning to-
day: pH and metal ion signaling (via PET principles),
self-calibration via dual emission, and microviscosity
signaling via monomer—excimer equilibria (section
1X).

When elaborated with extra ligating sites, aromatic
amine-based receptors are particularly suited for
fluorescent systems sensing metal ions under physi-
ological conditions. These systems are immune to
normal fluctuations of pH. Such systems produce

139
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dramatic “off—on” responses which can allow sensi-
tive of detection of small alterations in these metal
ion concentrations. Ca?" is targeted by 1407 and
141,%%% both of which use Tsien's selective Ca?*
receptor®® within 21.2%8 It is notable that the spacer

e
\__/
Me
O
NC SO,Me
140

unit in 140 is clearly the 5-methine group (within
the pyrazoline), whereas this function in 141 must
be assigned to the amide with the orthogonally
twisted aryl group (on the rhodamine) also assisting.
Amides serve as connectors which encourage PET via
superexchange in several photoactive supramolecular
systems.*%%:500 Bifluorophoric versions of 140 and 141
produce even larger fluorescence enhancements on
encountering their guests.#?6501 | ondon’s selective
Mg?* receptors®? within 232! reappears in the Mg?*-
responsive signaling system 142.50% Almost complete
freedom from proton-induced fluorescence switching
can be achieved by using nitrogen-free receptors
within PET systems. Compound 143 shows fluores-
cence switching “on” with Na*™ with excellent selec-
tivity against protons.5** This discrimination can be
put to good use (see section VIII.C).

142 143

A clever adaptation of a partially protonated
polyamine by Czarnik®® to serve as a receptor whose
PET channel is blocked upon arrival of HPO4?~ guest
can be seen in complex 144. Two of these receptor
units can be placed on the 1- and 8-positions of an
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anthracene fluorophore as in 145506597 in order to
create a signaling PET system for pyrophosphate in
the form of H,P,Os?~. Both of these cases require
careful pH control for success. As a bonus, 145 will
also assay the pyrophosphatase enzyme since the
hydrolysis products will be released from the receptor
pair with concomitant loss of fluorescence.

+ +
(NHg HgN)
<:r+\1H NHs  NH3 Hu:>

N N

144

As seen above, judicious use of nonmacrocyclic
receptors within fluorescent PET “off—on” signaling
systems succeeds against cationic and anionic tar-
gets. An important class of neutral targets have also
succumbed recently. Fluorescent PET sensing of
sugars is a major success story in this general
area.*30-43  Following on the heels of 146°% and
147,50 135492 exploits the tried and tested PET
signaling format in 12782 to produce strong fluores-
cence enhancements with fructose in neutral aqueous
solution. Compound 14850 shows excellent selectiv-

B(OH),
B(OH)
g
146 147

ity for glucose due to the geometric recognition
capability of its bireceptor system reminiscent of
12347 and 145.596.597 A milestone in this area is 149

B(OH),

"] p
I NMe B(OH),

whose enantiomer pair demonstrates good discrimi-
nation between monosaccharide enantiomers via
fluorescence.>! Naphthylprolinol-derived calix[4]-

148
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arenes can also provide a solution to the tough
problem of chiroselective signaling via fluorescence,
although different mechanisms are involved in this
case.?? The 1,1'-binaphthyl component within 149
serves in four crucial capacities: fluorophore, PET
acceptor, rigid backbone for geometric selectivity, and
chiral ‘centre’ for enantioselectivity. However, none
of this would have been possible if the reception
capability of boronic acids®!® and especially 2-amino-
methylphenyl boronic acids®4 toward diols had gone
unnoticed by Czarnik, Aoyama and Shinkai. Since
it is only weakly bonded to boron, the amine lone
electron pair is largely free to engage in PET activity
with the fluorophore nearby in neutral solution. An
attractive view is that sugar binding encourages the
rehybridization (from sp? to sp®) of the boron center
forcing a strong boron—nitrogen bond. Thus the PET
activity ceases and fluorescence is switched “on”.
There are bound to be further applications of these
key ideas. Recent applications include (a) a wide
spectrum (with regard to sugar structure) fluorescent
sensor for high sugar concentrations common in the
food and beverage industry,5® and (b) competition
betwen PET and excimer—monomer equilibria®®
(section IX) which may allow sugar assay with self-
calibration as in 120475476 and 129.453:456:485

All the cases discussed so far in this section have
exploited the blocking of PET in one way or another.
Another avenue of enhancing the fluorescence ema-
nating from a fluorophore—spacer—receptor PET
system is to increase the effective length of the
spacer. Guest binding to the central region of such
systems can prevent close approach of the PET-active
terminals. This scenario is observed in Ca?*-respon-
sive 150%%% and Na*-responsive 151.5%7 The acetyl-

NO,
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choline-responsive 15258 js an example of a fluoro-
phore with an ICT excited state switching its
environment from inside to outside of a resorcin[4]-
arene receptor upon guest inclusion. The binding of
acetylcholine is driven by cation—x interactions.5!°
The fluorescence is enhanced 2-fold even though the
corresponding intermolecular analogue (which is less
useful as a sensor) gives a more visually dramatic
response in alkaline solution. The larger response
of the intermolecular case can be attributed to (a)
rapid PET from the powerfully electron-donating
tetradeprotonated resorcinarene to the complexed
fluorophore and (b) the large spatial separation
between the receptor and the free fluorophore once
it is displaced by acetylcholine. Such a large separa-
tion is impossible in the tethered case of 152. Similar
participation of cavitand z-electron systems in PET
processes with incarcerated fluorophores is known.52°

Resorcinol-acetaldehyde
tetramer

Sophisticated sensors, such as engineered peptide
sequences,®?* will also permit control of separation
between PET active terminii by means of external
stimuli such as temperature (see fluorescent molec-
ular thermometry in section VI.C). Cooling below —8
°C causes a 3jp-helix to o-helix transition in a
oligopeptide outfitted with a 1-methoxynaphthyl
fluorophore and a piperidone electron acceptor.5?2 The
contribution of the shorter lifetime component to the
fluorescence almost disappears as a result even
though the opposite would have been expected on
geometric arguments alone. Obviously, there are
many mysteries about PET across peptides that need
to be dispelled in further studies. Even without
major conformational consequences, guest binding in
the path of PET can influence superexchange inter-
actions and hence, control luminescence quantum
yields and lifetimes,290:291,523-525

We round off this discussion of fluorescence PET
“off-on” switches with a few examples involving
irreversible interactions. Compound 15352 produces
large fluorescence enhancements with thiaphilic Hg-
(11) and Ag(l) even though the redox activity of these
guests usually wrecks fluorescence. The origin of this

S, NHMe

163

fluorescence enhancement and the irreversibility lies
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Figure 15. Fluorescent PET “on—off” switch.

in the guest promoted hydrolytic removal of the
electron-rich thioamide moiety. PET or electron
exchange quenches the fluorescence of nitroxyl-
appended fluorophores in 154527 and 155.528 Trans-

formation of the nitroxyl free radical moiety to a
relatively inocuous closed shell oxime derivative can
therefore cause large increases in fluorescence emis-
sion. The possible involvement of TICT excited states
in 154 (see section VI.C) is immaterial to the present
application. Therefore these two can act as free-
radical detectors by radical—radical annihilation.>®
They can also serve as reduction indicators.528
Fluorescent PET “on—off” switches are the opposite
of the “off—on” switches discussed above both with
regard to the nature of the phenomenon and their
popularity. We have commented on the latter in the
companion review.*” In any event, the theoretical
foundations of both types are equally strong. Figure
15 offers a schematic summary of fluorescent “on—
off” switches. Compounds 42240 and 156°%° appear
to be the only simple representatives of this type so
far (see section VII11.C). The action of both of these

families rely on the proton-induced conversion of
receptor w systems which are hardly or weakly
electron deficient into rather strong PET acceptors.
Unlike the amine receptors discussed above, aryl
carboxylates and pyridines permit the examination
of the receptor’s regiochemical preferences during
PET processes. For instance, the coupling of tet-
raphenylporphyrin Zn(11) fluorophore to a dinitroben-
zoyl electron acceptor via ortho, meta, or para di-
substitution shows a minimum PET rate for the meta
case which overrides simple geometric expecta-
tions.53° Even subtler conformational causes can give
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rise to large effects on the PET rate.531532 [nterest-
ingly, 42 and 156 maintain their switching efficiency
whatever the regioisomer (see section VIII.C). A
more elaborate example of proton-controlled “on—off”
luminescence switching is available from Haga and
his colleagues.5®® The benzimidazole moieties within
157, especially the one on the Rh(IIl) center, are
particularly prone to protonation—deprotonation equi-
libria. Therefore the redox potentials of the Rh(l11)
center are pH dependent®3* which, in turn, control
the thermodynamics of PET from the ruthenium(ll)
center to Rh(Ill). Thus 157 itself is luminescent,
whereas its protonated form is not.>® Fabbrizzi's
158°> may also be a lead compound for the design of
elaborate “on—off” fluorescent switches since it shows
Zn(l1)-induced folding so that the terminals are
brought within range for rapid PET.
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The same purpose can be served with the same
stimulus [Zn(11)] if suitable synthetic amino acids are
incorporated into peptides. The tried and tested PET
pair of 9-cyanoanthracene fluorophore and dialkoxy-
benzene electron donor seen in 143%4 has been
recently employed by Torrado and Imperiali®®*® at
widely spaced locations in an oligopeptide sequence.
Two 2,2'-bipyridine amino acids are positioned in
between. Micromolar levels of Zn(l1) folds the oli-
gopeptide reversibly so as to achieve tetrahedral
coordination to the four 2,2'-bipyridine nitrogen
centers. In so doing, the PET pair approach one
another and cause fluorescence loss.

Even this curtailed survey serves to illustrate the
wide scope of the fluorescent PET signaling principle
in its most basic manifestation. We note that fluo-
rophores with zz*, ICT, TICT, and MLCT excited
states were harnessed here (see section VIII.C for
involvement of MC excited states). In section VI.C
we saw how signaling systems based on TICT excited
states could be interpreted according to PET prin-
ciples at least as an approximation. Given the range
of receptors and spacers accomodated, PET appears
to be a signaling system for all seasons.

B. “On —Off” Switches using Redox-Active Guests

The extent of applicability of fluorescent PET
systems can be expanded even further by involving
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Figure 16. Fluorescent PET “on—off” switch responding
to a redox-active guest.

the electron transfer abilities of the guests them-
selves. A schematic representation of this idea is
available in Figure 16. The guest can trigger PET
to or away from it or both depending upon its redox
potentials relative to those of the fluorophore. In any
event, “on—off” switching of fluorescence is the result.
Evidently, the intrinsic redox activities of the guests
used with the signaling systems in section VIII.A are
insufficient to introduce guest-centered PET path-
ways.

It has been clear for some time that the metal ion—
ligand coordination is only one of several bimolecular
associations which can be exploited within the fluo-
rescent PET signaling system framework. We set out
a list of these in 1993.3%5 To begin the present survey,
we consider host—guest interactions driven by charge
transfer (CT). Those readers with a classical chem-
istry education will remember the quinhydrone pH
electrode, the precursor of which is the hydro-
guinone—benzoquinone CT complex with auxiliary
hydrogen bonds. This CT interaction becomes ac-
cessible to fluorescence signaling by the attachment
of (triphenylporphyrin)zinc(ll) in an orthogonal man-
ner to hydroquinone. The fluorescence intensity and
lifetime of D'Sousa’s 1595% fall by 1 order of magni-
tude upon encountering various aromatic quinones.

Cyclic voltammetry offers corroborative data. The
reducibility of the quinone within the complex is less
than that when free, but is sufficient to cause
fluorescence “on—off” switching of 159.

Macrocyclic 160 associates avidly with the electron-
deficient z-electron system 161 with the loss of its
fluorescence. The more red-shifted fluorescence of
161 is also lost in the process.>* This system due to
Stoddart and Balzani is distinguished by several
other features, some of which are noted below.
160-161 is a pseudorotaxane and its mechanochem-
ical capabilities can be tracked by the fluorescence
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quenching phenomenon. “Unthreading” of the as-
sembly can be affected by amines such as 1,4-
diazabicyclo[2.2.2]octane since they compete success-
fully against 160 for the company of 161. This is
signaled by the reappearance of the fluorescence of
160. Neutralization of the amine with trifluoroacetic
acid reestablishes the status quo. All these fluores-
cence changes are mirrored, but oppositely, by a
charge transfer absorption band characteristic of
160-161.

Stoddart joins forces with Dirr and Willner to
exploit the redox activity of guest 162 as it is
threaded by any of the hydroquinone ether moieties
in 163.537 The proximity of 162 to the tris(2,2'-
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bipyridyl)ruthenium(ll) lumophoric center triggers
PET and luminescence “on—off” switching is observed
along with shortened emission lifetimes. Again “un-
threading” can be arranged by competition for one
of the partners. S-Cyclodextrin binds to the hydro-
guinone ether moieties and displaces 162 with emis-
sion consequences similar to those in the previous
paragraph. A closely related study with a similar
conclusion involves the threading of 162 by a linear
polyether with a hydroquinone ether station and a
phthalocyanine fluorophore.>3’2 The 4,4'-bipyridin-
ium motif is recognizable within both 161 and 162.
The parent itself is involved as the principal redox-
active guest when it is trapped by Swager's 164.538

164
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The fact that 164 is polymeric leads to its uniqueness.
The quenching cross-section for the excitation is
thereby increased and a very high efficiency for guest
detection is the practical outcome. Harriman’s 165%°
is a dimeric relative of 161. Not only was this
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S N@N Z ‘
= G XN
MeN_ x NMe
+ +
165

reported in 1992 but its response to nucleotides was
characterized by fluorescence “on—off” switching and
by picosecond absorption spectroscopy. The observa-
tion of the diazapyrenium radical cation by the latter
method is proof of PET. Such proof is sadly lacking
for most of the PET signaling systems collected here.
Compound 165 also displays guest-induced folding
which has some mechanochemical similarity with
160-161. It must be noted that both these instances
show the fluorophore also doubling as the receptor.
Compound 166, due to Lehn, is yet older and il-
lustrates the same principle.540541

+ +
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A

Even more elaborate binders for nucleotides and
related anionic guests are available,>*? with cor-
respondingly stronger affinities. Such m-stacking
between nucleic acid bases and electron-deficient
fluorophores also leads to the “on—off” switching of
the anthrylmethylammonium systems 167 and 168,

H
\/\/NHa NH3
N
N7 NH,
H, +

due to Czarnik®3 and Kumar®* respectively, as they
interact with DNA. Hydrogen bonding and electro-
static attractions also contribute to the binding
energy in these cases. Compound 167 succeeds even
with single-stranded DNA, whereas 168 is demon-
strably bound into the double-helical variety in an
intercalative fashion. Jones’ 169%! also displays
fluorescence quenching following intercalative bind-
ing with guanine-rich single-stranded polynucle-
otides. The unusually long lifetime of the singlet

O P(nBu)z

169

excited state in 169 must contribute to the quenching
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efficiency. Compound 167 shows a similar but smaller
fluorescence quenching when bound to adenosine
triphosphate,>* the key player in bioenergetics. van
Arman and Czarnik attribute this behavior to a PET
process arising from a partial deprotonation of a
benzylic ammonium center (section VIII.A) by the
hydrogen-bonded triphosphate moiety. A z-stacking
interaction between the fluorophore and the adenine
unit is also geometrically feasible. Therefore we feel
this case fits naturally at this point in our survey.
Since 167 is a poorer binder of adenosine monophos-
phate with its lower charge density, an assay for the
dephosphorylation enzyme apyrase becomes pos-
sible.5%

All the examples discussed in the section so far
concern guest-induced fluorescence quenching which
can be rationalized in terms of stacking m-electron
systems with a PET or CT-type contribution. It is
refreshing to find cases where & stacking leads to
fluorescence increases. Compound 170 is such a
complex.>® It is only the particularly oxidizable
guanosine triphosphate which gives rise to a slight
guenching.
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We now collect examples where the fluorescent
system and the redox active guest are brought
together mainly by hydrogen bonding. Harriman and
Sessler’s collaboration has produced information on
the assembly 17154 and its more rigid and compact
cousin 172.54 Even though the driving force for PET
is less exergonic, 172 produces stronger quenching
(and binding). Nevertheless, the PET rate constants
are not much different. Both cases are well-behaved
during time-resolved emission studies with clear
biexponential decays and constant lifetimes irrespec-
tive of component ratio. This shows that only two
emitting species (complex 172 and its precursor
porphyrin) are involved and that there is no diffu-
sional quenching. Unlike in the case of 165,5%° efforts
to detect the radical ion intermediates were fruitless.
PET via hydrogen-bonded arrays®* is also addressed
in Nocera’'s 173.59 While this structure may be
structurally less biomimetic than 172, it is no less
informative. In fact, the observation of the porphyrin
radical cation product of PET within 173 is a welcome
addition. Furthermore, kinetic isotope effects sug-
gest coupling of proton motion (within the hydrogen-
bonded array) with that of the photodriven electron.
The photoinduced coupled proton and electron trans-
fer seen by Valeur in hydroxyquinolines is not
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unrelated.5®! The asymmetric amidinium—carboxy-
late hydrogen-bonded interface is also an effective
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conduit for PET between photoactive units on either
side of it, although it is noticeably less efficient than
the symmetric carboxylic acid dimer versions.55? All
three cases 171—173 recover the porphyrin fluores-
cence upon disassembly by competition with hydrogen-
bonding solvents. Compound 1745%% is another effort
by Sessler to arrange PET from the central porphyrin
unit to a benzoquinone guest held by hydrogen bonds
to one of the calix[4]arene phenol arrays. However,
the weakness of the association leads to a large
dynamic contribution to the guest-caused quenching
of porphyrin emission.

nPr nPr
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PET via hydrogen-bonded arrays takes on a special
significance where the latter is an entire sequence
of double-stranded DNA. The recognition aspects
remain at the fore bacause the two PET partners are
covalently affixed at the 3'-position of each of the
single but complementary strands before hybridiza-
tion. Turro, Barton, and their colleagues find the
emission of the lumophore is quenched by extraor-
dinarily fast PET to the electron-accepting partner
over 30 A away provided that both the PET partners
are rooted in the double helix by intercalation.554555
The lumophore is chosen to be a phenanthroline
analogue of 71,308-310 the established ruthenium(ll)-
based intercalator, whereas the electron acceptor is
a related Rh(I11) complex. The covalent bonding of
the partners to the strands is an insufficient condi-
tion for the DNA double helix to act as a molecular
conduit for the transiting electron.

The pairing of porphyrin fluorophores with electron-
accepting benzoquinones remains popular with mod-
elers of photosynthetic reaction centers.5® We have
already met two relevant examples in 1715 and
172.5%8 Compound 175%7 due to Hayashi and Ogoshi,
explores the influence of cofaciality between the PET
pair upon multipoint hydrogen bonding of tet-
ramethoxy-p-benzoquinone by the convergent naph-
thol moieties. Extensive “on—off” switching is seen

upon complexation.57-55% Exchange of the 2-hydroxy-
1-naphthyl ligating units for 7-hydroxy-1-naphthyl
preserves much of this emission quenching but the
complexation constant drops by 3 orders of magni-
tude due to entropic as well as enthalpic effects.5%°

Hunter's 176%° provides a nice bridge between the
hydrogen-bonded ensembles discussed above and our
next target of metal ion—ligand PET systems. The

cyclophane holds the benzoquinone guest in its cavity
with the aid of hydrogen bonds involving the amide
moieties and also accommodates an exomacrocyclic
guest, the porphyrinzinc(ll) fluorophore, via coordi-
nation to one of its pyridine units. Both the PET
partners are assembled on the cyclophane scaffold
in an orthogonal fashion. Substantial quenching of
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fluorescence within the termolecular complex is the
satisfying observation.

As implied at the start of the section, classical
metal ion—ligand interactions have continuing ap-
plicability within the fluorescent PET signaling
framework. In fact, signaling systems can be devel-
oped from the perspective of either partner. We
commence with the minority of cases where the metal
center is part of the assemblage containing the
fluorophore and the PET partner is an all-organic
guest ligand. The influence of PET rate on thermo-
dynamic driving force**? in the ever popular porphy-
rins with electron acceptors has been examined by
Hunter, Sanders, et al.56* with a major economy in
synthetic effort. Instead of synthesizing each super-
molecule, they assembled these from the much more
accessible components such as 177 and 178 thanks
to the capability of porphyrinzinc(ll) to associate
axially with a pyridine ligand. The coordinative
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assembly step can use the full set of combinations of
the families represented by 177 and 178. This
approach also permits variation of the spacer unit,
from which valuable lessons can be learned. Fur-
thermore, the collapse of the assembly by a competi-
tive ligand such as piperidine recovers the fluores-
cence as seen in hydrogen-bonded systems 171—174
with competitive solvents. Perhaps the only potential
problem is the relative weakness of the coordinate
bond (binding constant ~10% Mt in CH,Cl,). This
loophole can be closed by taking advantage of coop-
erative coordination interactions between e.g. 179
and 180.562 Now the binding constant rises to 108
M~1. PET occurs from the metal-free porphyrin unit
in 179 to the naphthalene-1,8:4,5-tetracarboxydiim-
ide moiety in 180 without complications of EET
involving the porphyrinzinc(l1) fluorophores.

Zn(ll) features again, although with carboxylate
ligand guests, when it is held by a trigonal-bipyram-
idal N, donor atom set with a deliberate vacancy.
Fabbrizzi's 181 includes this idea with a fluorophore
close by.5%3 The synthetic accessibility of the fluoro-
phore-appended ligand is notable, with a homolog
being previously used by Czarnik for signaling
HPO42~.5%5 Compound 181 shows “on—off” switching
of fluorescence with 4-(N,N-dimethylamino)benzoate
or 4-nitrobenzoate even though the PET direction
would be opposite for these two guests. The use of
1-ferrocene carboxylate guest will introduce an ad-
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ditional emission quenching channel due to electronic
energy transfer (EET) (section X).564

181

Fluorophore-appended cyclen—Zn(l11) complexes un-
dergo strong and selective axial ligation with N(3)
deprotonated deoxythymine in neutral aqueous solu-
tion as shown by Kimura.>®® The demonstrable x
stacking betwen the acridine fluorophore and the
deprotonated nucleobase within 182 leads to aug-
mented binding and also to small but significant
quenching of fluorescence.

HO

182

By far the larger number of PET signaling devices
for redox active guests relying on metal ion—ligand
association for the host—guest interaction targets
metal ion guests. The signaling system itself is
usually devoid of inorganic components even though
there is no good reason why not, especially if care is
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taken to avoid labile metal complexes. We launch
this segment of the survey with an exception of this
type. Moore’s 183%6¢ contains the kinetically stable
tris(2,2'-bipyridyl)ruthenium(ll) lumophore. The cy-
clam moiety receives guests such as Cu(ll) and Ni-
(1) with virtually complete switching “off” of the
emission. Notably, the metal-free form of 183 is
diprotonated under neutral pH conditions. However

183

this metalation is too sluggish to allow the use of 183
as a real-time signaling device. Kimura reported a
closely related tris(1,10-phenanthroline)ruthenium-
(I1)—cyclam system and its emission quenching with
Ni(ll1) two years earlier.5” Both EET and PET
probably contribute to the guest-induced quenching
of luminescence.®®* The lumophore—receptor con-
nectivity is critical in this instance since distortion
of the coordination geometry around ruthenium(ll)
can bring nonemissive MC excited states into conten-
tion with the MLCT state responsible for the lumi-
nescence of 183 (section VI.B). Such problems are
minimized by attachment of the receptor via the
methylene spacer to the 5-position of the 2,2'-bipy-
ridyl moiety. Connection via the 6-position leads to
supressed luminescence even before guest
arrival.567-570 Even simple methylation at one of the
6-positions of tris(2,2'-bipyridyl)ruthenium(l1) causes
a decrease in luminescence lifetime by 2 orders of
magnitude.5® The lack of luminescence in 184 is also
attributable to its deviation from an octahedral
geometry caused by bonding constraints,>”* although
the forced proximity of the aliphatic amine to ruthe-
nium(l1) can also contribute.

Fluorescence “on—off” switching of anthracene
moieties in 119,474 110,459460.461 gand 185572573 s seen
upon binding Hg(ll), Ag(l), and Cu(ll) or Ni(ll),
respectively. The multiprotonated form of 119 must

184

be employed for this “on—off” switching to be ob-
served.*”* On the other hand, 185 functions by
undergoing a metal ion-caused double deprotona-
tion.572 Ag(l) kills the porphyrinzinc(ll)-based emis-
sion of the tetramacrocyclic 186.5* Porphyrinzinc(l1)
fluorescence also suffers at the hands of Eu(l11) held
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in a neighboring 15-crown-5 ether.5”> Along with
PET, EET, and “heavy” atom induced spin—orbit
coupling 57¢ are likely contributors to the “on—off”
switching of fluorescence in these cases. Fabbrizzi’'s
cryogenic investigations on cases related to 119 show
that EET is the principal culprit behind the Cu(ll)-
induced emission quenching, whereas PET accounts
for the behavior of 185.5% Transition metal ions also
take their toll on the fluorescence of 11549470 and
134,49 provided that the latter is maintained at a
low enough pH value to suppress the PET process
from the iminodiacetate to the fluorophore. As is
necessary in 119 and also in 120,4’® the metalation
requires displacement of these bound protons.
While Fe(l11) and many other d-block cations are
powerful quenchers of classical fluorescent reagents,'®
examples of such activity in supramolecular sytems
where PET is definable can be represented by 187—
1895777582 and relatives.>°@ Of course the viability

188
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of EET in these cases must not be ignored.>%* Shan-
zer's 1875777579 and Fages' 188580581 contain sidero-
phore receptors for powerful and selective Fe(lll)
reception. However such power inevitably leads to
poor reversibility. Nevertheless, these and similar
signaling systems can be recycled by demetalation
with acid,® although EDTA is also required in the
case of 187. The specificity of some siderophores is
only marred by their attraction to other trications like
Ga(lll). Since Ga(lll) is electrochemically more
innocent than Fe(l1l), the binding of the former to
188 does not ruin the fluorescence. This permits the
observation of the guest-induced biasing of the mono-
mer—excimer equilibrium of the pyrene fluoro-
phores®8 (see section 1X). Czarnik's 189 has a
similar, but monohydroxamate, receptor with a pro-
portionately reduced selectivity.5? In addition to Fe-
(1)-caused “on—off” switching in neutral solution,
this system also switches “off” with Al(I11) (to a lesser
extent) and also in alkaline solution. The latter
observations suggest that the orthogonalized 9-(N-
methyl hydroxamate) substituent may serve as a
PET donor, whether neutralized somewhat with Al-
(111) or when entirely free, to the anthracene segment.

Our final foray into PET signaling systems which
target metal ion guests addresses an important
outgrowth. Until now, the speciation of the metal
ion guest has not been an issue. If two oxidation
states are selected such that one serves as a redox-
active guest, whereas the other is benign, interesting
switching possibilities arise. Fabbrizzi and his team
have successfully demonstrated such a redox control-
lable fluorescent switch. Compound 190%* contains
the 14aneS, receptor which tolerates Cu(l) or Cu(ll)
guests. The d'° electron configuration in the latter

prevents any thermodynamically viable PET process
involving the 9-anthroate fluorophore, i.e., 190-Cu-
(1), is strongly emissive. Chemical or electrooxidation
leads to 190-Cu(ll) where the d°® center triggers a
demonstrable PET process from anthroate to Cu(ll)
with essentially zero fluorescence. The stability of
both the copper complexes permits reversible switch-
ing of the device. Similar concepts can be recognized
within 191 due to Lehn®®%and a related structure due
to Berthon,>® the reports of which appeared nearly
simultaneously in 1993, even though no host—guest
recognition is involved. Compound 191 and metal-
bound 190 assign opposite roles to the inorganic and
organic components. An “inorganic” lumophore and
a redox convertible all-organic PET partner can be
discerned within 191. The benzoquinone/hydroquino-
ne redox couple leads to strong PET from the tris-



Signaling Recognition Events

[

A N
N N~
)
\N/ \N X o)
> l %
2
191 5

(2,2'-bipyridyl)ruthenium(ll) lumophore to the all-
organic partner in its higher oxidation state but not
in the other state. The good reversibility of this
couple in the presence of some water is, of course,
underpinned by the classical quinhydrone electrode
(mentioned previously in connection with 15953),
Compound 191 was the first supramolecular electro-
controlled luminescence switch. Simpler molecular
versions are available within classical luminescent
redox indicators such as tris(2,2'-bipyridyl)ruthe-
nium(I1) which need higher potentials for successful
operation.’®” The third member of this trilogy is
Daub'’s 19258 because, in contrast to 190 and 191,
metal centers are abandoned altogether with no
sacrifice of concept or loss of performance. The
emissive state of 192 is its hydroquinone dianion
form obtained after two-electron reduction in aprotic
medium.
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Hydrophobically driven association of hosts with
redox active guests represent another category of
fluorescent “on—off” switches. Most of these cases
are united in their use of a cyclodextrin derivative
as the receptor component in aqueous media. Na-
kamura’s recent example 193% is pictured as a
representative of this appealing line of research.

Re()XCO)s

N~ N
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Compound 193 also acts as a convenient bridge with
the foregoing paragraphs since metal complexation
and hydrophobic binding potential are coexistent
within it. Its appeal stems from the fact that many
PET active (or inactive) guests can be tested with a
single photoexcitable host. The flexibility of nonco-
valent assemblies is the message. In their pioneering
work, Weedon, Bolton, and their colleagues®® em-
ployed porphyrin derivatives as fluorophores and
quinones as guests in order to mimic the photosyn-
thetic reaction center.5 The early research of Nango
et al. is also noteworthy, especially because it an-
chored the porphyrin fluorophore in a lipid mem-

a-cyclodextrin
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brane for enhanced biomimicry.>®! Kuroda, Ogoshi,
and co-workers were able to magnify the guest-
caused fluorescence “on—off” switching by employing
a porphyrin which was rigidly and closely sand-
wiched by the primary faces of two cyclodextrin
units.5®? Besides the steady-state fluorescence quench-
ing, the analysis of biexponential fluorescence decays
and the ESR detection of radical ion pair PET
products in the host—guest complex contribute to the
value of this work. Additionally, redox active “guests”
with intrinsically poor binding capability were per-
suaded to participate in PET processes by the rela-
tively simple covalent attachment to a tried and
tested guest. The latter was chosen to be redox
inactive. Compound 193 carries on this tradition but
uses a polypyridyltricarbonylrhenium(l) lumophore
and a N,N-dimethylaniline guest instead. Some
dynamic quenching complicates the situation in this
instance due to the relatively high guest concentra-
tions required for the experiments. The relatively
long spacer most contribute to the rather low PET
rate observed. Interestingly, a closely related super-
molecule was reported a year earlier but the stated
aim of guest effects on photoproperties remain un-
realized.>® Compound 1945 is similar to 193%% as
it shows both static and dynamic fluorescence quench-
ing with electron-rich guest such as anthracene-2-
sulfonate. The regioisomer of 194 where the fluoro-

B-cyclodextrin

0 CN

CN

194
phore is attached to the wider rim via its secondary
alcohol moieties shows weaker binding and quench-
ing. A rigidly capped version of 1945% is the worst
performer of the three (see 10 and 11 in section V).
Calix[4]arenes can also replace cyclodextrins as
receptors for quinone guests and cause quenching of
porphyrin fluorescence.5%

We bring this section to a close by turning the
spotlight on two other forms of host—guest associa-
tion which give rise to a PET-type fluorescence
guenching: reversible covalent bonding and ion-
pairing. We meet the former during the interaction
of 146 with catechol and also the neurochemical
DOPA.5%7 As pointed out in section VIII.A, boronic
acid—sugar association is an important avenue for
“off—on” fluorescent PET sensing/switching. Czarnik’s
use of 146 in the “on—off” switching mode with
catechols of low oxidation potential illustrates the
flexibility of these designs. PET from the catechol—
boronic acid ester to the anthracene unit is reason-
able especially since the boron center is likely to be

tetrahedral. lon pairing may augment the dynamic
quenching of the cationic fluorophore within 705
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with CI-. Compound 70 represents a family of
fluorescent sensors with an established track record
in physiological CI~ monitoring.599. 600

C. Switches with More Complex Behavior

The sheer number of examples discussed so far
under section VII1 underscores the powerful position
of PET within the fluorescent signaling framework.
However this is not all. The modular construction
of fluorescent PET signaling systems allows substan-
tial conceptual expansion. Some of the more complex
devices encroach into research fields which are
normally far removed from conventional chemistry.
Since we concentrated on these complex systems in
a companion review,*” we will only offer a whistle-
stop tour of this area in order to prevent overkill.

Even the simplest fluorescent PET sensor/switch
can display complicated behavior due to subtle causes.
For instance, ICT fluorophore modules naturally
create local electric fields upon photoexcitation. Such
fields will influence rates of electron flow and, in
extreme cases, will bias their competitiveness vis-a-
vis fluorescence. Galoppini and Fox find significant
control of PET rate by the net electric field of an
o-helical polypeptide.®°1.6%2  Qpposite regioisomers
differ in their PET rates by up to a factor of 27. The
PET thermodynamics also differ. This is why the
push—pull 4-aminonaphthalimide-based 195 behaves
as a normal “off—on” sensor toward protons, whereas
its regioisomer 196 does not..®® When built into
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larger PET systems, such 4-aminonaphthalimides
also produce Stark effects in a neighboring probe
chromophore due to the field of the transient radical
ion pair.5% Wasielewski3®3 has also used the same
family of fluorophores within triads to photogenerate
giant dipoles.

Some of the simple fluorescent PET switches also
behave as OR logic gates when exposed to a selection
of ionic inputs. Of course, molecule-based logic
operations are a powerful approach to molecular
information processing. Compounds 1124% and
1976056% are examples which employ ions from
different parts of the periodic table as guests. Any
one or more of the ions produce “off—on” emission
switching. Compound 197 is distinguished by the
use of d-block ions such as Cu(ll) to elicit an “off—
on” switching response. As section VI111.B shows, Cu-
(I usually causes the opposite effect. The rigid
cryptand environment around Cu(ll) appears to stifle
its redox activity. Cation coordination to the ali-
phatic amine units would then be responsible for the
“off—on” switching. Ideally, OR logic gates should
produce the same output when they are switched
“on”. Since various ions have different charge densi-
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ties and coordination strengths, their abilities to
enhance fluorescence will also differ. That is why
112 and 197 produce maximum fluorescence signals
which are somewhat dependent on the nature of the
ion. Compound 1425% surmounts this shortcoming
by relying on a conformational change as the main
mechanism for fluorescence switching (see section
VIIILLA). Then the charge density effects are rel-
egated to a minor role.

Apparently simple luminescent PET “off—on”
switches may also rely on additional EET processes
to create emission in the first place. In such cases,
the exact point at which PET diverts the excitation
can be harder to locate. For example, emission from
the MC excited state of the lanthanide complex 198507
is switched “on” with protons. However, PET could

198

intervene to quench the ligand singlet state or the
ligand triplet. Although its shorter lifetime would
disfavor the involvement of the singlet, its higher
energy would redress the balance. The dilemma
would multiply in relatives of 198 containing the
more reducible Eu(l11) lumophore. Lanthanide-based
PET signaling systems are also available from Shin-
kai's laboratory. Compound 199%%¢ relies on the
sugar—(aminomethyl)boronic acid interaction which
has been so successful for the design of fluorescent
systems discussed in section VIII.LA. The aromatic
nature of the calix[4]arene provides additional op-
portunities for EET other than from the ketone and
the effective antenna appears to depend on the
particular lanthanide ion that is receiving the energy.
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All-organic illustrations are also available. Com-
pound 2008% is a phosphorescent PET system which
requires steric protection (see section VII) for its
operation. B-Cyclodextrin provides protection for the

Br

200

triplet excited state mainly against triplet—triplet
annihilation. PET between halonaphthalene triplet
and aliphatic amines has been previously demon-
strated by Davidson.51°® Protons tie up the nitrogen
lone electrons to switch “on” the phosphorescence.
Subtle but understandable regioselective self-as-
sembly of 200 within the macrocyclic host is also
necessary for its success. These mechanistic uncer-
tainties in no way reduce the practical value of these
systems for reliable sensing even in intrinsically
fluorescent environments. Time-resolved observation
accurately dissects out the sensor’s delayed emission
from the scatter and fluorescence which can plague
optical sensing in biomatrices. From a conceptual
viewpoint, it is important to note the increase in the
number of functional components beyond the trio
found in the simple sections of VIII.A and B.
Additional components are usually introduced be-
cause they usually endow the signaling system with
new and desirable properties. The previous para-
graph contained examples which provided protection
and/or antenna action. Another important property
absent within simple PET systems is a means of
immobilization. As mentioned in section I, this is
desired in industrially oriented chemical analysis.
Compounds 201! and 202512 are examples of simple
PET signaling systems like 127482 and 113%%% which
have been connected to inorganic and organic poly-
mers, respectively. The insolubility of the former

)
oS >""NH
/
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permits its reuse as a pH sensor. Cross-linked
relatives of 202 would confer insolubility if desired.
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Compound 202%'? s interesting as it stands because
of the sensitivity amplification due to concentration
of K™ locally by the polyanion.335613 Covalent bonding
is not always necessary to keep a sensor/switch
anchored near a superstructure. Self-assembly can
be a means to the same end. Molecular submarine
203%14 relies on the hydrophobicity parameters®® of
its targeting modules neighboring the fluorophore
and the receptor to access a range of locations on a
continuum from a membrane surface to bulk water.

There are membrane-targeted versions of integrated
fluorophore—receptor systems based on ICT excited
states. For example, n-octadecylated versions of 21656
and 20488 are useful for measuring membrane-
bounded Ca?* and for dissecting electrical and di-
electric effects of membranes on local pH. However,
the spatial separation between the various compo-
nents in PET systems allows fine positional control
of the receptor while putting gross targeting groups
on the fluorophore.

We have already met cases such as 129,453:485
N-butyl-N,N-bis(1-naphthylmethyl)amine,*7 120,475
and N,N-bis(1-pyrenylmethyl)diaza-18-crown-6
ether*’62 where multiple but identical fluorophores
provided two emission spectral bands with different
guest responses. EET instead of monomer—excimer
equilibria can be introduced into PET signaling
systems if two different fluorophores are employed.
Compounds 198—200 also combine PET and EET
although their design and purposes are quite differ-
ent. A simple PET system like 127482 can be elabo-
rated with an aminonaphthalimide fluorophore via
a second spacer to give 205.%7 Anthracene and
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aminonaphthalimide fluorophores are complemen-
tary since they can be separately excited reasonably
cleanly and because their spectral features are clearly
distinguishable. Most importantly, anthracene will
undergo PET from the aliphatic amine receptor,
whereas aminonaphthalimide will do so only weakly
according to both theory and experiment. Preferen-
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tial excitation of the anthracene component produces
emissions due to it and also due to the aminonaph-
thalimide unit. The former is switched “on” with
protons, whereas the latter shows a much smaller
effect. Thus 205 has an internal reference channel
against which the sensory signal can be calibrated
as required in many applications. Cain and Murphy
have previously described a polymeric signaling
system for pH with an internal reference.5!8

The use of multiple, but identical, receptors within
fluorescent PET signaling systems such as 123,47°
145506507 gnd 14851° gives them improved guest
selectivity via geometric recognition. Fluorescent
PET systems can break into new research areas if
this identity condition is relaxed. Compound 206%°
is fitted with two different receptors targeting H* and
Nat. Switching “on” of fluorescence is only achieved

> e
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by the simultaneous provision of these two cations
at sufficient concentrations near 206, i.e. coincidence
in time and near-coincidence in space (within a few
angstroms) is required of the ionic inputs. This
represents a wireless, self-selecting AND logic gate.
As mentioned above under OR logic gates, these are
vital starting points for molecular information pro-
cessors. AND logic gates are particularly critical
since they are needed for the achievement of arith-
metic operations. A similar outcome is achieved by
Iwata and Tanaka in 207.52° Although this also

employs PET, its design is different in that the
arrival of the first ion (Ba?") in the only receptor
prepares the ground for the arrival of the second
(SCN7). Such a sequential guest layering is also seen
in Lehn’s 17054 and Czarnik's 1445% where protons
mediate the entry of phosphate derivatives in order
to create the fluorescence response. Of course, the
simpler one-input YES (pass) and NOT logic gates
are already available in large numbers in the form
of “off—on” and “on—off” switches respectively. Thus
the family of photoionic logic gates already covers
four basic operations. Other logic operations are
likely to join this list as time passes.

The identity condition between multiple receptors
can also be relaxed in a more subtle fashion. Both
receptor modules within 208%2! select protons but at
different thresholds owing to basicity differences.
Verhoeven and Fabbrizzi have also reported systems
104387 and 158%% with this feature. The distinctive
feature of 208 is that the two receptors (aliphatic

207
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amine and pyridine) encourage “off—on” and “on—off”
switching respectively. Integration of both these
switching functions within one molecule produces a
sensor/switch with a “off—on—off” window response.
Not only does 208 permit the immediate identifica-
tion of microenvironments with a chosen guest
concentration range but it also emulates the current—
voltage characteristic of tunnel diodes in solid-state
electronics.t?2 S. A. de Silva and his colleagues have
independently demonstrated the proton-induced “off—
on—off” switching action in N-(9-anthrylmethyl)-N,N-
bis(2'-pyridylmethyl)amine.6?22 This example is par-
ticularly attractive since the system is synthesized
in one step and because it doubles as an “off-on”
sensor for Zn(11).%222 There are several examples of
proton induced “off—on—off” switching in the litera-
ture where the switching at low pH is due to excited
state protonation of the fluorophore itself.124% Other
systems show luminescence components with such
behavior which must be resolved according to wave-
length®?3 or decay time.?%

It is clear that most of these more complex switches
have only dealt with the simplest guest of all: H*.
The previous parts of section VIII showed the range
of guests which can be accommodated by the simple
fluorescent PET signaling system. Combining these
two streams of thought must surely cause a further
flowering of this already fertile field.

IX. Monomer —Excimer Systems

Other than a few exceptions, all the discussion so
far has centered on systems comprising of a single
fluorophore. Now we pass on to phenomena which
demand at least two fluorophores. When these are
all identical, the excited monomer can associate with
a ground-state partner to produce an intramolecular
excimer state which is in equilibrium with its precur-
sors.?8624 |t is driven by excitation and also by local
concentration. Its emission spectral signature is
distinct from that of the monomer due to a red-shift
and a lack of vibrational features. The excimer
evolves from the excited monomer if the interaction
develops within the lifetime of the latter. It is
therefore to be expected that excimers are more likely
to be produced by relatively long-lived monomer
excited states. Another expectation is that excimer
formation will be controlled by the dynamics of chain
cyclization®? in a viscous medium. Diskoidal z-elec-
tron systems such as pyrene have extended excited
singlet state lifetimes and are particularly suitable
fluorophores in this arena.®®* o,w-Bis(1-pyrenyl)-
alkanes show excimer/monomer emission ratios which
are viscosity controlled.f?® These and older cases like
129453:456:485627 gignal local viscosity by an easily
measured, self-calibrated optical parameter ratio.
Although the former systems show some complica-
tions in steady-state and time-resolved behavior,%?8
the general utility of monomer/excimer systems for
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this purpose is not in doubt. Even surface chemistry
is a beneficiary due to the use of fluorophore end-
capped polyethylene glycols as adsorbates.?° We will
meet related systems within a cation sensing context
shortly and the advantage of self-calibration via dual
wavelength monitoring will remain.

Spatial restriction of their microenvironments al-
lows fine control of the monomer-excimer equilibrium
in flexibly linked bifluorophoric systems or their
unlinked counterparts. This idea is particularly
appealing to designers of host—guest partners. Since
excimer formation requires sr-orbital contact between
the pair of fluorophores, one can call upon various
supramolecular forces to bring the pair close together
or push them apart. We commence this survey with
formally intermolecular examples. Polyanionic chains
can host cationic dyes to produce pseudo intramo-
lecular effects. The probability of excimer formation
is enhanced under such one-dimensional regimes.
Acridine orange (209) is the classic case of an
emission color change upon encountering double-
stranded DNA.53° The (1-pyrenylmethyl)phospho-
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nium cation 169%! shows a similar effect in the
ultraviolet-blue region of the spectrum with single-
strand polynucleotides but only under conditions of
low ionic strength. The z-electron-free heparin is the
target of Czarnik’s 210.5%3 An optimum host—guest
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ratio applies in these examples since higher host
concentrations dilute the effect. Host disassembly
can also be monitored. Heparinase causes fluores-
cence recovery of 210 by hydrolyzing heparin into
smaller oligosaccharides which lack the electrostatic
field strength to host 210. This approach should be
rather general for assaying hydrolytic enzymes acting
on polyanions.>* The polyamino functionality of 210
precludes its use in situations which require the
presence of d-block metal ions (section VII1.B). Com-
pound 211 cures this defect,%3? since metal ion bind-
ing at the effectively monoamine sites are further
restricted by steric and electrostatic effects. Com-
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pound 211 brings the sensitivity of fluorescence
methods to the examination of a Ni(ll)-activated
nuclease.f¥? We note in passing that concentration
guenching, which can be considered as a photophysi-
cal extreme of excimer phenomena, is a useful tool
for testing transport® or leakage®3463% in membrane
science.

When fluorophores are covalently attached to the
3'- and 5'-positions in two runs of polynucleotides,
this combined sequence can hybridize with a comple-
mentary strand of DNA.5% This causes the switching
“on” of the excimer emission. Pyrene appended
y-cyclodextrin self-dimerizes to 212537 and displays
an excimer band. This can be switched “off” above
pH 13.5 due to repulsion between secondary alkoxide
groups. The same effect can be arranged at neutral
pH values by occupying the cyclodextrin cavity with
borneol to give the complex 213. Ueno has also

y-cyclodextrin
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y-cyclodextrin
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reported a naphthyloxy appended p-cyclodextrin
derivative.5%® A similar outcome can be seen when
1-butanol displaces one of two pyrene fluorophores
residing within y-cyclodextrin.t®® No excimers are
found with anthracene-2-sulfonate but the quenching
of monomer emission and photodimerization®° sug-
gests a situation analogous to pyrene. The pyrene
excimer within the chiral y-cyclodextrin cavity dis-
plays clear evidence of its own chirality by emitting
circularly polarized fluorescence, in complete contrast
to the accompanying monomer emission.4!

Lipid 214 is a case where Arnold and her col-
leagues use 1l-pyrenyl and iminodiacetate units to
impart photophysical and metal ion coordination
properties respectively.®*> When dispersed in vesicles,
214 shows excimer emission due to domain-type
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Figure 17. Biasing of monomer—ground state dimer
equilibrium of a tethered bifluorophore by a receptor which
stabilizes one or the other state.

aggregation perhaps via hydrogen-bonded carboxylic
acid dimers. Cu(ll) binding at nanomolar levels can
induce the separation of 214 one from another to
recover monomer emission at the expense of the
excimer. The low detection limits can be ascribed at
least partly to the local amplification of Cu(l) con-
centration at the anionic membrane surface.

A literal extension of some of the above ideas can
be found in the work of Agbaria and Gill.84364 The
quasi-linearity of the popular scintillant 215 is
exploited to form repeating 2:1 (215:y-cyclodextrin)
assemblies. Compound 216 illustrates a possible
structure. Such photoactive supramolecular poly-
mers are very interesting not only because they
exhibit excimer emission. Their reversible thermal
behaviour and their relationship to molecular
“necklaces” 45-¢47 are additional attractions.

oo

215

i@ & ‘@ /%
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Our discussion of signaling systems based on
intramolecular excimer formation can be schemati-
cally organized with Figures 17—20. Figure 17
illustrates how equilibria between monomers and
ground-state dimers of flexibly tethered bifluoro-
phoric systems can be biased by rigid receptors which
stabilize either state. Hydrophobic fluorophores are
likely to 7 stack in aqueous or other polar media to
produce some degree of excimer emission. Emert,54
Turro,%*® and their colleagues find predominantly
monomer and excimer emission from 1,3-bis(1-pyre-
nyl)propane when it is hosted by the smaller g- and
the larger y-cyclodextrin respectively. The inclusion
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Fluorophore

Fluorophore

Figure 18. Guest-induced folding and stacking of a
flexibly tethered bifluorophore.

complexes 217 and 218 are probably the key players.
Diederich reports a cyclophane analogue of 217.650

y-cyclodextrin

218

Guest-induced folding of flexible receptors which
brings about i stacking of fluorophores is pictorially
summarized in Figure 18. Nakamura’'s podand 219
exemplifies this approach with Ca?*-induced enhance-
ment of excimer emision.®®? Even though 9-mono-

8 ’ ; 8
NH o o o HN
LA AN

219

substituted anthracenes are prone to photo-
dimerization,®49-6512 the short tether in 219 prevents
the usually necessary head-to-tail alignment espe-
cially in the guest-bound state. Van Arman and his
colleagues find a Zn(I1)-induced enhancement of the
intramolecular excimer in the case of triethylenetet-
ramine with 9-anthrylmethyl terminii.%*** The fact
that aqueous solutions (at pH 10.5) are used is a
distinguishing feature. Besides the geometry changes
illustrated in Figure 18, some degree of zZn(ll)-
induced PET suppression is also involved (section
VIIILA). The latter point is responsible for the growth
of the monomer emission accompanying the excimer.
Oligo-%2 and polyethylene glycols®®® terminated with
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Figure 19. Guest-induced unstacking of a flexibly teth-
ered bifluorophore.

naphthalene-derived fluorophores produce broadly
similar results although guest ion-induced reduction
of the monomer emission is not compensated by the
growth of an excimer band.®®2 A double receptor
version of Figure 18 was described by Bouas-Laurent
and Desvergne a decade ago.®>* Besides being an
early illustration of guest-induced excimer formation,
220 is special for at least two reasons.®%56% First,

220

the binding constant for the entry of the second Na*
is higher than that for the first in spite of statistical
and electrostatic handicaps. This clear positive co-
operativity means that the first Na* reorganizes the
second pseudocrown ether for better reception of the
second Na*. The other reason is that higher binding
constants are found in the excited state of 220.
Unlike in the cases with ICT excited states (section
VI.A), electric field effects cannot be responsible.
Rather, the relatively long-lived excimer state must
also be preorganizing both pseudocrown ethers for
Na* entry. These two important observations are
best seen in the noncompetitive solvent acetonitrile,
whereas they are clouded in methanol. A more
elaborate version of 220 can be found in 221 when
the latter interacts selectively with Rb™ over other
alkali cations.657:658
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By suitable choice of guest—receptor combinations,
the scenario opposite to that of Figure 18 can be
arranged. Guest-induced unstacking of fluorophores
is the design principle shown in Figure 19. The
double receptor version (Figure 19a) has a clear
example in Lehn and Bouas-Laurent’s study of 221
and 1,6-hexanediammonium ion.6576%° The interrup-
tion of the excimer interaction in 221 by the guest is
total. The acridine-based cryptand 222%° is also from
the Lehn stable. The excimer emission in this

|
|
+ +
OOy
=
N
+ +
Z
N
222

instance is rather weak. Nevertheless, the entry of
terephthalate switches “on” the monomer emission
by over an order of magnitude. The macromonocyclic
relative 223%! has no discernible excimer band but
shows strong PET-type quenching of the monomer
fluorescence with guests like ATP (section VIII.B).

.
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E HN
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E+ NH;

NH,

223

Bouas-Laurent and Desvergne have also reported
bifluorophoric systems related to 110 and to 221
which showed weaker response to alkali cations.*61
Ag(l) understandably quenches the excimer emission
(section VI1II1.B). Less extreme, but still very useful,
guest-induced switching “off” of excimer emission
(and corresponding switching “on” of monomer emis-
sion) can be achieved by realization of Figure 19b.
Bis(1-pyrenylmethyl)calix[4]arene tetraester 224
shows strong excimer emission from the two adjacent
fluorophores since dipole—dipole repulsion among the
ester groups orients the carbonyl oxygen atoms
outward. Na't binding reorients the latter atoms

inward pivoting the fluorophores away from each
other with a large loss of the excimer band.55?
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Figure 20. Self-complexing within a system with two
fluorophores flexibly tethered to a rigid receptor.

Shinkai also finds a similar end-result when a closely
related calix[4]arene diester binds to trifluoroacetic
acid via hydrogen bonds to ester and other moi-
eties.%8 Tetra(9-anthryl) versions of 224 show less
drastic Na*-induced spectral variations.®54-6% These
cases owe part of their success to their cone confor-
mation. Employment of some smaller appendages
can permit rotations of calixarene phenyl units
through the macrocycle to access other conformations
of lower dipole moment. Solvent polarity will natu-
rally control the position of equilibrium between
these conformations and, consequently, the monomer/
excimer emission ratio.®®” One of Shinkai's most
recent efforts in this area provides an allosteric
avenue to the biasing of an excimer—monomer equi-
librium toward the latter. Very selective Na* binding
at the lower rim to a calix[4]aryl crown ether flattens
the two unbridged phenyl ether units carrying 1-pyre-
nyl moieties on the upper rim, thus increasing their
separation and reducing their sandwiching.668

The excited-state interaction between two 1-pyre-
nyl fluorophores can also be attenuated by barbitu-
rate binding to the central bis(2,6-diaminopyridine)
receptor (cf. 45 and 225 in sections VI.A and X,
respectively) of 226 in homogeneous®® or two-
phase®™ solution. This principle is general enough
to encompass trifluorophoric systems based on C;
symmetric calix[6]arenes®’* and partial cone confor-
mations of homotrioxacalix[3]arenes®’? which target
guanidinium and primary alkylammonium ions re-
spectively. Bis(1-pyrenoxycarbonylmethyl)calix[4]-

EtO
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arene derivatives like 227 can also be put to work as
radiation dosimeters.6”® y-Radiation will naturally
wreck the molecule and the initial products of radia-
tion damage are likely to be monofluorophoric. Hence
the monomer/excimer ratio would increase.
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Figure 20 is a self-complexing version of Figure
19b. Another critical difference in the present in-
stance is that the receptor is relatively rigid whereas
Figure 19b required flexibility for conformational
reorganization. Compound 228 illustrates some as-
pects of this approach.6”* In related cases such as

y-cyclodextrin

9-anthroate analogues of 228,577 the z-stacking of the
two fluorophores causes some losses of intensity and
vibrational fine structure in the absorption spectrum,
and the self-dimerizing 1-pyrenyl systems, e.g., 212,
show the clearest effect of all.®3” Such absorption
behavior is common during intercalation of dyes into
DNA, for instance.>*431 Absorptiometric clues to the
association of s-systems are also found in bifluoro-
phoric relatives of 115 which additionally display self-
guenching of emission.#68~470 The guest (e.g. cy-
clododecanol)-induced switching of the monomer—
excimer equilibrium is not strong in 228 because the
fluorophores remain paired to form a cap over the
guest. Compound 228 is only one of many fluoro-
phore derivatized cyclodextrins to emerge from Ue-
no's laboratory.67>67¢ The role of the linker can be
critical for their detailed behavior.

Until now, excimer formation was aided or hin-
dered by chemical entities, be they viscous solvents
or guests. Physical influences such as light can be
equally if not more effective. This results in revers-
ibly photon-writeable molecular devices which can be
read via fluorescence. Shimidzu combines the pho-
toisomerizable thioindigo unit with two 1-pyrenyl
fluorophores via amide linkages within the E isomer
229.578 Excimer emission arises only from the Z
isomer where the fluorophores are adjacent in space
(230). The E—Z equilibrium can be driven in either
direction to a photostationary state with photons of
appropriate wavelength. Zweig described the general
ideas behind photofluorescence over two decades
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230

ago.®”® Nevertheless, the Vavilov—Kasha rule®°
must be contended with during the development of
photon-write, photon-read molecular devices which
are both reversible and efficient. The writing and
reading steps require the population of different
excited states within the same supermolecule. Usu-
ally EET will be rapid and only the lowest excited
state of a given multiplicity will survive long enough
to participate in photochemistry or fluorescence.
While exceptions to the Vavilov—Kasha rule are
many, they are either inefficient or arise from special
circumstances.58

Exciplexes are closely related to excimers in that
excited-state association®®! remains the focus except
that the identity condition between the two s-electron
systems is removed.®®? Only the 7 system with the
lower excited state energy will be excited in order to
avoid EET, since that will be our subject in section
X. Since exciplexes involve unequal fluorophores it
is natural that some charge separation will result.
Thus solvent “polarity” will be a key controller of
exciplex phenomena, in complete contrast to exci-
mers. The wavelength of exciplex emission increases
in more polar media whereas the emission quantum
yield of monomer and exciplex fall off sharply in
highly polar solvents.*®® Exciplex emission can be
preserved in nominally aqueous media by embedding
the emitter in a cyclodextrin or cyclophane of ap-
propriate size®3-%5 or within a relatively hydrophobic
polymer microdomain.?* Turro and Yang's ex-
ample88 exists in two possible situations 231 and 232
in basic and acidic aqueous solution respectively. In
other words, monomer emission undergoes “off—on”
switching with protons whereas the exciplex signa-
ture shows the opposite behaviour. To close, we note
the interesting magnetic field effects on exciplex
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B-cyclodextrin B-cyclodextrin

231 232

emission observed by Tanimoto et al.586.687 The
significant magnetic field-induced emission enhance-
ment seen in phenanthrene—dimethylaniline super-
molecules and polymers can be rationalized by con-
sidering the radical ion pair associated with the
exciplex.

We met several forced ground-state associations
between fluorophores during the excimer studies
discussed above. As stated earlier, we will not
generally consider intermolecular effects unless they
were pseudointramolecular in nature (except for
host—guest interactions, of course). Nevertheless, a
useful example is provided for illustrative purposes.
Porphyrin-diboronic acids aggregate in agueous me-
dia with concurrent quenching of fluorescence. Re-
versible binding of hydrophilic saccharides to the
boronic acid moieties causes deaggregation with
recovery of fluorescence.58®

Overall, we are left with the feeling that the basic
ideas concerning signaling with excited-state associa-
tion phenomena are yet to be exploited widely.
Nevertheless, it is to be hoped that the pathfinding
examples collected here will be a spur toward that
wider exploitation.

X. Electronic Energy Transfer (EET) Systems

Our final focus concerns bifluorophoric (or higher)
systems where the photoactive units are nonidentical.
Perhaps the earliest photochemical studies on su-
pramolecular systems containing photoactive com-
ponents linked by all-o-bonded spacers belong in this
category.®89-6%02 The importance of EET within the
photosynthetic reaction center®® has prompted its
mimicry within smaller supermolecules.®°8%7 Since
wires and fiber optics are essential in the information
age, molecular energy carriers in one dimension are
also sought after.692-700 Many of these concern tris-
(2,2"-bipyridyl)ruthenium(l)/osmium(ll) pairs or their
bis(2,2":6',2"-terpyridyl) equivalents and porphyrin-
zinc(ll)/metal-free porphyrin with or without a boron-
dipyrromethene as the initial energy donor.59%701
Polyalkynes??%8% and linear porphyrinzinc(ll) ar-
rays®® show very good transmission characteristics.
Nonlinear arrays of porphyrinzinc(ll)/metal-free por-
phyrin are also good candidates for EET, although
some of these involve considerable PET as
well 562.702.702a  Mechanistic dilemmas are common
because two or possibly three modes of EET are
available to the larger supermolecules. Electron
exchange, dipole—dipole coupling and emission—
reabsorption are considered to be important at short-,
medium-, and long-range respectively.*®28 As usual,
the borders are ill defined, and the fact that many
supramolecular dimensions are in this borderland
adds to the uncertainty. The situation is not helped
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by the fact that the electron exchange model contains
ungquantifiable parameters.®®%79% The effects of or-
bital penetration were not realized until recently.”
EET is of course essential to the efficient functioning
of many signaling systems based on MC (section V)
and triplet (section VII) excited states.

As the following pages will demonstrate, almost all
the fluorescent EET-based signaling systems for
analytes depend on conformational changes caused
by the recognition process. In other words, the
distance dependence of EET is being exploited. The
other crucial controller of EET, the spectral overlap
integral between donor emission and acceptor ab-
sorption, is hardly made use of. We begin with this
minority. Walt employs an absorptiometric pH in-
dicator as an EET acceptor whose efficiency is ioni-
cally adjustable.” The donor fluorophore and the
acceptor are used as a double-labeled polymer sys-
tem. When the EET pair is held at relatively small
separation in a cross-linked gel, the EET efficiency
is high and the behavior is as predicted.”® The use
of linear polymers leads to complications caused by
predominantly electrostatic dye—dye interactions.”®

Besides providing an important overview of this
area,’ Valeur is also responsible for a rare example
of a small molecule which signals metal ions by
modulation of EET.7%".7%8 The podand midsection of
233 curls up with Pb(ll) to draw the terminal
fluorophores closer together. The two coumarins
have been adjusted with suitable substituents to
behave as an EET donor—acceptor pair. Increase of
the EET quantum efficiency is a key result.
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Fluorescent signaling of ions via EET can also
benefit from highly selective natural receptors. Sec-
tion VIII.B illustrated siderophore-based examples
1875777579 and 188%89:58 for Fe(lll) using PET. We
met Walkup and Imperiali's Zn(ll) signaling finger
peptide3®® in section VI.C concerned with TICT
excited states. An almost simultaneous report tar-
gets an almost identical system from the different
angle of EET.”® Godwin and Berg double label the
peptide at the N-terminal and at a cysteine with
rhodamine-type and fluorescein fluorophores, respec-
tively. The popularity of this EET pair will be
evident from later examples. Conformational rear-
rangements triggered by Zn(ll) double the rhodamine-
type emission intensity, whereas the fluorescein
emission is virtually unaltered. This system is
visibly excitable (cf., the case based on 5-(dimethyl-
amino)naphthalene-1-sulfonamide)3® and self-cali-
bratable via emission ratioing besides the selective
and strong (binding constant of 102 M~ at neutral
pH) affinity for the analyte.

Hydrogen bonding, rather than metal ion coordina-
tion, is responsible for the assembly of 2257 and
234."*1 Hamilton and co-workers exploit their 2,6-
diaminopyridine receptor for barbiturate guests® in
the design of 225. As mentioned in section VIII.B,
such assembly strategies are versatile because many
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combinations can be generated once the smaller com-
ponents have ben synthesized. While the binding is
strong enough in chlorocarbon solvents to permit the
use of components at micromolar levels, a significant
amount of nonspecific quenching of the donor emis-
sion needs to be allowed for during the steady state
and time resolved studies. A metal-free porphyrin
fluorophore also serves as the energy acceptor in
Sessler and Harriman's EET system’'!® which is
closely related to their PET system 172.54 In fact,
the metal-free porphyrin EET acceptor replaces the
PET acceptor quinone unit within 172. Balzani and
his colleagues employ commercially available compo-
nents to assemble 234.71 Self-assembly is successful
only when the 9-anthrylmethylammonium cation is
disengaged from its counteranion in the chlorocarbon
solvent. The dialkoxybenzene units on the 24-
crown-8 ether efficiently donate excitation energy to
the 9-anthryl group within the ammonium guest.
Hydrophobic interactions involving cyclodextrin
derivatives in water played a significant part in
section VIII.B. In the present context, the cases
under discussion contain the important addition of
antenna action”?713 (see section V). Both cases
involve involve a 5-cyclodextrin, appearing within a
year of each other from either side of the Atlantic
Ocean, and have their primary alcohol functions
converted into seven naphthyloxy units with solubi-
lizing groups. The ring of subunits comprising the
antenna is reminiscent of natural antenna pigment
assemblies.”** The anionic solubilizing groups appear
to suppress excimer formation within the antenna.’*®
After matching the host antenna emission spectrum
with the absorption spectrum of the energy acceptor,
Gravett and Guillet’'? use the anionic TICT-based
guest 235 (section VI.C), whereas Lehn, Valeur, and
their colleagues choose the neutral laser dye deriva-
tive 236 related to 18.225178 The latter shows par-
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ticularly strong binding due to the extension of the
host’s inner hydrophobic surface by the antenna
units. Compound 235 offers the compensation that
any uncomplexed members of the population will be
silent during fluorescence experiments. Both studies
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display guest emission when the host antennas are
optically pumped. The increase of 236 emission as
more and more of it occupies the host molecules is
mirrored by a quenching of the antenna emission.
We featured the quenching of (9-anthrylmethyl)-
ammonium fluorescence upon intercalation into double
stranded DNA®* in section VII1.B. Excitation of the
nucleobases also permit observation of this quenched
fluorescence provided hetero adenine—thymine se-
quences are present.”'® Intercalation is found to be
essential for EET and melting the double helix
destroys the effect. It is interesting to note that PET
along the double helix also requires intercalative
burial of the donor and acceptor moieties among the
nucleobase pairs.554%% [Intercalation of a (9-anthryl-
methyl)ammonium moiety into double-stranded DNA
is also involved in Thornton and Schanze’s experi-
ments with 237.717 Compound 237 most probably
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exists in a folded conformation in aqueous media. In
the presence of DNA, the 9-anthryl unit enters the
core of the double helix, whereas the Re(l) center is
forced to stay outside. As in Kumar's work,%4716 the
9-anthryl fluorescence is significantly quenched. The
novelty arises from the concomitant “off—on” switch-
ing of the MLCT emission which is due to suppres-
sion of the electron exchange EET by the forcibly
extended spacer. Transient absorption experiments
with a 20 ns threshold shows only anthracene triplet
states produced by EET. Even if PET processes were
playing a part, radical ion intermediates would have
disappeared earlier. Hybridization also interferes
with EET fron acridine to fluorescein moieties at-
tached to a single DNA strand presumably by a
similar intercalative burial™?8 of the donor within the
double strand. The EET efficiency returns to normal
if the double helix is melted.

EET by the dipole—dipole coupling mechanism has
been of particular relevance to biochemists studying
relatively large structures. The “spectroscopic ruler”
is suited to distance measurement over several tens
of angstroms.”'9720 Self-calibration can be intrinsic
to this type of signaling since a ratio between donor
and acceptor emissions is being observed.

Relatively large biomolecules feature again in an
elegant self-calibrating sensor for the important
intracellular messenger cyclic adenosine monophos-
phate (cCAMP). Tsien, Taylor, and colleagues deriva-
tize the natural protein kinase for cAMP for this
purpose.”? Thus the issue of addressing physiologi-
cal levels of the analyte is settled at a stroke. Since
the protein kinase disassembles its regulatory and
catalytic subunits upon binding cAMP, attaching an
EET donor (fluorescein) to one subunit and the
acceptor (rhodamine) to the other is a neat signaling
strategy. The acceptor/donor emission ratio of the
sensor is smaller when guest bound. This cAMP
sensor can be used in combination with the Ca?*-
responsive 21!%8 to visualize the interplay between
these two cellular second messengers.’?12
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Fluorescein and rhodamine-based fluorophores have
been perennial favorites in biological assays. How-
ever, an exploitation of a strong interaction between
the pair is rare. Herron and co-workers use this
approach to develop a homogeneous immunoassay
method.”? These two fluorophores are attached to
the N- and C- terminals of an oligopeptide which is
recognized by an antibody raised against the impor-
tant analyte hCG (human chorionic gonadotrophin).
It is particularly notable that the double labeling of
the relatively small oligopeptide is far easier to
perform than on the large biomolecule. The flex-
ibility of the oligopeptide linker means that the
terminal dyes 7 stack together to destroy each other’s
fluorescence. Antibody binding to the central oli-
gopeptide straightens it sufficiently to force the two
fluorophores apart to a safe distance. Normal EET
takes over and strong emission is seen from the
rhodamine acceptor. The emission from the fluores-
cein donor remains weak whether the antibody is
present or not i.e. ratioing of the two emission bands
is feasible. Homogeneous DNA assays (section V)
should also benefit from this general approach.

The spotlight remains on the oligopeptide linkers
betwen EET pairs of photoactive components as we
near the end of our journey along the recognition—
fluorescence interface. In the present example de-
veloped by Krafft for protease assays,’?®7?* the C-
terminal carries a 2-aminonaphthalene-5-sulfonate
fluorophore as EET donor and the N-terminal is elab-
orated into 4-[[4'-(dimethylamino)phenyl]azo]benz-
amide as the acceptor. This EET pair maintains con-
siderable efficiency even across a decapeptide without
special folding, i.e., the donor’s fluorescence is substan-
tially quenched. Application of Herron's approach
with z-stacking fluorophore pairs’?? should allow the
use of longer oligopeptides in selective protease
assays if that becomes necessary. Hydrolysis of the
peptide linker by the protease switches “on” the
fluorescence since the EET acceptor has been discon-
nected. Rapid screening of protease inhibitors with
such irreversible signaling systems could hold the key
to therapies for disease such as AIDS and Alzhe-
imer’s.

Lindsey’'s porphyrin arrays which carry energy
efficiently over large (~10 nm) distances can be fitted
with redox switchable units to divert the productive
EET into an energy sink upon command. Compound
238725 is one such example where the redox switch-
able unit sits on a transmissive component. The
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porphyrinmagnesium(l1) moiety is oxidizable at po-
tentials which have negligible effect on the boron—
dipyrromethene donor, porphyrinzinc(l1) transmitter
and metal-free porphyrin acceptor components. The
nonfluorescent porphyrinmagnesium(ll) radical cat-
ion has such a low-energy excited state that it takes
over as the ultimate destination for the excitation
energy in the array. The possibility of PET at this
stage is yet to be evaluated. Of course, one electron
reduction of this radical cation restores the ultimate
energy acceptor status to the metal-free porphyrin
which responds with strong fluorescence.

To close, we draw together some examples where
EET is directed by physical, rather than chemical,
stimuli. Reversibly photon-writeable, photon-read-
able molecular devices were encountered in section
IX in the form of 229.5 The comments made there
are equally valid here. Nevertheless, some landmark
cases are available. Effenberger’'s 23972 is the earli-
est member of this set which combines photo-
chromism??” and fluorescence. EET from the 9-an-

239 N

thryl unit to a push—pull coumarin fluorophore is
diverted only when the central fulgide is photocon-
verted to the colored form. The latter serves as the
energy sink which prevents emission from the cou-
marin moiety. Unfortunately, long irradiation times
are necessary to effect the transformation of the
photochromic unit in the presence of EET from it to
a lower energy chromophore nearby. A somewhat
similar concept can be identified within Yamazaki
and Ohta’s research on interlayer EET across a
photochromic indolinospiropyran in Langmuir—
Blodgett multilayers.”?72° The difficulties mentioned
in section X are less relevant to this intermolecular
situation and relatively efficient switching is seen.
These ideas are extensible to performing parallel all-
optical logic operations with molecular, although not
molecular-scale, materials (cf. 206 in section VI111.C).
Daub’s 2407%° is more compact than 2397%6 but the
outcome is similar. The mode of operation is distinct
since the only EET process occurs when the colored
form of the photochromic unit in 241 acts as the
energy sink for the anthracene donor. Thermal
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reversion of 241 to 240 is a negative aspect of this
otherwise very interesting system. Compound 242,
due to Tsvigoulis and Lehn,”®! has no problems of
thermal reversion from the colored form 243 since it
employs an excellent photochromic core.”®? Essen-
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tially complete fluorescence switching “off” is found
when the core is converted to the coloured form with
short wavelength irradiation. Long wavelength ir-
radiation into the absorption band of the coloured
form retrieves the original core and fluorescence is

switched back “on”. Compound 24473 has also been
proposed for photoswitchable EET experiments.

Ph

244

Compound 245734735 js an inorganic version of
239726 with some interesting contrasts. Belser, De
Cola, Balzani, and co-workers find that EET from the
tris(2,2'-bipyridyl)ruthenium(l1) moiety to its Os(I1)
counterpart is rapid across the anthracene unit.

Os(ibopy.

However, extended irrradiation in aerated solution
with wavelengths to which the anthracene unit is
transparent leads to its peroxidation. Olmsted re-
ported a similar result for an anthracene-linked tris-
(2,2'-bipyridyl)ruthenium(ll) derivative.”*® Com-
pound 246, the oxygenated form of 245, still displays
intramolecular EET but at a rate 2 orders of mag-
nitude slower. The aromaticity of the central ring

Os(I)bpy)2

of anthracene, lying as it does in the EET path,
evidently controls energy traffic. The triplet excited
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state of anthracene is energetically bracketed by the
emissive states of the two metal complexes. This
favorable situation is lost upon destruction of the cen-
tral benzene ring. Some parallels may be found in
205 where electron exchange EET is evidently medi-
ated by an ionically neutralizable “stepping stone”.617
Reversible versions of 245 are eagerly awaited.

While the number of EET-based fluorescent signal-
ing systems are still small (cf. PET systems), their
ready applicability suggests there are many more to
come.

Xl. Conclusion

The foregoing pages have illustrated how chemists
from diverse backgrounds have constructed fluores-
cent signaling systems for various purposes. Some
of these have an academic flavor, i.e., mimicry of
behavioral aspects of natural photosynthetic centers.
Others are clearly application-oriented: switches
with potential for information technology and sensors
for monitoring species and properties in medicine,
biology, environmental science, analytical chemistry,
materials science, and even some branches of engi-
neering. While the examples are numerous and their
breadth is panoramic, it is comforting that only a
relatively small number of design principles are
involved. That is why a rather logical progression
is possible through the different classes of active
systems. Our hopes for this review are twofold.
First, that it will be a handy reference for those
already involved in this enterprise. Second, that it
will be a point of entry for fresh minds into this
enjoyable and rewarding field.
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