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perspective as molecular dyads are designed and synthesized to tune the interplay of elec-
trochemical and luminescent properties of molecules. Electrofluorochromic systems also
find applications in sensing because a fluorescent signal can be detected with high sensi-
tivity. Moreover, in the recent years the interest in redox-switchable fluorescent polymers
has strongly increased due to their applicability in display devices. Here, we review elec-
trofluorochromic molecules and polymers; we emphasize their structures and functional
principles and point to specific applications.
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1. Introduction

Molecules whose fluorescence can be switched by external stimuli have been garnering attention in the fields of (bio)ana-
lytical chemistry, molecular devices, display technology and single molecule detection. While such molecules have been stud-
ied for a long time, the term “electrofluorochromism” has only recently been coined for the electrochemical switching of
fluorescence [1]. Research is at a relative early state compared to fields in electrochemical manipulation of optical properties
such as electrochromism (redox-switchable color) [2] or electrochemical light generation by electrochemiluminescence [3].

Here, we review electrofluorochromic materials with a focus on molecular structures. These materials can be grouped
into small molecules and polymers. Small molecules can either be dyads or fluorophores whose emission is electroswitch-
able. We begin our article with dyads, which consist of separate fluorescent and redox groups. The first of such dyad mole-
cules was synthesized in 1993 [4], but many different classes of dyads with organic as well as metal-containing redox groups
have been developed since. These utilize a variety of switching mechanisms, which we briefly review here.

Electroswitchable fluorophores are either dyes or biomolecules, which are responsible for fluorescence in living cells. Due
to their intrinsic electrofluorochromism, these molecules often exhibit efficient switching and a higher emission rate. The
ability to modulate their fluorescence via electrochemistry allows for fundamental investigations into this behavior [5,6]
as well as for single molecule studies of redox processes [7]. Sophisticated instrumentation has been developed for studying
electrofluorochromic molecules. Such detection systems have been reviewed by Audebert and Miomandre [1].

Polymers are the newest class of electrofluorochromic materials. The first device consisting of small fluorescent mole-
cules inside a polymer matrix sandwiched between two transparent electrodes was built only in 2006 [8]. However, poly-
mers can also display electrofluorochromism on their own. These systems have since received considerable attention due to
their potential applicability as displays. Here we compare their relevant properties towards this goal.

2. Dyads

The general structure of a dyad, shown in Fig. 1, consists of a fluorophore and an electroactive group, bound together by a
spacer. Electrofluorochromic dyads have been reviewed previously in 2005 [9]. The fluorophore is responsible for the
observed light emission. Altering the redox state of the electroactive group can quench the fluorophore and allows control
of emission. Quenching can be done through either an electron transfer-based or energy transfer-based mechanism [10,11].

Quenching based on electron transfer is most often employed and is sometimes referred to as Photo-induced Electron
Transfer (PET). This phenomenon is well-known and also has many applications in sensing [12]. The exact quenching mech-
anism depends on whether the electroactive group can act as an electron donor or acceptor, as shown in Fig. 2. Upon absorp-
tion of a photon by the fluorophore, an electron is excited into its LUMO, resulting in a singlet state. If the electroactive group
is electron-rich, it can donate an electron into the half empty HOMO of the excited fluorophore, preventing fluorescence
emission and quenching the fluorophore. In this case, oxidation of the electroactive group prevents it from donating an elec-
tron and hence restores fluorescence. The electroactive group can also act as an electron acceptor. Here, the electron in the
LUMO of the excited fluorophore is transferred to the electroactive group, preventing it from returning to its ground state.
Reduction of the electroactive group is then needed to revive fluorescence.

Quenching can also occur due to non-radiative energy transfer. In this case, an overlap between the emission spectrum of
the excited fluorophore and the electroactive group is required. Generally, energy transfer can occur via either Coulombic
interaction or orbital overlap (see Fig. 3). Forster Resonance Energy Transfer (FRET) is the most well-known and often
encountered example of Coulombic interaction. It occurs at a long range and based on a dipole-dipole exchange with
donor-acceptor distances of up to 100 A. However, when FRET is forbidden, energy transfer can also occur via orbital overlap.
Often referred to as the Dexter mechanism [13], this interaction happens at much shorter range (1-10 A).

Appropriate matching of the properties of the two dyad moieties is important. A fluorophore with a good stability and a
high quantum yield can ensure bright, constant fluorescence. An electroactive group with good stability, uncomplicated
kinetics and reversible electrochemistry should provide fast, reliable and durable electroswitching. The groups must also
be matched together. By choosing groups with appropriate energy levels, it can be ensured that electrons will flow in the
desired direction. Furthermore, avoiding spectral overlap between the emission spectrum of the fluorophore and the absorp-
tion spectrum of the electroactive group can reduce unwanted quenching due to energy transfer. And, finally, a spacer with
good charge transfer and conformational properties is required. This enhances the efficiency of electroswitchable quenching
and prevents quenching through steric effects.

The effects of different fluorophores, electroactive groups and spacers have been researched extensively. To provide an
overview, in this review we look at these efforts by dividing them based on the electroactive group used.

2.1. Organic electroactive groups

2.1.1. Quinones

Quinones are the most well-known organic electroactive group used in dyads. The general electrochemistry of quinones
in aqueous and protic organic solvents is given in Fig. 4. Benzoquinone can be reduced to hydroquinone, requiring two elec-
trons and two protons.
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Fig. 1. Schematic of the general molecular structure of a dyad.
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Fig. 2. Electronic state diagram of possible mechanisms for electron transfer-based quenching in Photo-induced Electron Transfer.

FRET Dexter

LUMO ﬁ LUMO
HOMO
v vl

Excited Excited

h
Fluorophore Quencher Fluorophore Quencher

HOMO

Fig. 3. Electronic state diagram of possible mechanisms for fluorescence quenching by nonradiative energy transfer. Quenching can occur by Forster
resonance energy transfer (FRET) or by the Dexter mechanism.
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Fig. 4. The general redox reaction of quinones in protic media.

The first electrofluorochromic molecule consisted of a fluorescent Ru(bpy)3*-moiety attached to a quinone, shown in Fig. 5
[4]. Benzoquinone is known to quench the triplet state of Ru(bpy)3* by acting as an electron acceptor. Hence, reduction to the
hydroquinone restores fluorescence. Besides Ru(bpy)3*, other fluorophores have also been used. Examples include ruthenium
complexes [14,15], boron-dipyrromethene (BODIPY) [16], N-Dansyl [17] and Rhodamine B [18]. The electrochemistry of
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Fig. 5. The first electrofluorochromic molecule, consisting of Ru(bpy)3* attached to a quinone-group [4].
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Fig. 6. Electrochemistry of tetrathiafulvalenes.

quinones depends on a variety of factors such as pH, the presence of additional compounds and the solvent used [19]. In an
alcoholic solvent, reduced quenching was observed due to incomplete conversion of benzoquinone [20], whereas changes in
reversibility were observed upon using a buffered aqueous solution [ 18]. As biological systems are mostly comprised of water,
solubility and reversibility in water are important for the probing of their redox states. Benniston et al. attached BODIPY to a
quinone-moiety and were able to see reversible switching in aprotic media [16]. Testing in aqueous media was accomplished
by encapsulating the dyads in micelles. A solution containing the fluorescent hydroquinone-form displayed a decrease in
fluorescence upon addition of H,0, as chemical reductant. When ascorbic acid was introduced as chemical oxidant to another
solution containing the non-fluorescent benzoquinone-form, an increase in fluorescence was observed.

The sensitivity of quinones to their surroundings can also be utilized as shown by the group of Maiya [21,22]. Investigat-
ing a dyad consisting of dipyridophenazine (ddpz) and quinone, it was found that both the hydroquinone and benzoquinone
form are quenched in aqueous solution. Whereas this quenching can be ascribed to electron transfer for the benzoquinone
form, the hydroquinone form was quenched due to proton transfer. Hence, in a more hydrophobic environment, its fluores-
cence can be restored. Ddpz-complexes are able to bind to DNA, an event that leads to an increase in the hydrophobicity of
the dyad environment. Hence, upon binding, the fluorescence of the hydroquinone form was restored, allowing binding to be
assessed optically. Furthermore, the presence of the electroactive quinone-group meant that intercalation could be assessed
via electrochemical means as well.

Using Rhodamine B, a water-soluble fluorophore, Kierat et al. were able to probe the redox state of the quinone group in
aqueous solution using fluorescence [18]. Besides assessment of the effect of copper complexes with different oxidation
strengths, the enzyme-catalyzed formation of H,0, was examined in solution.

2.1.2. Tetrathiafulvalenes

Tetrathiafulvalenes constitute another well-known electroactive group. Due to their favourable properties, including
stable and reversible electrochemical behavior, they are often employed in molecular and supramolecular switches. The
non-aromatic neutral molecule can be oxidized into a radical cation and subsequent dication (see Fig. 6). These cations
are stable due to their aromaticity, thus, the redox system is reversible [23].

Despite their electroswitchable behavior, the use of tetrathiafulvalenes in fluorescent switching can result in unwanted
effects. Neutral tetrathiafulvalene groups are electron-rich and can act as quenchers through electron donation. However,
the cations are electron-poor and can hence quench fluorescence as well by acting as electron acceptors. Hence, oxidizing
the neutral molecule does not always restore fluorescence. Furthermore, the radical cation has a very broad absorption spec-
trum which can result in spectral overlap and lead to energy transfer-based quenching. These two quenching phenomena
can occur separately [24,25] or jointly [26]. As the oxidized molecule can exist in two different redox states, Zhang et al.
attempted full oxidation to the dication as this shows a much narrower absorption spectrum and could help avoid energy
transfer-based quenching [27]. However, instead of fluorescence revival, a further decrease in emission was observed,
because the dication was able to quench fluorescence even more by acting as an electron acceptor.

Notwithstanding, there are cases in which fluorescence could be recovered upon oxidation. These include cases using
porphyrins [28], phthalocyanines [29] and anthracene [30]. Bill et al. inserted a BODIPY unit between the two tetrathiaful-
valene rings as shown in Fig. 7 [31]. The electron donating character of the rings as well as the large extent of conjugation
allowed the BODIPY fluorescence to be shifted into the NIR-region (peak of emission spectrum A,.x = 830 nm), making it the
most red-shifted at the time of its publication. Interestingly, fluorescence is only quenched upon the first oxidation, while the
second oxidation leads to very weak emission even further into the NIR-region (Amax = 1185 nm).

Finally, Lu et al. incorporated tetrathiafulvalenes in an ion sensing molecule capable of both fluorescent as well as
electrochemical sensing (see Fig. 8) [32]. The molecule shows a tenfold increase in fluorescence upon fluoride binding.
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The fluoride ion binds to the amide moieties in the arms of the molecule as well as the anthracene units, causing the mole-
cule to become more rigid. The result is a decrease in the efficiency of electron-based quenching. Using cyclic voltammetry,
H,PO3 also could be sensed electrochemically. The large size of the H,PO3; ion allows binding to the C=C-group of the
TTF-unit and pushes the arms apart. This causes delocalization of the ion’s negative charge over the tetrathiafulvalene units
and the appearance of a new redox system. The peak height of this new system is proportional to the H,PO3; concentration,
opening the possibility of a sensor with dual functionality.

2.1.3. s-Tetrazines

s-Tetrazines (see Fig. 9) are the electron-poorest aromatic system in classical organic chemistry [33]. They can be rever-
sibly reduced to their anionic radical in the absence of acids and in aprotic organic solvents.

Small molecular s-tetrazines can be used as electroswitchable fluorophores on their own [8,34]. However, due to their
reversible electrochemistry, they can also be used in conjunction with another fluorophore, forming a bichromophore.
Unfortunately, very few successful examples of bichromophores containing s-tetrazine have been reported. Spectral overlap
often results in unwanted quenching due to energy transfer, resulting in complete quenching when, for instance, BODIPY is
used [35]. The group of Audebert utilized triphenylamines as electroactive groups and electron donating quenchers, with an
s-tetrazine as fluorophore, as shown in Fig. 10. Whereas fluorescence could be restored upon oxidation, the quantum yield
was low due to spectral overlap [36]. To resolve this issue, triphenylamine moieties with electron-rich groups were inves-
tigated [37]. These groups shift the absorption of the cationic triphenylamine radical to a higher wavelength, thus preventing
spectral overlap. Despite this, fluorescence was often still quenched. Theoretical calculations showed that the excited tetra-
zine groups possess a higher energy level than the triphenylamine radicals, resulting in quenching as the triphenylamine
radicals act as electron acceptors.

An example incorporating tetrazine into a fluorescent device was given by Seo et al. [38]. By attaching naphthalimide to
tetrazine, a dyad consisting of two electroactive fluorophores was created. This dyad is able to exist in three different states.
The neutral state showed fluorescence of both fluorophores, whereas the first oxidation should quench only the tetrazine
and subsequent oxidation should quench both fluorophores. Incorporating this dyad allowed the creation of a multi-
fluorescent device, displaying different fluorescent colors, depending on the potential applied. However, whereas the neutral
molecule displayed a yellow fluorescence, fluorescence was completely quenched upon the first reduction as the tetrazine
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Fig. 7. Insertion of a BODIPY unit within tetrathiafulvalene allows it to have three redox states. The radical cation is non-fluorescent whereas the neutral
molecule and dication emit in the NIR-region. Reproduced from Ref. [31] with permission of the Royal Society of Chemistry.
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Fig. 8. An electrofluorochromic molecule with dual functionality as a fluorescence and electrochemical sensor. Reprinted with permission from Ref. [32].
Copyright 2005 American Chemical Society.
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Fig. 9. General structure of s-tetrazines.
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Fig. 10. Combination of triphenylamine and tetrazine and the proposed mechanism of fluorescence switching based on electron transfer. Copyright 2012
Wiley. Used with permission from Ref. [36].
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Fig. 11. The addition of an electroactive ligand to form an electroswitchable lanthanide-based complex (left) where quenching is based on altering the
ligand energy level (right). Oxidation lowers the energy level of the ligand and allows quenching lanthanide emission through energy transfer. Reproduced
from Ref. [40] with permission of the Royal Society of Chemistry.

radicals quenched the naphthalimide fluorescence. Incorporation of additional parent naphthalimide into the device allowed
an additional fluorescent source and the attainment of a three-state device.

2.1.4. Other organic electroactive groups

Besides the known organic electroactive groups, other groups can be used as well. Interesting examples include dyads
incorporating lanthanide ions. Lanthanides are luminescent due to their electronic [Xe]4f" configurations [39]. The difference
in energy between these levels spans the visible and infrared spectrum allowing excitation by light as well as a sharp and
well-defined emission. These 4f-4f transitions are partially forbidden, meaning that the lifetimes of excited states are long.
However, the lanthanide ion quantum yield is very low. One way to overcome this problem is through sensitization using
‘antennas’ - ligands bound to the lanthanide ions. These ligands absorb light more efficiently and can transfer energy or
an excited electron to the lanthanide ion, resulting in emission. Yano et al. combined an electroactive triphenylamine-
based ligand together with photosensitizing antennas to form a fluorescent lanthanide switch [40]. In its neutral state,
the triphenylamine ligand does not participate in the sensitization process as its energy level is simply too high
(see Fig. 11). However, upon oxidation, the energy of the ligand is lowered. The energy absorbed by the antennas is then
passed on to the ion which can pass it on to the electroactive ligand without emission taking place. A change in ligand energy
levels was also utilized by Norel et al. for the sensitization of Ytterbium and Neodymium ions [41]. In this case, a decrease in
ligand energy could both prevent sensitization from occurring and cause electrons to flow from the excited ions to the ligand,
quenching fluorescence.

The incorporation of biologically derived moieties into dyads is also possible. Yamada et al. used electroactive flavin
attached to BODIPY to form a dyad to probe the redox state of the cellular interior [42]. Upon oxidation, a ninefold increase
in fluorescence intensity was observed. Cellular studies showed that the dyad was able to permeate HeLa cells, and addition
of a reductant and oxidant led to quenching and revival of the BODIPY fluorescence within these cells, respectively. Yan et al.
attached nicotinamide adenine dinucleotide to a perylene dye [43]. This dyad showed a very high quantum yield when
oxidized and was used for detection of the enzymatic turnover rate of alcohol dehydrogenase. As the dyad is too bulky to
be used in the enzyme directly, an indirect method was devised. During the enzymatic reaction, NADH is produced, which
can reduce the NAD* moiety of the dyad, resulting in fluorescence quenching.
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Enzymatic activity can also be probed by using the enzyme itself as electroactive group. Introduced first by the group of
Canters and Aartsma, this approach allows probing of the activity of oxido-reductases [44]. These enzymes possess an active
center with strong, characteristic adsorption in the optical spectrum, depending on its redox state. By covalent attachment of
a dye with an emission spectrum overlapping with the enzyme, quenching through FRET can be achieved, depending on the
enzyme redox state. Using this approach, the enzymatic activity of both nitride reductase as well as small laccase were inves-
tigated. The mechanism and rates of charge transfer could be studied at the single molecule level, providing new insights
into the workings of these enzymes [45].

Whereas the fluorophore and electroactive group are often separated by a spacer, this does not have to be the case.
Al-Kaysi et al. showed that a Meisenheimer complex can possess electrofluorochromic behavior (see Fig. 12) [46]. Lacking
a spacer, the molecule consists of a triazine unit attached to a fluorescent trinitrocyclohexadiene unit. Upon reduction,
fluorescence is quenched due to electron transfer from the triazine ring to the fluorophore. Interestingly, switching could
also be achieved through protonation as this lowers the HOMO level of triazine, making electron transfer unfavorable. Using
fluorescence microscopy, the switching of single molecules was observed upon protonation and deprotonation.

Another interesting example entails two fluorescent Ru-complexs attached together with an azo-bridge [47]. In its
neutral state, the azo-bridge acts as a quencher by accepting electrons from the two complexes. However, upon reduction
this is no longer the case and the compound behaves as two fluorophores. A similar concept was adopted by Suzuki et al.
who used bis(10-methylacridium)s [48]. These molecules are able to undergo reversible bond cleavage upon oxidation.
Using a hexaphenylethane derivative, it was shown that the bond results in fluorescence quenching. However, upon bond
cleavage, a bis(acridium)-type dye was formed and fluorescence was observed (see Fig. 13). It was also shown that the
chirality of the molecule can be preserved upon bond cleavage and formation [49]. This would allow bond formation to
be observed using circular dichroism (CD) as well as fluorescence and ultraviolet-visible spectroscopy.

Finally, besides lanthanides and organic dyes, other luminescent moieties can be used as fluorophore. Interesting exam-
ples include quantum dots [51,52], silver and gold nanoparticles [53] and titanium dioxide [54].

2.2. Metal-containing electroactive groups

Unlike organic electroactive groups, metals often display one-electron electrochemistry with uncomplicated kinetics.
Furthermore, the energetics of metal-based complexes can be tuned by an appropriate choice of ligands or metal [55].
Quenching often occurs through electron transfer. However, in some cases electron exchange can occur, resulting in
energy-based transfer through the Dexter mechanism [11].

2.2.1. Macrocycles

Fabbrizzi et al. investigated nickel and copper-based macrocyles as electroactive switches and found that the spacer can
affect which quenching mechanism will dominate [13]. Longer, more rigid spacers result in a longer distance between
fluorophore and electroactive group. As Dexter energy transfer decreases more strongly with distance, electron transfer-
based quenching will dominate. The ligand used can also alter the quenching behavior. It was found that for a nickel-
based tetra-azo-macrocycle the ligand undergoes reduction before the metal ion, resulting in a radical anion. This anion

Reduction
Fluorescent Non-Fluorescent
R R
H
|+ | ~R
Q. N N O, N N
ol TR 1T
=N N—R =N N=—R
O,N NO, O,N NO,
+|N +IN
et \O_ R=isopropyl et \O_
ZW1 MC2
Oxidation

Fig. 12. Electrochemical conversion of a Meisenheimer complex consisting of a triazine and trinitrocyclohexadiene unit. Reduction leads to fluorescence
quenching due to electron transfer from the triazine unit. Copyright 2012 Wiley. Used with permission from Ref. [46].
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Fig. 13. Bond cleavage of a hexaphenylethane derivative of bis(10-methylacridium) results in the formation of a dye and restores fluorescence emission.
Reprinted from Ref. [50], Copyright (2003), with permission from Elsevier.

can form a complex with the metal, and due to the folded geometry of the dyad, electron transfer is possible from the radical
into the fluorophore, resulting in quenching as shown in Fig. 14.

The coordination of the ligand around the metals can also be affected. It is known that copper displays different coordi-
nation geometries based on its redox state, with Cu(l) preferring tetrahedral and Cu(Il) preferring a hexagonal geometry.
Amendola et al. used this difference to investigate the coordination of copper using fluorescence [57]. A fluorophore was
added which could be quenched upon coordination with copper. Due to the difference in geometry and the ligands used, this
was only possible in a tetrahedral conformation, as shown in Fig. 15. Hence the fluorescence intensity could be used as an
indicator of copper coordination. A similar principle was used by Yilmaz who investigated the complex formation of copper
and manganese-based compounds using fluorescence [58,59].

2.2.2. Ferrocenes

Ferrocene is the most popular and well-known metal-containing electroactive group. Known for its stability and good
redox properties, this compound is often incorporated into dyads. The most obvious choice is the combination with estab-
lished fluorophores. Martinez et al. investigated the use of pyrene [60], whereas Zhang et al. looked at perylene diimide [61]
and the effect of spacers on the efficiency of perylene diimide quenching [62]. BODIPY was used by attachment of ferrocene
either to its two side-rings [63] or the boron atom [64], as shown in Fig. 16. It was found that attachment to boron promoted
intersystem crossing from singlet to triplet state, a phenomena often associated with the presence of heavy atoms. This
crossing allowed the excited state lifetime of the dyad to be extended by three orders of magnitude.

Attachment of ferrocene to non-established fluorophores is also possible. Zhou et al. attached zinc porphyrin to ferrocene
and investigated the effects of spacers, finding that both electronic communication as well as steric effects are important
[65]. Rochford et al. investigated the effect of two additional groups on the fluorescence quenching efficiency in a zinc
porphirin-based system and found that extending the delocalization of excited-state electrons caused a reduction in quench-
ing efficiency [66].

Finally, it was shown that the fluorescence of lanthanides could be modulated by attaching a ferrocene-based ligand that
can act both as sensitizer and quencher, depending on the ferrocene redox state [67].

3. Electroswitchable fluorophores

Not all electroswitchable molecules possess a dyad-structure. Molecules that lose or gain fluorescence upon electrochem-
ical modulation are called electroswitchable fluorophores. These include commercially available dyes and biologically active
molecules as well as other molecules which have been synthesized with this property in mind. The mechanism for fluores-
cence loss and gain is often complex and many factors can contribute, depending on the type of molecule.

3.1. Non-radical fluorophores

In biological cells, most fluorescence is due to Dihydronicotinamide adenine dinucleotide (reduced: NADH, oxidized:
NAD") and flavins [68,69]. NADH is an essential cofactor for redox reactions and metabolism in living cells [70,71]. Its
reduced form is highly fluorescent with absorption and emission maxima at 340 nm and 460 nm, respectively. The fluores-
cent group is the reduced nicotinamide ring with a lifetime of about 0.4 ns in aqueous buffer [72]. The oxidized form is
nonfluorescent.

Flavins are valuable biochemical compounds which take part in reactions as coenzymes and photoreceptors. Their struc-
ture and electrochemistry are shown in Fig. 17. They are found in both plants and animals [73]. Riboflavin (Vitamin B2) is the
precursor of all flavins found in nature; however, only a small portion of flavins in tissues is present as free riboflavin. The
majority is in the form of cofactors called flavocoenzymes, mostly as flavin adenine dinucleotide (FAD) and in lesser amounts
as flavin mononucleotide (FMN) [74,75]. Enzymes using flavins are involved in various metabolic redox processes in living
organisms due to their ability to biologically catalyzing electron transfer reactions [76,77]. In the oxidized state, flavins are
fluorescent with emission in the green spectrum whereas in the reduced state they are hardly fluorescent [76]. When bound
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Fig. 14. Quenching upon energy transfer from a ligand radical-metal complex to the fluorophore. Reproduced from Ref. [56] with permission of the Royal
Society of Chemistry.

Fig. 15. Fluorescence quenching based on coordination of copper (left) and the chemical structure of the ligands used (right). Reprinted with permission
from Ref. [57]. Copyright 2003 American Chemical Society.

Fig. 16. The chemical structure of boron-dipyrromethene (BODIPY) with ferrocene units attached to the two side-rings (left) and the boron atom (right).
Refs. [63,64].

o) 0 H
OZ\N/ N O)\N N
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Fig. 17. The general structure and electrochemistry of flavins.

to proteins, flavins exhibit only weak fluorescence or no fluorescence. This is in contrast to NADH, which is highly fluorescent
when bound to proteins [78].

Due to their electrochromic and redox properties phenazine cation dyes have been widely used in diverse applications
such as electrode transfer mediators in catalyzing biological reactions as well as in biosensor development [79,80]. Cresyl
violet (see Fig. 18) as a phenoxazine dye shows fluorescence in the oxidized state and has a reduced non-fluorescent state
[81]. Cresyl violet can be used as an electron transfer mediator to explore interfacial electron transfer mechanisms of
chemical or biological redox reactions as well as biosensor development [79].
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Fig. 18. The chemical structure of cresyl violet.

Due to their highly intense fluorescence, redox-switchable fluorophores have been employed in single-molecule studies.
Both NADH and FAD were used as sensors for unraveling enzyme kinetics at the single-molecule level [82,83]; and recently
microfabricated nanofluidic devices were used to detect fluorescent switching of individual flavin mononucleotide mole-
cules confined in nano-cavities [84,85]. Also the electrofluorochromic behavior of cresyl violet was explored in a pioneering
spectroelectrochemical single-molecule experiment [81].

Redox-sensitive green fluorescent proteins (GFP) allow the visualization of the redox state in cells [86]. Properties such as
efficient fluorescence and stability throughout a wide range of pH and solvent conditions make GFP a suitable indicator of
intracellular concentrations of H', Ca®* and halide ions. Introducing redox active groups into GPF allows the modification of
the fluorescent properties [87,88].

Resazurin, also called Alamar Blue, is a blue non-fluorescent redox dye [89,90]. Upon reduction, resorufin is formed
(see Fig. 19). This results in strong fluorescence with a change in color (to red) and a shift in its fluorescence which can
be quantified fluorimetrically [90]. Resazurin is non-toxic to cells and stable in culture medium without cells, however it
is reduced in the presence of living cells [91]. These properties present resazurin reduction as an indicator of chemical
cytotoxicity in cultured cells and provides a convenient index of cell proliferation [90,92] by measuring the changes in
dye fluorescence. Resazurin is added to the cells and is subsequently converted to resorufin by mitochondrial enzyme activ-
ity [93]. As shown in Fig. 19, reduction of resazurin consists of two stages; in the first stage, blue colored resazurin is reduced
to red colored resorufin by loss of one oxygen atom. This reaction is not reversible by atmospheric oxygen. Next, the red
colored resorufin is further reduced to a colorless hydroresorufin. This reaction is however reversible by atmospheric oxygen
[94].

Porphyrins are fluorophores, naturally exhibiting intense luminescence in the range of 630-690 nm, and can be used in
luminescence diagnostics [96-98]. They have a tetrapyrrolic macrocycle with side substituents, and they can coordinate
metal atoms firmly to form metalloporphyrins [99]. Porphyrins can be found in hemoglobin, urine and in erythrocytes
[97]. Due to their fluorescence and ability to accumulate in many types of cancer cells, they are used in cancer diagnostics
[100].

Browne et al. showed that conformational changes in a synthetic molecules, brought on by electrochemical means, can
also result in changes in fluorescence [101]. A molecule with reversible switching between red fluorescence and a quenched
state was synthesized, as shown in Fig. 20.

3.2. Radicals

Using electrochemistry, it is possible to inject a single unpaired electron into an organic molecule, creating a radical.
Whereas some radicals show fluorescence on their own, they are often difficult to obtain and short-lived [1]. Exceptions
include chloromethoxy-s-tetrazine and a BODIPY derivative [102]. Kanazawa et al. have shown that the dye Yellow-1 can
show electrofluorochromism due to the cleavage of a bond upon oxidation, forming a radical [103]. While the dye is non-
fluorescent in its neutral state, bond cleavage causes extension of conjugation throughout the system, resulting in fluores-
cence, as shown in Fig. 21. By placing a mixture of the dye and benzoquinone between two ITO plates, an electrofluo-
rochromic device was fabricated [104].

Radical stabilization can be achieved through a combination of conjugation and steric hindrance. Seo et al. used these
principles to form an electroswitchable device based on a polymethine dye [105]. Extended electron delocalization and steric
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Fig. 19. Redox chemistry of resazurin in aqueous solutions. Reprinted with permission from Ref. [95]. Copyright 2009 American Chemical Society.
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Fig. 20. Schematic showing fluorescence modulation upon conformational change. Electrochemical switching between a red fluorescent state and a non-
fluorescent state is possible. Reprinted with permission from Ref. [101]. Copyright 2006 American Chemical Society.
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Fig. 21. Fluorescence switching upon bond cleavage/radical formation. Reprinted with permission from Ref. [103]. Copyright 2014 American Chemical
Society.
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Fig. 22. The redox chemistry of a polymethine dye, showing different processes of dye regeneration. Besides electrochemistry, reactions between the dye
radical and dication radical also regenerate the cation. Reproduced from Ref. [105] with permission of the Royal Society of Chemistry.

hindrance through the presence of bulky groups protected the radical molecule from degradation reactions and contributed
to its reversible switching ability, shown in Fig. 22. An additional reaction between the radical and dication radical of the dye
also resulted in regeneration of the cation molecule, facilitating reversibility. The extended electron delocalization also
allowed absorption and fluorescence in the NIR-region, being the first electrofluorochromic device to do so.

Certain molecules are known to form stable cation radicals. Triphenylamines have been used in conjunction with tetrazi-
nes in bichromophoric dyads. However, their ability to form a stable cation radical and their interesting optical properties
warrant their investigation as electroswitchable fluorophores on their own. Quinton et al. showed that the attachment of
different groups to the phenyl groups of triphenylamine could allow tuning of the fluorescent emission as well as alteration
of the switching efficiency [106]. Additional groups can also be used to stabilize multiple redox states. A triphenylamine with
two additional amine groups was shown to exhibit four different redox states as shown in Fig. 23 [107]. Interestingly,
whereas the neutral molecule was fluorescent, the monocation and trication were not. The dication showed weak
fluorescence.
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Fig. 23. Adding of additional amine groups allows the existence of multiple stable redox states within a triphenylamine derivative. The neutral molecule
shows fluorescence, whereas the cation and trication do not. The dication is only weakly fluorescent. Copyright 2015 Wiley. Used with permission from Ref.
[107].
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Fig. 24. Polarized optical microscope images showing the transition from an isotropic to an ordered phase upon reduction of an electrofluorochromic liquid
crystal system based on the thioviologens (scale bar: 40 pm). Reprinted by permission from Macmillan Publishers Ltd.: Nature Communications (Ref. [108]),
copyright (2014).

Thienoviologens have also been shown to exhibit electrofluorochromism. This property was first demonstrated by
Beneduci et al. who succeeded in forming an ionic liquid crystal with electrofluorochromic properties [108]. Besides an unor-
dered isotropic phase, two ordered phases could be formed (columnar and calamitic). Fluorescence was observed upon
reduction as the radical is formed. Interestingly, for the isotropic phase this increase in fluorescence is accompanied by a
redshift in emission, attributed to the isotropic phase converting into an ordered phase upon reduction, as can be seen in
Fig. 24. However, whereas liquid crystals possess interesting properties such as the ability to self-heal [109], they require
high temperatures to be formed. Another possibility is the incorporation of these compounds in a gel matrix [110]. Drop-
casting a gel containing thienoviologens and ferrocene between two ITO plates afforded the formation of an electrofluo-
rochromic device. It is the dication that is fluorescent in this case, with the monocation causing quenching due to energy
transfer.

4. Polymers

Polymers can offer many advantages over small molecules. The ability to mold, cast and pattern polymers makes them
suited for use in solid-state electroswitchable devices.

Cured polymer ITO glass
lectrol
electrolyte Shecer

Viscous tetrazine/polymer electrolyte blend

Fig. 25. Schematic of a typical structure of an electrofluorochromic device. Reproduced from Ref. [34] with permission of the Royal Society of Chemistry.



Table 1

Comparison of electrofluorochromic polymers used in electrofluorochromic devices.

Polymer Applied Reference  Contrast Scanrate Cycles Intensity Quantum Comments
potentials electrode  ratio (mV/s) (#) loss (%) yield
(V)
Tetrazine molecules inside matrix [8] +2to -2 None n.a. 2000 120 na. n.a. Scan rate estimated
s-triazine bridged p-phenylene vinylene [121] +2 to -2 None ~2 1000 1500 <20% 0.14 Contrast ratio around the value given. lodine used as quencher
s-triazine bridged p-phenylene vinylene [122] +2 to -2 None 1.3 1000 19 na 0.44 Contrast ratio estimated. lodine used as quencher. Quantum yield
defined in solution

9-methylanthracene polymer [123] +2to -2 None 3.86 1000 1000  Minor n.a. Iodine used as quencher/dopant
s-triazine bridged p-phenylene vinylene [124] +1.5to —1.5 None n.a 300 50 na 0.57 Quantum yield defined in solution. Amount of cycles estimated
Poly(1,3,4-oxadiazole) [125] +1.8to -1.8 Ag/Ag" 1.2 360 1000  Very minor 0.13
Poly(N-alkyl-2,7-di(2-thienyl)carbazoles) [126] —0.2to 0.6  Ag/Ag* ~100 100 24  na. 0.3 All experiments conducted using a three-electrode setup in solution
Copolymers of fluorene, triphenylamine and 1,3- 0 to 0.9 None 16.3 300 25  10% 0.73 All experiments conducted using a three-electrode setup in solution

diphenylimidazolidin-2-one [127] n.a. 200 40  40% In device; 20% loss after first cycle
Cyanotriphenylamine-based polymers [128] 0to 1.6 Ag/AgCl 152 133 10  >50% 0.65 Experiments conducted in solution. Contrast ratio not defined during

switching

Copolymers of fluorene, triphenylamine, —-10to 1.0  None 214 50 10 <10% 0.17 Switching of potential done consecutively for the different scan rates,

benzo(2,1,3)thiadiazole and 1,3- 6.2 400 50 5% starting with the lowest value

diphenylimidazolidin-2-one (1) [129] 6.7 400 50 10%
Polymethine dyes [105] -05to 1.1  Ag/Ag" 1.5 533 100  30% n.a.
Poly(4-Cyanotriphenylamine) [130] -15t0 1.9 None 242 9.4 300 1% 0.22 Durability tested at a scanspeed of 110 mV/s

44 340

Polyamides with fluorene-based triphenylamine 0 to 0.8 Ag/AgCl 12.7 26.7 10  Minor 0.47 Measurement in solution, scanspeed for contrast ratio

units [119]

determination not given
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By embedding them inside a polymer matrix, devices can be fabricated based on small electrofluorochromic molecules
[8,38,104,105,110]. Kim et al. used this approach for the fabrication of the first electrofluorochromic device (see Fig. 25)
and found that the formation of a thin layer of active material allowed fast switching and can prevent side reactions [8].
The use of a polymer matrix also allows for the incorporation of compounds such as charge balancing mediators [104], addi-
tional fluorophores [38], internal references [104,110] and oxidizers [110]. However, polymers can also display electrofluo-
rochromic behavior on their own.

We compare the contrast ratio, stability and scan rates of electrofluorochromic polymers in Table 1. An important char-
acteristic of electrofluorochromic molecules and devices is their contrast ratio. It is defined as the ratio of fluorescence inten-
sity in the ‘on’-state and ‘off’-state. An indication of the overall brightness of the device is given by the quantum yield of the
material, defined as the amount of fluorescent photons emitted per amount of photons absorbed. The quantum yield for a
polymer can be measured when the polymer is in solution or when it is in solid form. In solution, the quantum yield is often
much higher. The stability of the device is often tested by switching the applied voltage to turn the fluorescence on and off
for many consecutive cycles. The loss in intensity during this switching is a measure of the durability of the material. Here,
the speed at which this happens is of importance as a lower speed allows the reaction to run to completion, resulting in
higher contrast ratios during switching. However, as switching is often done at higher speeds, the contrast ratios observed
when testing the durability are lower than those given when the optical properties of the material are examined. Finally,
these polymers are often tested using a solid state device. However, in some cases testing is done by coating the polymer
onto an electrode and placing it inside a solution. Whereas this allows the use of a reference electrode, and hence more
control over the applied potential, care must be taken when comparing these results to those obtained in a solid state device.

Conjugated polymers are able to display intrinsic fluorescence. The first polymer-based light emitting device was
reported in 1990 and was based on poly(p-phenylene vinylene) (PPV) [111]. Since then, many more groups have been devel-
oped [112] of which fluorene is one of the most well known. A small selection of the groups featured in this review is given in
Fig. 26. Fluorescence in polymers occurs via a mechanism similar to that of small molecules. However, due to their extended
conjugation, polymers possess a bandgap instead of discrete energy levels. Therefore the polymers can have semiconducting
or insulating properties and their conductivity can be tuned by doping [113]. Unlike semiconductors, polymers can be doped
by oxidation or reduction of groups within the polymer matrix. Here, n-doping is achieved by addition of electrons into the
system by reduction, and p-doping is accomplished by electron removal via oxidation. Upon removal, electron-deficient
holes are formed. As a photon is absorbed by the polymer, an exciton (i.e., an electron-hole pair) is created. Quenching occurs
when the exciton decays nonradiatively (e.g., by combination with a hole) and, thus, fluoresence emission is prevented [114].

p-phenyl-vinylene (PPV) Fluorene Carbazole
Q N
I\
N_ N
S
R
Benzothiadiazole Triphenylamine

Fig. 26. Besides poly(p-phenylene vinylene), many groups have been developed to endow the polymer with fluorescence and electrochemical stability.

(b)

Fig. 27. Schematic of the electrode setup used by Palacios et al. (a), and a microscopy image of single polymer particles (b). Reprinted by permission from
Macmillan Publishers Ltd.: Nature Materials (Ref. [116]), copyright (2007).
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Fig. 28. The chemical structure of cyanotriphenylamines with the polyamide and polyimide form (left and center), respectively [128], and highly
conjugated form (right) [130].

The coupling of electrochemical processes and fluorescence can be used to study kinetics of charge transfer and quench-
ing inside polymers. Gesquiere et al. coupled electrochemistry to fluorescence spectroscopy to study single nanoparticles of a
fluorescent PPV-derivative, poly[2-methoxy, 5-(2’-ethylhexyloxy)-p-phenylenevinylene] (MEH—PPV) [114]. The energetics
and charge transfer mechanics of quenching upon potential modulation were examined. It was shown that injected
holes are able to quench the excited state of the polymer due to electron transfer as well as energy transfer. Single
fluorene-based F8BT particles were also studied. The investigation of single particles allowed the discrimination of
subpopulations of particles that behave differently towards an applied potential. Using this technique, reversible and
irreversible quenching as well as hole injection and removal were examined (see Fig. 27) [115,116]. Montilla et al. studied
PPV and Poly-[2,7-(fluorene)-1,4-(phenylene)] polymer films and examined charge transfer kinetics and quenching due to
swelling and other processes [117,118].

Often, electrofluorochromic polymers are copolymers consisting of different constituents. By appropriate choice of
constituents the solubility, bandgap, morphology and HOMO and LUMO energy levels can be tuned [112]. Sun et al. synthe-
sized a triphenylamine-based polymer and used fluorene groups to protect the para-position from degradation as well as
increase solubility and processability [119]. In some cases, a reduction in solubility can also be achieved. Montilla et al.
attached perylene diimide (PDI) fluorophores to a fluorescent poly(fluorene-alt-phenylene) backbone [120]. It was shown
that the PDI-groups aggregate, causing their fluorescence to be quenched and their electron accepting ability to be enhanced.
Attachment of the appropriate amount of PDI units and matching of energy levels increased the efficiency of electron
transfer-based quenching. The neutral polymer displayed a low quantum yield due to this electron transfer-based
quenching. Upon reduction, electrons were injected into the aggregates and electron transfer-based quenching was inhib-
ited. After reduction of aggregates, the free PDI units were reduced, quenching their fluorescence. Application of more
negative potentials resulted in the formation of PDI dianions and quenching of the backbone due to energy transfer to these
dianions.

Aggregation can also enhance fluorescence, as was shown for cyanotriphenylamines, displaying a much higher quantum
yield in solid state than in solution [131]. Oxidation of the triphenylamine-groups resulted in both fluorescence quenching
and the appearance of color [128]. Comparison between the polyamide and polyimide form, shown in Fig. 28, showed better
performance by the polyamide. This polyamide was later compared to a highly conjugated cyanotriphenylamine by Wu et al.
also shown in Fig. 28 [130]. Conjugation afforded faster switching as well as one of the highest contrast ratios seen, attrib-
uted to the fast charge transport.

Kuo et al. combined three different polymer constituents to obtain a copolymer with their combined properties [127].
Blue fluorescent fluorene and redox-active triphenylamine groups were combined with urea, whose polymers possess a high
mechanical and thermal stability, a high quantum yield and good conductivity. The result was an electroactive polymer with
blue fluorescence and enhanced redox stability as the dipolar urea groups stabilized the triphenylamine radicals. Further
addition of an electron-deficient benzothiazole group, as shown in Fig. 29a allowed the emitted color to be tuned and shifted
to the yellow spectrum, depending on the amount incorporated into the copolymer. By blending the blue and yellow emit-
ting copolymers, a device with white emission could be realized [129]. Alternatively, separation of the two polymers into
two separate layers, each attached to an electrode, allows them to be individually addressed, creating a multifluorescent
device [132], shown in Fig. 29b. The device emitted white fluorescent light when both polymers were in their neutral state.
Upon oxidation of one layer only the emission of the other layer could be detected.

Such a bilayer device was also fabricated by Kim et al. using an electrofluorochromic anthracene film and an elec-
trochromic poly(3,4-ethylenedioxythiophene) (PEDOT) film [133]. As the anthracene layer is quenched upon oxidation
and the PEDOT layer only displays color when reduced, switching between the blue fluorescence of the anthracene and
the yellow color of the PEDOT was possible. In this case, iodine was used as dopant for PEDOT and quencher for anthracene
to enhance the contrast ratio and switching time.

Similar to molecular dyads, ions can quench the fluorescence of polymers due to electron or energy transfer. This effect
can be used to introduce electrochemical switching in fluorescent polymers which cannot be reversibly oxidized. The group
of Kim was able to modulate the fluorescence of triazine-bridged PPV polymers using iodine [122,124]. It was found that the
quenching efficiency depended on the redox state of iodide, increasing in the order I” < I, <I3. lodine was also used as a
quencher for the methylene-bridged anthracene polymer mentioned above [123]. Unlike PPV-based polymers,
anthracene-based polymers can exhibit electrofluorochromism without the addition of iodine. However, iodide was found
to improve the contrast ratio.
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Fig. 29. (a) Two copolymers containing fluorescent fluorene, electroactive triphenylamine and stabilizing cyclic urea groups with and without color-tuning
benzothiazole groups, and (b) a two layer device from these copolymers with three possible emission states. Reprinted with permission from Ref. [132]).
Copyright 2014 American Chemical Society.

The ability of ions to quench polymer fluorescence can also be used for sensing. For this application, the possibility of
multiple recognition sites combined with a high conductivity can result in a high sensitivity [134]. Ding et al. utilized an
electrofluorochromic polymer as a selective cyanide sensor [135]. Electron-poor benzothiazole groups were used as binding
sites for the electron-rich cyanide, whereas carbazole served as electroactive group and fluorophore, and hexylthiophene
was used as separator. Upon oxidation, the polymer was quenched. The addition of cyanide reduced the degree of quenching,
restoring fluorescence depending on the amount of cyanide. This interaction was proven to be very selective when compared
to other ions and nucleophiles. However, as cyanide is often present in aqueous solution, hydrophobicity of the polymer
becomes a problem. To overcome this, a nanostructured polymer film was synthesized with the aim of reducing the diffusive
distance of the cyanide ion inside the film as well as increasing the contact area between polymer and electrolyte [135].
Electropolymerization was used to attain a film consisting of polymeric nanogranules. Upon testing, it was observed that
an increase in the water content caused an increase in the oxidation potential needed for fluorescence quenching to occur.
In a fully aqueous solution, the potential reached a level where degradation of the polymer was likely to occur. However, an
electrolyte with 67% water could still be used. Theoretical calculations showed that upon binding, cyanide donates electrons
to the oxidized polymer, partially reducing it again and restoring fluorescence. Electropolymerization can also be used to
obtain polymeric fibers as shown by Kawabata et al. [126]. The electrofluorochromic fibers were shown to give fluorescence
emission perpendicular to the fiber axis, as is shown in Fig. 30.

Structural assembly is important for both the charge transport as well as the optical properties of polymers. Yang et al.
were able to control the structural assembly of a polymer as well as to modify its chiral properties electrochemically [136].
The polymer backbone consisted of 3,4-propylenedioxythiophene (ProDOT), a monomer with a chiral alkyl chain. Phenylene
groups were added to obtain a higher degree of rotational freedom around the polymer chain. Circular dichroism indicated a
helical packing of the polymer. Oxidation was accompanied by a quenching of the fluorescence and a change in color as well
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Fig. 30. Scanning electron microscopy images of nanofibers with polarized emission. Copyright 2015 Wiley. Used with permission from Ref. [126].
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Fig. 31. Schematic showing the helical packing (left) and unwinding upon oxidation (right) of the chiral polymer. Reprinted with permission from Ref.
[136]. Copyright 2014 American Chemical Society.

as a conformation change. To maintain charge neutrality, injection of a charge into the polymer is accompanied by anion
diffusion from the electrolyte. As shown in Fig. 31, this diffusion results in swelling and loosening of the coiled helical pack-
ing. This changed the CD-spectra of the polymer, allowing changes in electrochemistry to be seen using CD.

Structuring of polymers at bulk level is also possible. Whereas this is usually done using spin coating, photopatterning is
also possible [125]. Using the photosensitive oxadiazole group, a poly(1,3,4-oxadiazole) thin film was synthesized. Interest-
ingly, quenching occurred upon reduction instead of oxidation.

5. Summary and outlook

Out of the different classes of electrofluorochromic molecules, synthetic dyads are the most diverse. The possible choice
of the redox group and attached fluorophore allows a wide variation of different organic or inorganic structures. A potential
application of the dyads resides in the field of functional building blocks for molecular electronics. However, an implemen-
tation in a real-world application does not lie foreseeably in the near future; much more research in the integration of mole-
cules in devices is necessary.

Applications in sensing are established, with a diverse range of analytes such as cyanide [135], H,PO3 ions [32] or (metal)
ions [12] in general. We believe that the trend of the development of new practical sensors for novel analytes will continue.
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Finally, the field of electrofluorochromic display devices is most recent with an increasing number of materials, mostly
polymers, being developed in the past years. Electrofluorochromic devices rely on the straightforward fabrication of sand-
wiching gels or polymers between transparent electrodes. Here, more advanced fabrication methods (such as microfabrica-
tion) could yield improvements in the future. Whether redox-switchable fluorescent materials will be able to compete with
established display technologies in real-word illumination will ultimately depend on their lifetime, switching time, quantum
yield, contrast ratio and cost.
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