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Introduction

The design, synthesis, and characterization of molecular
switches has become an active area of research in recent de-
cades.[1] Molecular systems, the properties of which can be
modulated between two different stable states in a control-
led and reversible manner, have emerged as promising ma-
terials for the construction of chemical and biological sen-
sors,[2] as well as of true molecular memories[3] and devices.[4]

Ultimately, the development of molecular switches to be op-
erated in such nanometer-sized constructs requires address-
ing and evaluating their performance down to the molecular
level.[5] Due to its sensitivity and non-invasive character,

fluorescence detection of molecular switches appears to be
an ideal tool to reach this limit.[6]

Indeed, single-molecule fluorescence spectroscopy (SMS)
has largely been proved to be capable of monitoring the op-
tical behavior of individual molecular systems.[7] Hence,
much effort has been devoted in recent times to developing
and discovering fluorescent molecular switches that are ad-
dressable at the single-molecule level. However, the number
of such molecular switches shown to work under ambient
conditions is still limited. Reversible single-molecule fluores-
cence photoswitching of diarylethene derivatives,[8] commer-
cial carbocyanine molecules[9,10] and GFP-like proteins[11,12]

has been demonstrated only recently. At the same time, re-
versible switching of individual fluorescent molecules upon
a chemical stimulus has also been reported,[13–16] opening the
door to performing sensing at the nanometer scale. Thus,
pH-induced modulation of the emission from single semi-
naphtorhodafluor chromophores has been described,[14]

whereas switching of individual fluorescent perylenediimide
molecules, containing free amines, has been attained by
using protonation–deprotonation processes and Lewis acid
coordination.[15] The development of such single-molecule
probes must eventually allow monitoring of individual reac-
tive events in relevant chemical and biological processes.[17]
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Recently we reported the synthesis of a new fluorescent
system: the zwitterionic spirocyclic Meisenheimer complex
of 1,3,5-trinitrobenzene (ZW1, Scheme 1).[18] Although the

intermediates of nucleophilic aromatic substitutions in poly-
nitroaromatic compounds, the so-called Meisenheimer com-
plexes, are known to be unstable and poorly fluorescent,[19,20]

ZW1 can be isolated as a stable red-orange solid whose
fluorescence quantum yield in solution is significantly high
(Ff=0.5).[18] More noticeably, ZW1 shows interesting elec-
trochemical behavior, which is summarized in Scheme 1.[21]

One-electron reduction of ZW1 yields a non-fluorescent,
anionic Meisenheimer complex (MC2, Scheme 1), where the
guanidine moiety of the triazine ring is deprotonated. Subse-
quent one-electron oxidation of MC2 allows recovery of the
fluorescent ZW1 species.[21] Together with the large Ff value
measured for the zwitterionic form of the Meisenheimer
complex, the electrochemical interconversion cycle revealed
allows the ZW1–MC2 system to be envisaged as a potential
single-molecule fluorescent switch.

In this contribution we study both experimentally and the-
oretically the performance of the ZW1–MC2 system as a
fluorescent molecular switch. First, theoretical calculations
are performed to investigate the origin of the different opti-
cal properties of ZW1 and MC2, thus uncovering the under-
lying mechanism accounting for their switching behavior.
Spectroscopic and spectroelectrochemical measurements in
the bulk are then performed to address the switching re-
sponse of the ZW1–MC2 pair upon two different stimuli:
chemical protonation–deprotonation of the guanidine group,
and electrochemical redox interconversion. To assess the po-
tential of the ZW1–MC2 system to operate as a single-mole-
cule fluorescent switch, we finally examine the controlled
and reversible on-off switching of its luminescence at the
single-molecule level by means of SMS.

Results and Discussion

Synthesis and optical properties : The synthesis of Meisen-
heimer complexes ZW1[18] and MC2[21] has already been re-
ported. Both compounds are spiro adducts of a negatively-
charged trinitrocyclohexadiene group and a triazene ring,
which are therefore expected to be perpendicularly oriented
in the ground electronic state of ZW1 and MC2. Protona-
tion–deprotonation of the guanidine moiety in the traizene
ring leads to formation of either ZW1 or MC2 (see
Scheme 1).

Figure 1 depicts the absorption and fluorescence spectra
of pure ZW1 and the potassium salt of MC2 in acetonitrile.
Both ZW1 and MC2 solutions display similar absorption

bands at about 410 nm and about 530 nm, the lower wave-
length absorbance showing the higher intensity. Such spec-
tral features are characteristic of trinitrocyclohexadiene moi-
eties in anionic Meisenheimer complexes.[22] In agreement
with the theoretical calculations discussed below, this sug-
gests that the ground electronic state absorption of the trini-
trocyclohexadiene group in ZW1 and MC2 is not significant-
ly affected by the presence of a close orthogonally oriented
triazene unit.

In spite of their similar absorption behavior, ZW1 and
MC2 show opposite fluorescence properties (Figure 1). Al-
though Meisenheimer complexes are, in general, expected
to be poorly fluorescent due to the presence of the strong
electron-withdrawing nitro groups,[20] strong fluorescence
emission is detected upon excitation of ZW1 at either 406
or 526 nm (lmax=563 nm and Ff=0.5 in acetonitrile). Con-
versely, a very minor fluorescence signal is detected for
MC2 under the same conditions (Ff<0.01), even though the
optically excited trinitrocyclohexadiene groups of both ZW1
and MC2 do not show apparent structural differences.

Theoretical calculations : Quantum-chemical calculations
were carried out to reveal the origin of the different fluores-
cent behavior of ZW1 and MC2. For this purpose we per-

Scheme 1. Electrochemical redox interconversion between the zwitter-
ACHTUNGTRENNUNGionic (ZW1, fluorescent) and anionic (MC2, non-fluorescent) Meisen-
ACHTUNGTRENNUNGheimer complexes of 1,3,5-trinitrobenzene.

Figure 1. Absorption (A) and fluorescence (F) emission spectra of ZW1
(solid) and the potassium salt of MC2 (dashed) in acetonitrile (cZW1=

cMC2=5K10�6
m, lexc=408 nm). Due to its low Ff, the fluorescence spec-

trum of MC2 is not visible in the figure.

Chem. Eur. J. 2007, 13, 7066 – 7074 I 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7067

FULL PAPER

www.chemeurj.org


formed density functional theory (DFT) and time-depen-
dent density functional theory (TD-DFT) calculations, em-
ploying the B3LYP hybrid functional and the 6–31G ACHTUNGTRENNUNG(d,p)
and 6–311+G ACHTUNGTRENNUNG(d,p) basis sets. In agreement with the X-ray
diffraction structure resolved for ZW1,[23] B3LYP/6–31G-
ACHTUNGTRENNUNG(d,p) geometry optimizations of the ZW1 and MC2 ground
electronic states show a nearly perpendicular arrangement
of their constituent trinitrocyclohexadiene and triazene
units. Strong electronic coupling between these groups is
therefore prevented in the ZW1 and MC2 ground states, in
which the molecular orbitals must then be localized on
either the trinitrocyclohexadiene moiety or the triazene
ring. This situation is illustrated clearly by Figure 2, which
displays the highest occupied molecular orbitals (HOMOs)
of ZW1 and MC2, localized on each of their two constituent
units.

Table 1 displays the energies and relative intensities of the
UV/Vis absorption bands computed for ZW1 and MC2 by
means of TD-DFT at the B3LYP/6–311+GACHTUNGTRENNUNG(d,p) level on
the B3LYP/6–31GACHTUNGTRENNUNG(d,p) optimal geometries, and accounting
for the acetonitrile solvent. A notably reasonable agreement
with the experimental data is encountered. Thus, deviations
lower than 15% in transition energy and 14% in relative in-
tensity are found between the theoretical and experimental
results. A detailed analysis of the optically active absorption
transitions of ZW1 and MC2 calculated theoretically reveals

that the molecular orbitals involved are localized mainly on
the trinitrocyclohexadiene unit of these compounds. This ex-
plains why the ground electronic state absorptions of ZW1
and MC2 resemble those of isolated anionic trinitrocyclo-
hexadiene complexes.

Further analysis of the molecular orbitals of ZW1 and
MC2 was performed to investigate the different fluorescent
properties of these compounds. Special attention was paid
to the HOMOs and the corresponding lowest unoccupied
molecular orbitals (LUMOs), localized on each of the con-
stituent units of the complexes. The energies of these orbi-
tals are plotted in Figure 3. For both ZW1 and MC2, the

lowest energy LUMO is localized on the trinitrocyclohexa-
diene group, from which fluorescence emission should even-
tually arise. In contrast, the energy distribution of the
HOMO orbitals dramatically changes from ZW1 to MC2 in
acetonitrile. Whereas the highest energy HOMO in ZW1 is
localized on the trinitrocyclohexadiene unit, the HOMO of
the triazine ring in MC2 falls between the HOMO and
LUMO of the trinitrocyclohexadiene moiety. In view of this
fact, we conclude that the emissive behavior of ZW1 mainly
depends on the intrinsic fluorescent properties of the trini-

Figure 2. Highest occupied molecular orbitals of ZW1 and MC2 which
are localized on each of the two constituent units of the complex: the tri-
nitrocyclohexadiene ring (top) and the triazene moiety (bottom). Molec-
ular orbital calculations have been performed at the B3LYP/6–311+G-
ACHTUNGTRENNUNG(d,p) level on the B3LYP/6–31G ACHTUNGTRENNUNG(d,p) optimal geometry and accounting
for the acetonitrile solvent.

Table 1. Energies and relative intensities of the UV/Vis absorption bands
of ZW1 and MC2.

l1 [nm] l2 [nm] I1/I2
[a]

ZW1 TD-DFT[b] 384 461 1.63[c]

experimental 408 528 1.44
MC2 TD-DFT[b] 408 470 2.01[d]

experimental 432 524 1.93

[a] Ratio of the computed oscillator strengths (f) for both absorption
bands (TD-DFT) and ratio of the absorption extinction coefficients at
the maxima of both bands (experimental). [b] B3LYP/6–311+GACHTUNGTRENNUNG(d,p)
level on the B3LYP/6–31G ACHTUNGTRENNUNG(d,p) ground electronic state optimal geome-
tries and accounting for acetonitrile solvent. [c] f1=0.32 and f2=0.19.
[d] f1=0.23 and f2=0.11.

Figure 3. B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) energies of the HOMOs and LUMOs of
the trinitrociclohexadiene and triazene units of both ZW1 and MC2 in
acetonitrile. The position of the valence electrons after light absorption is
indicated, as well as the quenching mechanism accounting for the non-
fluorescent behavior of MC2.
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trocyclohexadiene unit, a fluorophore group with Ff=0.5 in
acetonitrile. Conversely, the molecular orbital diagram com-
puted for MC2 suggests the occurrence of a competitive
non-radiative pathway for excited state relaxation of the tri-
nitrocyclohexadiene unit in this molecule: the photoinduced
electron transfer (PET) from the HOMO of the triazene
ring to the HOMO of the trinitrocyclohexadiene moiety
(see Figure 3). If the rate of such intramolecular electron
transfer becomes comparable or larger than the radiative
decay rate of the excited state, deactivation of the fluores-
cence emission results.

PET is indeed a well-known fluorescence quenching
mechanism, which has already been used in the design and
synthesis of fluorescent probes and switches.[2,15,24–26] To be
thermodynamically favorable, PET requires the energy of
the HOMO of the electron donor group to fall above the
energy of the HOMO of the nearby fluorophore unit that
will eventually receive the transferred electron.[15,24–26]

Therefore, MC2 in acetonitrile solution can display intramo-
lecular photoinduced electron transfer from the triazene
ring (electron donor) to the trinitrocyclohexadiene group
(fluorophore), leading to a very efficient deactivation of the
fluorescence emission of this species (see Figure 3). Lower-
ing the energy of the HOMO of the electron donor by
chemical modification of the triazene ring may prevent the
PET process from occurring, thus recovering the fluorescent
properties of the system. As already discussed, this is ach-
ieved in ZW1 upon protonation of the guanidine moiety in
the triazene unit.

Acid–base fluorescence switching : Quantum-mechanical cal-
culations indicate that the fluorescent behavior of the ZW1–
MC2 pair can be modulated by protonation–deprotonation
of the guanidine moiety in the complex. Herein we explored
this switching mechanism by monitoring the absorption and
emission spectra of the system upon addition of base (tetra-
butylammonium hydroxide) and acid (perchloric acid).
Measurements were performed in acetonitrile solution since
this is a polar non-protic solvent in which both the ZW1–
MC2 pair and the acid and base employed[27] are soluble
and stable. Moreover, the use of deuterated acetonitrile also
allowed us to follow the acid–base titration by NMR spec-
troscopy.

Figure 4 shows the variation of the absorption spectrum
of ZW1 in acetonitrile upon addition of tetrabutylammoni-
um hydroxide. Clearly, titration with a base results in the
disappearance of ZW1 and the appearance of MC2 absorp-
tion bands. Eventually, quantitative deprotonation of ZW1
is achieved, thus recovering the absorption spectrum of pure
MC2. The base-driven transformation of ZW1 into MC2 can
also be revealed by fluorescence measurements, as illustrat-
ed in Figure 4. Titration of ZW1 in acetonitrile with tetrabu-
tylammonium hydroxide gives rise to a decrease of the emis-
sion signal detected due to the non-fluorescent behavior of
the resulting MC2 species. Thus, full conversion of ZW1
into MC2 finally leads to a nearly complete suppression of
the emission arising from the sample.

Operation of the ZW1–MC2 pair as a true molecular
switch requires the base-driven transformation of ZW1 into
MC2 to be reversible. Consequently, we monitored the
changes in the absorption and fluorescence spectra of the
previously base-titrated ZW1 solution upon HClO4 addition.
The results obtained are depicted in Figure 5, which clearly

show that titration with acid results in the protonation of
MC2 to yield ZW1 again. Noticeably, both the absorption
and fluorescence properties of the initial ZW1 sample are
fully recovered after equimolar addition of acid. Therefore,
the controlled and reversible acid–base fluorescent switching
of the ZW1–MC2 system is demonstrated by our spectro-
photometric measurements.

Up to five cycles of reversible on-off fluorescence switch-
ing of the same ZW1–MC2 solution have been successfully
attempted without degradation of the sample. Nonetheless,
careful control of the addition of acid and base to the
system must be taken. Addition of an excess of tetrabuty-
lammonium hydroxide leads to a new absorption band at

Figure 4. Absorption (A, left) and fluorescence (F, right) spectrophoto-
metric titrations of ZW1 in acetonitrile with a solution of tetrabutylam-
monium hydroxide in isopropanol. The arrows indicate the evolution of
the spectral bands for base/ZW1 molar ratios of 0, 0.25, 0.5, 0.75 and 1.0
(absorption, cZW1=4.2K10�5

m) and 0, 0.1, 0.25, 0.5 and 1.0 (fluorescence,
cZW1=2.8K10�6

m). Note that equimolar addition of base results in the
suppression of nearly all emission from the sample and, consequently, no
fluorescence spectrum is visible in this case in the figure.

Figure 5. Absorption (A, left) and fluorescence (F, right) spectrophoto-
metric titrations of the previously base-titrated solution of ZW1 in aceto-
nitrile with perchloric acid in dioxane. The arrows indicate the evolution
of the spectral bands for acid/MC2 ratios of 0, 0.2, 0.4, 0.8 and 1.0 (ab-
sorption, cZW1=4.2K10�5

m) and 0, 0.1, 0.4 and 1.0 (fluorescence, cZW1=

2.8K10�6
m). After equimolar addition of acid, more than 99% of the

fluorescence intensity of the original ZW1 sample is recovered.
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491 nm, which we ascribe to the irreversible product arising
from the nucleophilic attack of the excess of base (i.e. OH�)
to the spiro position of the MC2 complex. This problem can
be avoided if a non-nucleophilic base is employed, such as
1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane (DABCO) or triethylamine.
Due to the weaker basic character of these species, however,
even the use of a large excess of base does not guarantee
the full conversion of ZW1 into MC2. Analogously, an
excess of perchloric acid in the sample leads to degradation
of the Meisenheimer complexes, which may result from the
protonation and subsequent descomposition of the nitro
groups in the molecule.[28]

Fluorescence sensing of Lewis acids : In addition to protona-
tion of the guanidine unit, the occurrence of PET and, there-
fore, fluorescence quenching in MC2, may also be prevented
by coordination of other Lewis acids to the nitrogen atom of
the imine group of the complex. Indeed, titration of a solu-
tion of MC2 in acetonitrile with triphenylborane, TiO2,
FeCl2, or CoACHTUNGTRENNUNG(ClO4)2 gives rise to the recovery of the fluores-
cence properties of the system, as illustrated in Figure 6.

This indicates a decrease in the energy of the triazene ring
HOMO upon MC2–Lewis acid adduct formation, which
suppresses electron transfer to the excited trinitrocyclohexa-
diene unit, and thus allows the system to fluoresce. As previ-
ously observed for free-amine-containing perylenediimide
molecules,[15, 29] MC2 can therefore be employed not only as
a proton fluorescent probe, but also as a chemical sensor for
several other species.

Electrochemical redox fluorescence switching : Recently we
investigated the redox properties of both ZW1 and MC2 by
means of cyclic voltammetry and controlled potential elec-
trolysis (see Scheme 1).[21] We observed that one-electron re-
duction of ZW1 in acetonitrile at E8=�0.85 V versus SCE
produces the radical anion ZW1�C, which subsequently loses
a hydrogen atom to yield MC2 with a rate constant of
78 s�1.[21] Analogously, one-electron oxidation of MC2 in
acetonitrile at E8=1.20 V versus SCE gives rise to the for-
mation of the radical cation MC2+ C, which then abstracts an
hydrogen atom from the solvent to yield ZW1, with a rate
constant of 2K106 s�1.[21] Therefore, reversible protonation/

deprotonation of the ZW1–MC2 system can be electrochem-
ically induced even in a non-protic solvent such as acetoni-
trile. Since here we are concerned with the fluorescent
switching behavior of the ZW1–MC2 pair, in this work the
reversible electrochemical interconversion between ZW1
and MC2 is further analyzed by monitoring the changes in
absorption and fluorescence spectra while applying control-
led amounts of current at a given potential.

Figure 7 depicts the results obtained in our spectroelectro-
chemical measurements for a solution of ZW1 in acetoni-
trile. Clearly, application of a controlled reduction potential

to the sample (E=�0.90 V vs. SCE) results in the loss of
the ZW1 features in both the absorption and fluorescence
spectra. Indeed, for an applied current of 1F, the electro-
lyzed solution becomes non-fluorescent, as expected for the
resulting product MC2. Furthermore, the recovery of the
fluorescence behavior of the sample, that is, the conversion
of MC2 back into ZW1, is quantitatively achieved when an
oxidation potential (E=1.20 V vs. SCE, 1F) is subsequently
applied to the sample (data not shown). Interestingly, suc-
cessive application of such electrochemical fluorescent
switching cycles does not result in a significant degradation
of the system, as illustrated in Figure 8. Thus, upon three re-
peated reduction/oxidation cycles of ZW1 in acetonitrile,
about 90% of the initial fluorescence signal is recovered.
This allows the ZW1–MC2 couple to be envisaged as a ver-
satile and stable fluorescent switching system, which can ac-
tuate upon both chemical and electrochemical stimuli.
Indeed, although a variety of fluorescent redox-[25a,30] and
pH-driven[31] switches are found in the literature, the design
and characterization of molecular switches responding to
both types of stimuli has scarcely been reported.[32]

Fluorescence switching at the single molecule level : Appli-
cation of molecular switches at the nanometer scale will ulti-
mately imply addressing their behavior at the single-mole-
cule level. Herein we have analyzed the performance of the

Figure 6. Fluorescence emission arising from a solution of MC2 in aceto-
nitrile (c=1K10�5

m) before (left) and after (right) addition of one equiv-
alent of triphenylborane (irradiation with a UV lamp at 254 nm).

Figure 7. Absorption (A, left) and fluorescence (F, right) spectroelectro-
chemistry measurements of ZW1 in acetonitrile at a controlled reduction
potential of �0.9 V versus SCE. The arrows indicate the evolution of the
spectral bands upon application of 0, 0.4, and 0.9 (absorption) and 0,
0.45, 0.9, and 1 F (fluorescence) (cZW1=1.3K10�5

m). Note that passage of
1 F results in the suppression of nearly all emission from the sample and,
consequently, no fluorescence spectrum is visible in the figure in this
case.
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ZW1–MC2 pair as a true single-molecule fluorescent switch
by means of single-molecule fluorescence spectroscopy.

Due to the high absorption cross-section and fluorescence
quantum yield measured for ZW1 in acetonitrile, achieving
detection of the fluorescence state of the switch at the
single-molecule level is expected. The capability of SMS to
reach this limit was explored on thin polystyrene films (PS,
�40 nm thick) doped with ZW1 molecules by means of a
custom-made confocal scanning fluorescence microscope.
Figure 9 shows the fluorescence image registered for a
10 mmK10 mm area of one of these samples. Comparison
with the results obtained for similar non-doped PS films
allows us to assign the bright features in the image to the
emission arising from single immobilized ZW1 molecules.
Figure 9 also depicts the fluorescence intensity time trajecto-
ry measured for an individual
spot in the image upon continu-
ous laser irradiation. Clearly,
single step photo-bleaching of
the emission occurs after 16 s,
as similarly observed for most
of the fluorescence features an-
alyzed. This further proves the
single emitter behavior of the
bright spots detected for the
ZW1@polystyrene samples,
thus substantiating the potential
of SMS to investigate the per-
formance of individual ZW1–
MC2 molecular switches.

Employing SMS we ad-
dressed the switching behavior
of the ZW1–MC2 system at the
single-molecule level upon
acid–base-induced protonation–
deprotonation of the Meisen-
heimer complexes. With this
aim in view, we dispersed ZW1
molecules onto thin PS films
(�250 nm thick) supported on
clean microscope coverglasses.
This allows for: 1) direct expo-

sure of the ZW1–MC2 molecules to several different atmos-
pheres (acid, base, and neutral) with which the switching op-
eration will be induced; and 2) prevention of the interaction
of ZW1–MC2 molecules with either metallic impurities (e.g.
TiO2, Al2O3) or protonated sites on the surface of the cover-
glass. The binding of these species to the guanidine group of
MC2 may interfere with the switching mechanism, as previ-
ously observed for another PET-driven molecular switch
system.[15]

Figure 10 summarizes the results obtained on the single-
molecule study of the acid–base switching performance of
the ZW1–MC2 system. All six images displayed in Figure 10
were measured on the same sample upon successive expo-

Figure 8. Fluorescence intensity at lem=563 nm of an acetonitrile solution
of ZW1 (cZW1=1K10�5

m) upon consecutive reduction–oxidation cycles.
The reduction and oxidation processes were performed by applying a cur-
rent of 1 F at �0.9 and 1.2 V versus SCE, respectively.

Figure 9. Fluorescence image (left) of a 10 mmK10 mm area of a thin PS
film with embedded ZW1 molecules (lexc=532 nm, power density
�4 kWcm�2, pixel rate=0.5 kHz). Fluorescence intensity trajectory
(right) of a single ZW1 molecule of the same sample upon continuous
laser irradiation (lexc=532 nm, power density�4 kWcm�2, integration
time=25 ms). The signal after t=16 s corresponds to the background of
the detector at the current experimental conditions.

Figure 10. Fluorescence images of 10 mmK10 mm areas of a thin PS film with ZW1 molecules on top after suc-
cessive exposure of the sample to: air (top left); TEA/N2 flow for 2 min (top middle); air for 30 min (top
right); TEA/N2 flow for 2 min (bottom left); HAc/N2 flow for 30 s (bottom middle); TEA/N2 flow for 2 min
(bottom right). All six images were recorded with the same instrument settings (lexc=532 nm, power density
�4 kWcm�2, pixel rate=1 kHz). The fluorescence intensity scale is also equal for all displayed images (Imin=

2 kcount s�1; Imax=15 kcount s�1).
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sures to different environments. To prevent degradation of
the microscope piezoscanner during this process, the sample
was taken out and placed back in the microscope between
consecutive images. Therefore, the images do not corre-
spond to the same specific region of the sample, but to dif-
ferent nearby areas.

The top left panel in Figure 10 shows a 10 mmK10 mm
fluorescence image of a freshly prepared sample, in which
immobilized ZW1 molecules lie on a PS film under air. As
previously observed for ZW1 molecules embedded into PS,
isolated bright spots arising from the emission of individual
ZW1 molecules are encountered. Exposure of this sample to
a flow of triethylamine (TEA)/N2 for two minutes suppress-
es most of the fluorescence features in the image, as illus-
trated by the top middle panel in Figure 10. In agreement
with the behavior measured in acetonitrile solution, the in-
teraction between TEA and ZW1 on the surface of the PS
film results in deprotonation of the guanidinium moiety,
thus yielding non-fluorescent MC2 molecules that cannot be
detected by means of SMS. We ascribe the few remaining
fluorescent spots in the image either to ZW1 molecules that
are not deprotonated even under a large excess of TEA (as
also observed to occur in acetonitrile solution) or to the
very limited number of fluorescent impurities found for
identically prepared PS thick films without dispersed ZW1
molecules (less than two impurity spots per 10 mmK10 mm
area). Control experiments on the latter samples demon-
strated that exposure to any of the gas flows used in our
measurements did not result in the occurrence of new fluo-
rescent impurities on the scanned areas.

Notably, after use of the TEA/N2 flow, the fluorescence
of the individual switch molecules on the PS film surface
could be turned back on by direct exposure to air for 30 mi-
nutes. Desorption and evaporation of TEA to the atmos-
phere displaces the deprotonation equilibrium back and,
therefore, accounts for the recovery of the fluorescent fea-
tures. This situation is illustrated by the top right panel in
Figure 10, which exhibits a similar number of individual
ZW1 molecules as the initial fluorescence image. A new
treatment of the sample with the TEA/N2 flow again indu-
ces the conversion of the switch molecules into the MC2
state, thus explaining the absence of fluorescence features in
the bottom left image in Figure 10. Instead of shifting the
acid–base equilibrium back by direct exposure to air, a
faster recovery of the fluorescence properties of the sample
can be attained by employing an acetic acid (HAc)/N2 flow.
Indeed, after exposure of the sample to this flow for 30 s,
the bottom middle fluorescence image in Figure 10 is regis-
tered, which clearly shows the presence of individual fluo-
rescent ZW1 molecules. As already discussed above, expos-
ing the sample to an excess of acid may result in degrada-
tion of the Meisenheimer complexes by protonation and
subsequent decomposition of the nitro groups in the trinitro-
ciclohexadiene unit. We observed the occurrence of such a
degradation process for long exposure times of ZW1 single-
molecule samples to the HAc/N2 flow, as well as for very
short exposure times to the more acidic HCl/N2 flow. The

bottom right image in Figure 10 finally demonstrates the de-
protonation of ZW1 molecules and disappearance of fluo-
rescence features as a consequence of a new treatment with
the basic TEA/N2 flow. The accomplishment of three rever-
sible on-off fluorescent switching cycles of individual ZW1–
MC2 molecules is therefore demonstrated by the SMS meas-
urements displayed in Figure 10.

Conclusion

This contribution is devoted to the investigation of a new
fluorescent molecular switch system, a spirocyclic Meisen-
heimer complex consisting of an anionic trinitrociclohexa-
diene unit linked to a triazene ring. Protonation of the gua-
nidine moiety in the triazene ring gives rise to a fluores-
cence zwitterionic complex (ZW1), while deprotonation of
this group results in a non-fluorescent anionic species
(MC2). Examination of the molecular orbital energies of
ZW1 and MC2 by means of density functional theory calcu-
lations has unraveled the underlying mechanism accounting
for their opposite fluorescent behavior. Photoinduced elec-
tron transfer (PET) from the deprotonated guanidine
moiety to the trinitrociclohexadiene fluorophore quenches
the emission from MC2. The occurrence of this quenching
mechanism is prevented by protonation of the guanidine
group, thus explaining the fluorescent properties of ZW1.

Spectrophotometric measurements in the bulk demon-
strate that the on-off fluorescence switching between the
ZW1 and MC2 states is achieved upon acid–base addition.
Indeed, careful and controlled addition of these reactants
allows the switching process to be fully reversible and re-
peatable. Moreover, we have also observed that transforma-
tion of the non-fluorescent MC2 species into a fluorescent
Meisenheimer complex can be achieved by binding of other
Lewis acids distinct from protons to the guanidine moiety of
the system, thus allowing sensing of several different com-
pounds. More importantly, combined spectroelectrochemical
experiments in the bulk reveal that the fluorescent ZW1–
MC2 switch can also operate under redox stimuli. Therefore,
the ZW1–MC2 couple constitutes one of the first examples
of fluorescent molecular switches responding both to chemi-
cal and electrochemical actuation.

Finally, single-molecule fluorescence spectroscopy (SMS)
has been used to investigate the switching behavior of indi-
vidual molecules of ZW1–MC2. First, we have demonstrated
that, due to its high absorption cross-section and fluores-
cence quantum yield, the fluorescence from isolated single
ZW1 complexes can be detected by means of SMS. Succes-
sive exposure of these molecules to basic, neutral, and acid
gas flows has subsequently allowed us to monitor the rever-
sible and controlled fluorescent switching of individual Mei-
senheimer complexes. In conclusion, the versatile function-
ing of the ZW1–MC2 couple upon different external stimuli
as well as the capability of monitoring its switching opera-
tion at the single-molecule level allows one to envisage
future applications of this system both as a single-molecule
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probe of relevant chemical and biological processes and as a
single-molecule switch in true nanometer sized devices.

Experimental Section

Materials and synthesis : High purity chemicals and HPLC-grade solvents
were used in all bulk measurements and single-molecule sample prepara-
tion, and were used as purchased, without further purification. The syn-
thesis and structural characterization of ZW1[18] and MC2[21] have already
been reported.

Steady-state absorption and fluorescence spectroscopy : UV/Vis spectra
were recorded at room temperature using a HP 8452 A Spectrophotome-
ter with chemstation software. Fluorescence spectra were recorded at
room temperature in a Perkin Elmer Luminescence Spectrometer LS50.
The fluorescence quantum yields of ZW1 and MC2 in acetonitrile were
determined relative to N,N’-bis(1-hexylheptyl)perylene-3,4,9,10 tetracar-
boxybismide in acetonitrile (Ff=1).[33]

Theoretical methods : Quantum-chemical calculations were performed by
employing the Gaussian 03 package of programs[34] on a 32-bit multiproc-
essor computer. Density functional theory (DFT) geometrical optimiza-
tion of ZW1 and MC2 ground electronic states was carried out at the
B3LYP hybrid functional level with the 6–31G ACHTUNGTRENNUNG(d,p) basis set. To account
for solvent polarity effects, calculations were performed in acetonitrile
solvent by means of the polarizable continuum model (PCM, dielectric
constant=36.64). The molecular orbitals of the computed ground state
geometries were calculated with the larger 6–311G+ (d,p) basis set and
plotted using Molden. The excitation energies and oscillator strengths (f)
of the UV/Vis absorption transition bands of ZW1 and MC2 were com-
puted by means of time-dependent density functional theory at the
B3LYP/6–311G+ (d,p) level on the B3LYP/6–31G ACHTUNGTRENNUNG(d,p) ground state geo-
metries and accounting for acetonitrile solvent (PCM). To compare with
experimental data, only those transitions with f>0.05 were considered.

Spectrophotometric measurements of the acid–base switching : A solution
of ZW1 (10�4–10�5

m) in acetonitrile (4 mL) was prepared and successive
and controlled additions of base (tetrabutylammonium hydroxide in 2-
propanol) and acid (perchloric acid in dioxane) to this solution were per-
formed. Absorption and fluorescence spectra were measured after each
addition employing the above-mentioned spectrophotometric instruments
at room temperature.

Spectroelectrochemistry measurements of the redox switching : A solu-
tion of ZW1 or MC2 (1–5 mm) in acetonitrile (5 mL), containing 0.1646 g
of NBu4BF4 (0.1m) as supporting electrolyte, was prepared under an
argon atmosphere. A reductive controlled-potential electrolysis at
�0.90 V versus SCE or oxidative controlled-potential electrolysis at
1.20 V versus SCE were performed by using a carbon graphite rod as a
working electrode in a dark electrochemical cell for converting ZW1 into
MC2 or MC2 into ZW1, respectively. After application of several in-
creasing values of current (from 0 to 1 F) the absorption and fluorescence
spectra of the resulting sample was measured in the above-mentioned
spectrophotometric instruments at room temperature.

Single-molecule fluorescence spectroscopy measurements : Single-mole-
cule fluorescence experiments were performed on a home-built confocal
scanning fluorescence microscope. This instrument consists of a high-NA
oil-immersion objective (Olympus, 60K , NA=1.42) mounted on an in-
verted focusing unit (Olympus, BXFM), with which the circularly polar-
ized light from a continuous green diode laser (l=532 nm, Z-laser,
Z20RG) is focused onto the sample. The resulting fluorescence emission
is collected by the same objective, spectrally filtered from excitation light
using dichroic (Omega, 550DRLP) and long-pass (Omega, 550 ALP) fil-
ters, and finally detected in an avalanche photodiode (Perkin-Elmer,
SPCM-AQR-14). Fluorescence images were obtained by raster-scanning
10 mmK10 mm areas of the samples by means of a piezoscanner with posi-
tion feedback control (Physik, Instrumente, P-710) at 0.5–1 kHz pixel
rate and with a laser excitation power density of about 4 kWcm�2. The
movement of the scanner as well as the collection of the signal of the
photodetector is controlled by means of a LabVIEW (National Instru-

ments) program. Two different types of samples were measured on this
instrument: 1) thin polymer films (�40 nm) with embedded ZW1 mole-
cules, which were obtained by spin-coating a toluene solution of ZW1
ACHTUNGTRENNUNG(�10�9

m) and polystyrene (Mw=97400, Aldrich, 10 gL�1) onto a micro-
scope coverglass; 2) thin polymer films (�250 nm) with dispersed ZW1
molecules on top, which were prepared by sequentially spin-coating a tol-
uene solution of polystyrene (40 gL�1) and an ethanol solution of ZW1
ACHTUNGTRENNUNG(�10�9

m) onto a microscope coverglass. The thicknesses of the polymer
films were measured with a surface profiler (KLA-Tencor, Alpha IQ).
Fluorescent impurities on the surface of the microscope coverglasses
were removed upon heating in an oven at 450 8C for 30 min. Switching of
the individual ZW1 and MC2 molecules in type (2) samples was induced
by exposure to triethylamine/N2, air or acetic acid/N2 flows in the interior
of a homebuilt gas chamber.
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