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ABSTRACT: We synthesized five fluorophore−photochrome dyads designed to switch
reversibly between nonfluorescent and fluorescent isomers under optical control. These
compounds pair an oxazine photochrome to a biphenyl, fluorene, pyrene, coumarin, or
cyanine fluorophore in their molecular skeleton and can be prepared in a single step from
known precursors in yields ranging from 30 to 63%. Nuclear magnetic resonance spectroscopy
indicates that the oxazine ring of these compounds opens and closes spontaneously on a
millisecond time scale in acetonitrile at ambient temperature. Under these conditions, the
fraction of ring-open isomer at equilibrium is negligible in all instances with the exception of
the cyanine derivative, which instead is almost exclusively in this form. Absorption and
emission spectroscopies demonstrate, however, that the fraction of ring-open isomer is
sensitive to solvent polarity and increases with a transition from acetonitrile to methanol.
Alternatively, the ring-open isomer can be populated photochemically or trapped with the
addition of acid. In both instances, the characteristic absorption and emission bands of the 3H-
indolium chromophores, embedded within the ring-open species, can clearly be observed in the visible region. In the case of the
coumarin derivative, the brightness of this chromophoric fragment is sufficiently high to permit the imaging of individual
molecules with excellent signal-to-noise ratios. In fact, the fluorescence of single fluorophore−photochrome dyads can be
activated under the influence of ultraviolet inputs and the resulting species can be localized with nanoscale precision under visible
illumination. Indeed, subdiffraction images of polymer nanoparticles, doped with this particular dyad, can be reconstructed with
nanoscale resolution. Thus, our operating principles for fluorescence switching at the single-molecule level can offer the
opportunity to overcome diffraction and, eventually, lead to the development of an entire family of probes for super-resolution
fluorescence imaging.

■ INTRODUCTION
Fluorescence imaging1 offers the opportunity to visualize
noninvasively and in real time biological samples labeled with
appropriate molecular probes.2 Indeed, the illumination of a
labeled sample at the excitation wavelength of the probes and
the detection of their emission with the aid of a confocal
microscope permit the reconstruction of three-dimensional
images even in living specimens.3 As a result, the fluorescence
microscope has become an indispensable analytical tool in the
biomedical laboratory for the convenient investigation of cells
and tissues. Illumination and detection, however, require the
use of lenses to focus the exciting and emitted radiations,
respectively.1 In turn, the phenomenon of diffraction4

accompanies focusing and imposes a spatial distribution of
subwavelength dimensions on the focused radiations. Gen-
erally, radiations in the visible region of the electromagnetic
spectrum must be employed to visualize biological samples,2

and their relatively long wavelengths translate into spatial

resolutions of hundreds of nanometers in the axial and lateral
directions.1 These physical dimensions are 2 orders of
magnitude greater than the sizes of most molecules. It follows
that conventional fluorescence microscopes cannot provide
structural information at the molecular level.
The barrier imposed by diffraction on the spatial resolution

of a far-field microscope can be overcome with the aid of
switchable fluorophores.5−20 Specifically, fluorophores co-
localized within the same subdiffraction volume can be
separated in time, if their fluorescence is designed to switch
independently at different intervals of time. In fact, their
temporal separation allows the sequential reconstruction of
their spatial distribution with nanoscale precision. The
implementation of these operating principles, however, requires
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probes able to switch from a nonfluorescent state to a
fluorescent one, or vice versa, upon illumination at an
appropriate wavelength.21−26 Under these conditions, the
irradiation of the sample at the switching wavelength with
appropriate intensity can be exploited to maintain only a
relatively small fraction of probes in the fluorescent state. At
this point, the illumination of the sample at the excitation
wavelength of the fluorescent species permits their localization
at the single-molecule level and, eventually, the bleaching of the
localized probes. Sequences of switching, localization, and
bleaching steps can then be reiterated multiple times until a
sufficient number of spatial coordinates are available to compile
a complete image of the sample with subdiffraction resolution.
In alternative to photoinduced switching, binding events in the
ground state27 and electron transfer processes in the excited
state28−33 can be invoked to turn fluorescence off, maintain
transiently only a subfraction of probes in an emissive state and
permit their localization. Once again, reiterative sequences of
switching and localization steps, eventually, permit the mapping
of the spatial distribution of multiple probes with nanoscale
precision and the reconstruction of images.
The photoinduced and reversible interconversion of photo-

chromic compounds34−39 can be exploited to switch
fluorescence under optical control.39−42 Indeed, fluorescent
and photochromic components can be paired within the same
molecular skeleton or supramolecular construct, and the
emission of the formers can be modulated by switching the
latters. Generally, the transfer of energy from the excited
fluorophore to only one of the two interconvertible states of the
photochrome or the exchange of an electron between the
excited fluorophore and one of the two states of the
photochrome is responsible for fluorescence modulation.43−52

On the basis of these mechanisms, we developed several
photoswitchable fluorescent systems and operated them in
organic and aqueous solutions,53 within rigid polymer
matrixes54 and inside living cells.55 In the wake of these results,
we envisaged the possibility of adapting our structural design to
develop photoswitchable fluorophores for super-resolution
imaging based on fluorescent and photochromic components.
In particular, we designed a family of fluorophore−photo-
chrome dyads able to switch from a nonfluorescent to a
fluorescent state upon illumination. In this article, we report the
logic behind their operating principles together with their
chemical synthesis and a detailed characterization of their
equilibration dynamics and photochemical and photophysical
properties.

■ RESULTS AND DISCUSSION
Design and Synthesis. In search of viable structural

designs to construct photochromic compounds with fast
switching speeds and excellent fatigue resistances, we developed
a family of molecular switches fusing 2H,3H-indole and
benzooxazine heterocycles within a single covalent skeleton
(Figure 1a).53f−h,56 Upon ultraviolet illumination, the 2H,4H-
[1,3]oxazine ring at the core of these compounds opens on a
subnanosecond time scale to generate a zwitterionic isomer
(Figure 1b). The photogenerated species reverts spontaneously
to the original isomer on a submicrosecond time scale. In fact,
these compounds can be switched hundreds of times between
their two states with no sign of degradation simply by turning
on and off an ultraviolet source. Furthermore, we demonstrated
that their photochemical transformations can be exploited to
control the photophysical properties of an appended aromatic

chromophore (R in Figure 1).53h,56e,f,j,l Indeed, the photo-
induced ring-opening process brings R in conjugation with the
3H-indolium cation of the photogenerated isomer and alters its
electronic structure. As a result, the S0 → S1 absorption of R
shifts bathochromically and, in some instances, moves from the
ultraviolet up to the visible region of the electromagnetic
spectrum. On the basis of these results, we envisaged the
possibility of exploiting such photoinduced bathochromic shift
in absorption to activate fluorescence. Specifically, we realized
that visible illumination can excite R only after photoinduced
ring-opening with concomitant fluorescence, if this particular
chromophoric fragment is chosen to be emissive. Thus, we
devised a general synthetic strategy to append our photo-
switchable auxochromic unit to fluorescent fragments and
designed the molecular switches 1a−5a (Figure 1).57

We prepared 1a−5a in a single synthetic step from the
preformed switch 6a (Figure 2) and the corresponding
aldehydes 7−11. Specifically, the condensation of 6a with 7−
11, under the assistance of trifluoroacetic acid (TFA), gave the
target molecular switches in yields ranging from 30 to 63%.
Following a similar synthetic protocol (Figure S1, Supporting
Information), we also prepared the hexafluorophosphate salts
of the model 3H-indolium cations 12−16 (Figure 3) in yields
ranging from 32 to 82%. These model compounds have
virtually the same chromophoric fragments of the zwitterionic
isomers 1b−5b (Figure 1) and are essential for the
spectroscopic characterization of these species.

Nuclear Magnetic Resonance Spectroscopy. The 1H
nuclear magnetic resonance (NMR) spectra of 1a−4a, recorded
in deuterated chloroform at 25 °C, reveal resonances that can
be assigned exclusively to the ring-closed isomer. The two sets
of diastereotopic methyl protons (MeA and MeB in Figure 4) of
this species, however, resonate as a single and broad peak at
1.3−1.6 ppm. These observations indicate that the two
enantiomers of the ring-closed isomer exchange rapidly on

Figure 1. Photoinduced and reversible interconversion of the ring-
closed (a) and -open (b) isomers of the molecular switches 1−5 and
their transformation into a protonated form (c) upon the addition of
acid.
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the 1H NMR time scale, under these experimental conditions.
In turn, their interconversion implies that the oxazine ring
opens and closes spontaneously with the transient formation of
the zwitterionic isomer. In agreement with this interpretation,
the analysis of 2a and 4a in deuterated acetonitrile reveals a
significant temperature dependence of the resonance associated
with MeA and MeB.58 For example, the singlet observed for
these protons in the case of 4a broadens significantly with a
decrease in temperature from 70 to 25 °C (Figure 4). Indeed,

the rate for the degenerate site exchange decreases with
temperature and slows the interconversion of the two
diastereotopic environments, relative to the 1H NMR time
scale, causing the broadening observed for the resonance of
MeA and MeB. By contrast, the exchange process has negligible
influence on the methyl protons (MeC and MeD) of the
diethylamino group on the coumarin appendage and their
triplet remains essentially unaffected in shape, despite the
temperature change. The assessment of the temperature
dependence of the line width, associated with the peak for
MeA and MeB, in the fast-exchange regime59 indicates the rate
constant (k1 in Table 1) for the degenerate site exchange to be

ca. 2.2 × 102 and 7.0 × 102 s−1 at 25 °C for 2a and 4a,
respectively. These values correspond to a free-energy of
activation (ΔG‡ in Table 1) of 14.3 and 13.6 kcal mol−1,
respectively, with an enthalpy of activation (ΔH‡ in Table 1) of
11.3 and 7.2 kcal mol−1 and an entropy of activation (ΔS‡ in
Table 1) of −0.01 and −0.02 kcal mol−1 K−1, respectively. In
summary, these spectroscopic studies demonstrate that the
ring-closed isomer is the predominant species in solution for

Figure 2. Synthesis of the molecular switches 1a−5a.

Figure 3. Model compounds 12−16.

Figure 4. Partial 1H NMR spectra (400 MHz) of 4a (1.3 mM,
CD3CN) at various temperatures.

Table 1. Kinetic Parametersa Associated with the
Interconversion of the Two Enantiomers of 2a and 4a in
Deuterated Acetonitrile at 25° C

k1
(102 s−1)

ΔG‡

(kcal mol−1)
ΔH‡

(kcal mol−1)
ΔS‡

(kcal mol−1 K−1)

2a 2.2 14.3 11.3 −0.01
4a 7.0 13.6 7.2 −0.02

aThe rate constant (k1) for the degenerate site exchange was measured
by 1H NMR spectroscopy, probing the temperature dependence of the
line width for the resonance of the diastereotopic methyl protons
(MeA and MeB in Figure 4) in the fast exchange regime.59 The
corresponding free-energy of activation (ΔG‡) and the associated
enthalpy (ΔH‡) and entropy (ΔS‡) terms were determined from the
temperature dependence of k1.

59
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1a−4a and that its oxazine ring opens and closes to permit the
interconversion of its two enantiomers.
In contrast to the behavior of 1a−4a, the fifth molecular

switch adopts predominantly the ring-open form 5b, under
otherwise identical conditions. Indeed, its 1H NMR spectrum
reveals two sharp singlets at 1.68 and 1.74 ppm, integrating for
six protons each, and one more at 3.72 ppm, integrating for
three, for its five sets of methyl protons, in place of the broad
resonance observed for MeA and MeB in the spectra of 1a−4a.
Furthermore, the two methylene protons of 5b resonate also as
a single sharp peak and their chemical shift is ca. 0.6 ppm
greater than that of the corresponding protons in 1a−4a.
Similar changes in chemical shift are also observed for some of
the aromatic protons and are particularly evident for the two
protons in the ortho-positions relative to the nitro group. Thus,
the diene bridge separating the two heterocyclic fragments of
5b, in conjunction with the ability of one to donate electrons to
the other, stabilizes this zwitterionic isomer sufficiently to
discourage the closing of the oxazine ring.
Steady-State Absorption Spectroscopy. The model

compounds 12−15 incorporate essentially the same 3H-
indolium chromophores of the ring-opened isomers of 1b−
4b, and their steady-state absorption spectra (a in Figures 5 and
S2−S4, Supporting Information) show intense bands centered
between 412 and 573 nm (λAb in Table 2) in acetonitrile at 20
°C. These absorptions, however, are not observed in the spectra
(b in Figures 5 and S2−S4, Supporting Information) of the
molecular switches, which, instead, reveal bands centered

between 288 and 412 nm (λAb in Table 2) for the
chromophoric fragments on the chiral center of their ring-
closed isomers 1a−4a.57 On the contrary, the spectra (Figure
S5a,b, Supporting Information) of 16 and 5b both show
virtually the same band at ca. 545 nm (λAb in Table 2). In
addition, the spectrum of 5b also reveals the characteristic
absorption at 429 nm of the 4-nitrophenolate anion. These
observations confirm that the ring-closed isomers 1a−4a and
the ring-open species 5b are the predominant species in
solution, in full agreement with the 1H NMR spectroscopic
studies.
The ring-open isomers 1b−4b have zwitterionic character

and, as a result, are more polar than the ring-closed species 1a−
4a. It follows that the equilibrium between the two isomers is
sensitive to solvent polarity and shifts partially toward the
zwitterionic species with a transition from acetonitrile to
methanol. This effect is particularly evident in the case of 4a.
Indeed, the corresponding steady-state absorption spectrum
(Figure 5c), recorded in methanol at 20 °C, shows the
characteristic absorption of the 3H-indolium chromophore,
associated with the ring-open isomer, at 586 nm. The
absorbance of this band indicates the ratio between ring-closed
and -open isomers to be 93:7 at equilibrium.60

In alternative to a change in solvent polarity, the addition of
acid can also be exploited to detect the characteristic absorption
of the 3H-indolium chromophore in the steady-state absorption
spectrum. Indeed, the protonation of the 4-nitrophenolate
anion of the zwitterionic species prevents ring closing and
converts quantitatively the two equilibrating isomers into the
corresponding protonated form (Figure 1c). Consistently, the
spectra (Figure 5d and c in Figures S2−S4, Supporting
Information), recorded in acetonitrile at 20 °C after the
addition of an appropriate number of equivalents of TFA to
1a−4a, show the intense bands of the 3H-indolium
chromophores of 1c−4c in the visible region. Instead, a similar
treatment of 5b has essentially no influence on the band at 548
nm for its 3H-indolium cation (Figure S5c, Supporting
Information) but results in the disappearance of the band at
429 nm for its 4-nitrophenolate anion, confirming the
assignment of both absorptions and, once again, the fact that
this species adopts predominantly the ring-open form.

Figure 5. Steady-state absorption spectra of acetonitrile solutions (2.5
μM, 20 °C) of the hexafluorophosphate salt of 15 (a) and of 4a before
(b) and after (d) the addition of TFA (3 equiv). Steady-state
absorption spectrum of a methanol solution (2.5 μM, 20 °C) of 4a (c).
Steady-state emission spectra of acetonitrile solutions (2.5 μM, 20 °C,
λEx = 593 nm) of 15 (e) and of 4a before (f) and after (g) the addition
of TFA (3 equiv).

Table 2. Photochemical and Photophysical Parametersa of
the Ring-Closed Isomers 1a−4a, the Ring-Open Species 5b,
and Their Models 12−16 in Acetonitrile at 20° C

λAb
b

(nm) ϕP
c

τP
d

(μs)
λAb

b

(nm)
λEm

b

(nm) ϕF
e

1a 288 0.08 0.1 12 412 542 <0.01
2a 299 0.02 0.07 13 431 559 <0.01
3a 362 14 501 630 <0.01
4a 412 0.02 0.2 15 573 645 0.09
5b 548 16 543 565 0.03

aPart of the data for 1a and 4a as well as their models 12 and 15 were
reported previously (refs 53h, 56e, and 56f). bThe absorption (λAb)
and emission (λEm) wavelengths were estimated from the spectra in
Figures 5 and S3−S6, Supporting Information. cThe quantum yield
(ϕP) for the photochromic transformation was determined with a
benzophenone standard, following a literature protocol (ref 56j). dThe
lifetime (τP) of the photogenerated isomer was determined from the
temporal absorbance evolutions in Figures 6, S6, and S7, Supporting
Information. eThe fluorescence quantum yield (ϕF) was determined
with fluorescein and rhodamine B standards, following a literature
protocol (ref 2).
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Steady-State Emission Spectroscopy. The steady-state
emission spectra (Figure 5e and d in Figures S2−S4,
Supporting Information) of the hexafluorophosphate salts of
12−16 reveal bands centered between 542 and 645 nm (λEm in
Table 2) in acetonitrile at 20 °C. The fluorescence quantum
yields (ϕF in Table 2) of 12−14, however, barely approach
0.01, while those of 15 and 16 are 0.09 and 0.03, respectively.
Similar bands cannot be detected in the spectra (Figure 5f and
e in Figures S2−S4, Supporting Information) of 1a−4a,
recorded under otherwise identical conditions. Instead, an
emission centered at 564 nm is evident in the spectrum of 5b
(Figure S5e, Supporting Information). These observations
confirm, once again, that the ring-closed isomers 1a−4a and the
ring-open form 5b are the predominant species in solution.
Nonetheless, the addition of acid to acetonitrile solutions of
1a−4a converts them quantitatively to the corresponding
protonated forms 1c−4c with the concomitant appearance of
the characteristic emissions of their 3H-indolium chromo-
phores (Figure 5g and f in Figures S2−S4, Supporting
Information). Interestingly, the addition of acid to 5b leads
to an enhancement in emission intensity (Figure S5f,
Supporting Information), suggesting that the protonation of
the 4-nitrophenolate anion facilitates the radiative deactivation
of the adjacent 3H-indolium cation.
Time-Resolved Absorption Spectroscopy. The illumi-

nation of acetonitrile solutions of 1a, 2a, and 4a with a pulsed
laser, operating at 355 nm, excites the 4-nitrophenoxy
chromophore and cleaves the [C−O] bond connecting this
fragment to the chiral center.57 This process generates the ring-
open isomers 1b, 2b, and 4b with quantum yields (ϕP in Table
2) of 0.08, 0.02, and 0.02, respectively. Consistently, the
absorption spectra (a in Figures 6, S6, and S7, Supporting
Information), recorded after excitation, show the appearance of
bands centered at 430, 420, and 570 nm, respectively,
corresponding to the sum of the ground-state absorptions of
the 3H-indolium and 4-nitrophenolate chromophores of 1b, 2b,
and 4b. The photogenerated species revert spontaneously back
to the ring-closed ones with first-order kinetics and a
concomitant absorbance decay (b in Figures 6, S6, and S7,
Supporting Information) in the visible region. Monoexponen-
tial fittings of the temporal absorbance evolutions reveal the
lifetimes (τP in Table 2) of 1b, 2b, and 4b to be 0.1, 0.07, and
0.2 μs, respectively, in acetonitrile at 20 °C.61

The illumination of an acetonitrile solution of 3a, under
otherwise identical conditions, also results in the appearance of
a transient absorption in the visible region (Figure S8a,
Supporting Information), which decays on a microsecond time
scale (Figure S8b, Supporting Information). However, this
band is positioned at 440 nm, while the ground-state
absorption associated with the 3H-indolium chromophore of
the ring-open isomer 3b should be centered around 500 nm,
according to the steady-state spectrum (Figure S4a, Supporting
Information) of the model compound 14. Furthermore, the
lifetime of this transient is 4 μs, and this value is 1 order of
magnitude longer than those observed for 1b, 2b, and 4b. In
fact, the transient band observed upon excitation of 3a can be
assigned to an absorption in the triplet manifold of its pyrene
fragment.62 Indeed, the pyrene chromophore can absorb a
significant fraction of the exciting photons at 355 nm, and its
excitation, eventually, leads to intersystem crossing, rather than
to the opening of the adjacent oxazine ring.
Time-Resolved Emission Spectroscopy. The steady-

state emission spectra of acetonitrile solutions of 1a, 2a, and 4a

(Figure 5f and e in Figures S2 and S3, Supporting Information)
do not reveal any significant fluorescence upon illumination in
the region of wavelengths where their ring-open isomers
absorb. In fact, the concentrations of 1b, 2b, and 4b at
equilibrium are negligible, and therefore, their fluorescence
cannot be detected in ensemble measurements. The photo-
induced transformation of the ring-closed isomers into the ring-
opened ones, however, can be exploited to populate transiently
the fluorescent species and permit the detection of their
fluorescence. Specifically, the illumination of 1a, 2a, and 4a
with a pulsed laser, operating at 355 nm, opens their oxazine
ring within the duration of the pulse (6 ns). The 3H-indolium
chromophores of the resulting ring-open isomers 1b, 2b, and

Figure 6. Time-resolved absorption spectrum (a) of an acetonitrile
solution (10 μM, 20 °C) of 4a, recorded 0.03 μs after pulsed
illumination at 355 nm (10 mJ, 6 ns), and the subsequent absorbance
evolution (b) at 580 nm with the corresponding monoexponential
fitting. Time-resolved emission spectra of an acetonitrile solution (10
μM, 20 °C) of 4a, recorded upon pulsed illumination exclusively at
355 nm (10 mJ, 6 ns) (c) or simultaneously at 355 nm (10 mJ, 6 ns)
and 532 nm (30 mJ, 6 ns) (d).
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4b absorb at 355 nm with molar extinction coefficients of 9.9,
4.8, and 5.9 mM−1 cm−1, respectively, according to the steady-
state spectra of the model compounds 12, 13, and 15 (a in
Figures 5, S2, and S3, Supporting Information). As a result, the
sequential absorption of two-photons within the very same
laser pulse can open the oxazine ring of one isomer and excite
the fluorescent chromophores of the other. Consistently, the
emission spectra (c in Figures 6, S6, and S7, Supporting
Information), recorded under these conditions, reveal bands
that resemble the steady-state emissions of the model
compounds 12, 13, and 15 (Figure 5e and d in Figures S2
and S3, Supporting Information).
The steady-state absorption spectra of the model compounds

12, 13, and 15 (a in Figures 5, S2, and S3, Supporting
Information) indicate that their visible bands are centered at
412, 431, and 573 nm (λAb in Table 1), respectively, with molar
extinction coefficients of 35, 19, and 83 mM−1 cm−1,
respectively. Thus, the 3H-indolium chromophores of the
ring-open isomers 1b, 2b, and 4b can absorb more photons at
wavelengths comprised within these bands than at 355 nm. As a
result, the simultaneous illumination at 355 nm, to open the
oxazine ring, and at an appropriate visible wavelength, to excite
the ring-open isomer, translates into a significant increase in the
detected emission intensity. In particular, the emission
spectrum (Figure 6d), recorded upon pulsed illumination of
4a at 355 and 532 nm, shows an emission band centered at 650
nm with an enhancement in intensity of approximately 1 order
of magnitude, relative to that detected upon irradiation at 355
nm only. Thus, these experiments confirm that the ring-open
isomers are fluorescent and demonstrate that the emission of
these molecular switches can be activated photochemically.
Single-Molecule Imaging and Spectroscopy. Encour-

aged by the results of the ensemble spectroscopic measure-
ments, we envisaged the possibility of investigating the emissive
behavior of our compounds also at the single-molecule level. In
particular, we selected the molecular switch 4a and its model 15
for these studies because the corresponding 3H-indolium
chromophore has the greatest quantum yield (ϕF in Table 2)
out of the five systems investigated. We first incorporated both
compounds in polymer matrixes, by spin coating solutions of
each dye and either poly(vinyl alcohol) (PVA) or poly-
(methylmethacrylate) (PMMA) in an appropriate cosolvent on
glass slides, and then investigated their spectroscopic response.
We found a distinct behavior for 4a in the two polymers used.
In PVA, a large fraction of molecules are already in an emissive
state. Moreover, they display blinking dynamics with on- and
off-times on the same order of magnitude of those observed for
the model compound 15, under similar experimental
conditions. Therefore, PVA provides a sufficiently polar
environment to encourage the formation of a significant
amount of the ring-open isomer 4b, as observed in methanol
solution (Figure 5c). Furthermore, the fluorescence blinking,
displayed by 4b and 15 under these conditions, can be assigned
to the incursion of triplet and other dark states with similar
characteristics for both compounds. By contrast, PMMA films
doped with 4a show very few fluorescent molecules and their
behavior is clearly different from that of analogous films
containing 15. Nonetheless, 4a can be switched within the
PMMA matrix to a fluorescent state with either chemical or
optical stimulations. In the first instance, exposure of the doped
PMMA film to fumes of hydrochloric acid encourages the
formation of the protonated form 4c (Figure 1) with the
concomitant appearance of bright spots in the corresponding

image (Figure S10, Supporting Information). In the second
instance, illumination of the doped PMMA film at 355 nm
results in the formation of the ring-open isomer 4b and, once
again, the appearance of bright spots in the corresponding
image (Figure 7 and Video 1, Supporting Information). For this

experiment, the activating laser was focused in a portion of the
observed area (circled in Figure 7D), while excitation at 532
nm was performed in a wide-field mode, thus covering a region
much larger than the imaged one. A clear difference is observed
in the image between the areas with and without ultraviolet
irradiation; the bright spots appear almost exclusively in the
irradiated one. These results suggest that the fluorescent switch
4a, in nonpolar polymeric environments, is an excellent
candidate for super-resolution imaging. Indeed, (1) most
molecules are initially in a dark state, allowing for a dense
staining of a target object, (2) photoactivation can reliably be
achieved with a wavelength available to standard microscopes,
and (3) the brightness and fatigue resistance are sufficient to
detect and localize the probes, during incursions of the emissive
isomer 4b. Moreover, the activation and excitation intensities
and the frame times, employed for the experiments illustrated

Figure 7. Single-molecule images (frame time = 10 ms) of a PMMA
film doped with 4a (1 × 10−5% w/w). Excitation (532 nm, 5 kW
cm−2) was performed in the wide-field mode, covering the entire
image, while activation (355 nm, 10 W cm−2) was focused in an area
with a radius of ca. 6 μm (circled in D). Three typical frames are
shown in A−C and the maximum intensity projection from the whole
series of 2000 frames is displayed in D (the activation laser was turned
on at frame 400). Frame A was recorded before turning on the
activating laser, while B and C were recorded after activation. In D, the
area irradiated at 355 nm, where most activation events (4a + hν →
4b) are photoinduced, is clearly evident. The entire series of 2000
frames is shown in the Supporting Information (Video 1). Two single-
molecule trajectories are shown in E.
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in Figure 7, are of the same order of magnitude of those
routinely used for the acquisition of super-resolution images.22

Super-Resolution Imaging. In order to assess the
potential of our operating principles in the reconstruction of
super-resolution images, we labeled test objects of nanoscale
dimensions with compound 4a. Indeed, we recently demon-
strated that the amphiphilic copolymer 18 (Figure S11,
Supporting Information) forms nanoparticles in aqueous
environments capable of encapsulating hydrophobic chromo-
phores in their interior.55 This particular macromolecule has
hydrophilic poly(ethylene glycol) chains and hydrophobic decyl
arms appended to a common poly(methacrylate) backbone
that provides a relatively nonpolar environment analogous to
that of a PMMA matrix. Following a similar experimental
protocol, we doped nanoparticles of 18 with the molecular
switch 4a. In brief, we dissolved 4a and 18 in chloroform,
flushed the solution with nitrogen to encourage the evaporation
of the solvent and redissolved the residue in neutral (pH = 7.0)
phosphate saline buffer (PBS). After vigorous shaking, we
filtered the dispersion, deposited an aliquot (ca. 20 μL) of the
filtrate on a glass slide, and, after drying in air, imaged the
residue. The corresponding transmission electron microscopy
(TEM) image (Figure S12, Supporting Information) clearly
shows the presence of nanostructured objects with an average
size of 14.2 ± 1.5 nm.
The sample was imaged also with a custom-built wide-field

epi-fluorescence microscope.22a−c,63 equipped with a fast
electron multiplying charge-coupled device (EMCCD) camera
for detection and with two laser sources operating at 532 and
355 nm for excitation and activation, respectively. In order to
minimize background and optimize localization, the frame-rate
of the camera was adjusted to 10 ms. Typically, sets of 50 000−
90 000 frames were collected, and localization of single-
molecule events and image reconstruction were performed as
previously described.22a,c The intensity of the activation laser
was set to a low value (typically <1W cm−2) initially, and then,
it was slightly increased during the measurement (up to ca. 100
W cm−2) to maintain a sparse distribution of molecules in the

bright state. Figure 8 shows a super-resolution image (B) of the
nanoparticles, reconstructed by localizing single molecules on
the basis of the photoinduced interconversion of the non-
emissive isomer 4a into the emissive one 4b (Figure 1). The
pronounced difference between the conventional (wide-field)
image (Figure 8A) and the super-resolution counterpart (B) is
even more evident in the enlarged areas (C and D). A profile of
the emission intensity detected along the two brightest
nanoparticles of Figure 8, with a peak-to-peak separation of
110 nm, is shown in Figure 9, emphasizing the resolving power
of the method. The average full width at half-maximum (fwhm)
for the nanoparticles is ca. 30 nm, in agreement with the
average localization precision calculated from the data of Figure
9. The latter is given by Δr ≈ s/(⟨n⟩/2)1/2, where s is the fwhm
of the diffraction-limited spot on the camera, and ⟨n⟩ is the
average number of photons detected per recorded event.64 The
reduction of the localization precision by a factor of 2 is a result
of the increase in noise introduced by the EMCCD camera at
high-gain factors.22c,63 In our experiment, ⟨n⟩ is equal to 222
(Figure S11, Supporting Information), and s was estimated to
be 300 nm, yielding a localization precision of ca. 28 nm.

■ CONCLUSIONS

Formylated fluorophores can be condensed to a preformed
oxazine in a single step under acidic conditions. In acetonitrile
at ambient temperature, four of the five resulting molecular
constructs retain the oxazine ring in the closed form. However,
three of these four compounds ring open upon ultraviolet
illumination in less than 6 ns. The photoinduced process brings
their fluorescent appendage in conjugation with the 3H-
indolium cation of the photogenerated species and shifts its S0
→ S1 absorption from the ultraviolet to the visible region. As a
result, the concomitant visible illumination of the sample can
excite the fluorescent fragment selectively within the ring-open
isomer. It follows that the irradiation of the sample with an
ultraviolet source to open the oxazine ring together with a
visible one to excite the photogenerated isomer results in
significant fluorescence. Furthermore, the ring-open isomer is

Figure 8. Fluorescence images of nanoparticles of 18 doped with 4a reconstructed from a series of 90 000 frames (frame time = 10 ms). (A) Wide-
field image corresponding to the sum of the whole series, after background subtraction (pixel size = 130 nm). (B) Super-resolution image with 4493
localized events (pixel size = 20 nm). Two areas are enlarged (left, wide-field; right, super-resolution) in C (688 localized events) and D (431
localized events). The dark spots in A (and C) are probably microcrystals of the inorganic salts present in the buffer solution (see Figure S12,
Supporting Information).
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sufficiently bright to be detected at the single-molecule level
with signal-to-noise ratios appropriate for localization with
nanoscale precision. In fact, this particular design to photo-
activate the fluorescence of individual molecules offers the
opportunity to reconstruct images of polymer nanoparticles
with subdiffraction resolution. Thus, our fluorescent molecular
switches can eventually evolve into valuable probes for the
convenient super-resolution imaging of biological samples.

■ EXPERIMENTAL PROCEDURES
Synthesis. Chemicals were purchased from commercial

sources and used as received with the exception of MeCN,
which was distilled over CaH2. Compounds 1a, 4a, 6a, 11, 12,
15, 17, and 18 were prepared according to literature
procedures.53h,55,56a,e,f,65−67 All reactions were monitored by
thin-layer chromatography, using aluminum sheets coated with
silica (60, F254). Fast atom bombardment mass spectra
(FABMS) were recorded with a VG Mass Lab Trio-2
spectrometer in a 3-nitrobenzyl alcohol matrix. Low resolution
electrospray ionization mass spectra (ESIMS) were recorded
with a Bruker micrOTO-Q II spectrometer. High resolution
electrospray ionization mass spectra (HRESIMS) were
recorded with an Agilent LCTOF spectrometer. NMR spectra
were recorded with a Bruker Avance 400 spectrometer.
Compound 2. A solution of 6 (310 mg, 1 mmol), 8 (194

mg, 1 mmol), and TFA (0.5 mL, 6.5 mmol) in EtOH (10 mL)
was heated under reflux for 3 h. After cooling down to ambient
temperature, the solvent was distilled off under reduced
pressure, and the residue was dissolved in CH2Cl2 (5 mL).
The addition of Et2O (50 mL) caused the precipitation of a

solid, which was filtered off, dissolved in CH2Cl2 (20 mL), and
washed with H2O (20 mL). The organic phase was dried over
Na2SO4, and the solvent was distilled off under reduced
pressure to give 2 (306 mg, 63%) as an orange solid. FABMS:
m/z = 488 [M + H]+. HRESIMS: m/z = 487.2009 [M + H]+

(m/z calcd. for C32H27N2O3 = 487.2016). 1H NMR (CDCl3): δ
= 1.28 (6H, bs), 3.91 (2H, s), 4.62 (2H, s), 6.41 (1H, d, 16
Hz), 6.65 (1H, d, 8 Hz), 6.87−6.92 (3H, m), 7.10−7.17 (2H,
m), 7.33 (1H, t, 7 Hz), 7.39 (1H, d, 7 Hz), 7.43 (1H, d, 9 Hz),
7.56 (1H, d, 7 Hz), 7.62 (1H, s), 7.74 (1H, d, 8 Hz), 7.79 (1H,
d, 8 Hz), 7.99−8.03 (2H, m). 13C NMR (CDCl3): δ = 14.6,
23.1, 32.0, 37.2, 50.6, 104.3, 109.2, 118.1, 120.5, 121.1, 122.8,
123.6, 123.7, 124.4, 125.5, 126.5, 127.3, 127.5, 128.1, 134.5,
136.9, 138.6, 141.0, 141.5, 142.7, 144.0, 144.2, 146.9, 159.7.

Compound 3. A solution of 6 (310 mg, 1 mmol), 9 (230
mg, 1 mmol), and TFA (0.5 mL, 6.5 mmol) in EtOH (10 mL)
was heated under reflux for 24 h. After cooling down to
ambient temperature, the solvent was distilled off under
reduced pressure, and the residue was dissolved in CH2Cl2 (5
mL). The addition of Et2O (50 mL) caused the precipitation of
a solid, which was filtered off, dissolved in CH2Cl2 (20 mL),
and washed with H2O (20 mL). The organic phase was dried
over Na2SO4, and the solvent was distilled off under reduced
pressure to give 3 (199 mg, 38%) as a purple solid. ESIMS: m/z
= 524 [M + H]+. HRESIMS: m/z = 523.2020 [M + H]+ (m/z
calcd. for C35H27N2O3 = 523.2016). 1H NMR (CDCl3): δ =
1.57 (6H, bs), 4.71(2H, s), 6.60 (1H, d, 16 Hz), 6.70 (1H, d, 8
Hz), 6.95 (1H, t, 8 Hz), 7.02 (1H, d, 9 Hz), 7.17−7.24 (2H,
m), 7.95 (1H, d, 16 Hz), 8.02−8.21 (11H, m). 13C NMR
(CDCl3): δ = 30.1, 41.5, 50.6, 109.4, 118.2, 120.5, 122.8, 122.9,
123.8, 124.5, 124.7, 125.1, 125.3, 125.4, 125.9, 126.2, 126.6,
127.8, 128.2, 128.7, 131.1, 131.8, 138.7, 141.1, 146.8, 159.9.

Compound 5. A solution of 6 (231 mg, 0.7 mmol), 11 (150
mg, 0.7 mmol), and TFA (55 μL, 0.7 mmol) in EtOH (10 mL)
was heated under reflux for 24 h. After cooling down to
ambient temperature, the solvent was distilled off under
reduced pressure, and the residue was dissolved in CH2Cl2 (5
mL). The addition of Et2O (50 mL) caused the precipitation of
a solid, which was filtered off, dissolved in CH2Cl2 (20 mL),
and washed with H2O (20 mL). The organic phase was dried
over Na2SO4, and the solvent was distilled off under reduced
pressure to give 5 (110 mg, 30%) as a red solid. FABMS: m/z =
495 [M + H]+. HRESIMS: m/z = 494.2430 [M + H]+ (m/z
calcd. for C31H32N3O3 = 494.2438). 1H NMR (CDCl3): δ =
1.68 (6H, s), 1.74 (6H, s), 3.72 (3H, s), 5.29 (2H, s), 6.47 (1H,
d, 13 Hz), 7.15 (1H, d, 7 Hz), 7.30−7.51 (9H, m), 7.79 (1H, d,
2 Hz), 8.08 (1H, dd, 3 and 9 Hz), 8.33 (1H, t, 13 Hz).

Absorption and Emission Spectroscopies. Steady-state
absorption spectra were recorded with a Varian Cary 100 Bio
spectrometer, using quartz cells with a path length of 0.5 cm.
Steady-state emission spectra were recorded with a Varian Cary
Eclipse spectrometer in aerated solutions. Fluorescence
quantum yields were determined with fluorescein and rhod-
amine B standards, following a literature protocol.2 Time-
resolved absorption and emission spectra were recorded with a
Luzchem Research mLFP-111 spectrometer in aerated
solutions by illuminating orthogonally the sample with a
Continuum Surelite II-10 Nd:YAG pulsed laser. For absorption
measurements, the laser was operated at 355 nm (10 mJ), and
the transmittance was measured in the 350−700 nm spectral
range. For fluorescence measurements, the laser was operated
at 355 (10 mJ) for 1a, 2a, and 4a or simultaneously at 355 (10
mJ) and 532 nm (30 mJ) for 4a, and the emission intensity was

Figure 9. (A) Profile of the emission intensity measured along the two
brightest nanoparticles in the super-resolution image D of Figure 9.
The peak-to-peak separation is ca. 110 nm, and the average fwhm for
the nanoparticles is ca. 30 nm. (B) The time trace of the signal
recorded from an area of 5 × 5 pixels, extracted from the frame series
of Figure 8 (frame time = 10 ms), shows single-molecule bursts.
Because of the size of the area and the stochastic nature of the
switching process, each event may correspond to different molecules
encapsulated within the same nanoparticle or in different ones.
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measured in the 400−800 nm spectral range. The quantum
yields for the photochromic transformations were determined
with a benzophenone standard, following a literature
protocol.56j PMMA (MW = 12 × 104) films doped with 4a
were prepared by spin coating a CH2Cl2 solution of dopant (1.0
mg mL−1) and polymer (52 mg mL−1) on a glass plate at 420
rpm for 9 s. The thicknesses (6 μm) of the resulting films was
measured with a Tencor Instruments 10-00090 surface
profilometer.
Single-Molecule Imaging and Spectroscopy. PVA (MW

= 1 × 104) films doped with 4a or 15 were prepared by spin
coating an aqueous solution of dopant (0.2−0.7 nM) and
polymer (1 mg mL−1) on a glass plate at 3000 rpm for 45 s.
PMMA (MW = 35 × 104) films doped with 4a or 15 were
prepared by spin coating a PhMe solution of dopant (0.2−1.0
nM) and polymer (4.3 mg mL−1) on a glass plate at 3000 rpm
for 45 s. Polymer nanoparticles doped with 4a were prepared
by thoroughly mixing a CHCl3 solution of the dye (0.1 mg
mL−1, 50 μL) with a solution of the polymer (2.5 mg mL−1,
100 μL) in the same solvent. Then, the mixture was gently
flushed with N2 to evaporate the solvent, and the residue was
dispersed in PBS buffer (1 mL, pH = 7.0) with vigorous
shaking. The resulting dispersion was filtered, and a portion (20
μL) of the filtrate was deposited onto a cover glass and imaged
with the apparatus described in the following section, after the
evaporation of the solvent in air. Another aliquot of the filtrate
was diluted ca. 100 times, deposited onto a TEM grid, and
imaged with a Philips 120 kV BioTwin microscope, after the
evaporation of the solvent in air.
Fluorescence images were recorded with a custom-built

wide-field epi-fluorescence microscope. Excitation was pre-
formed with a Coherent VERDI V5 continuous-wave (CW)
laser at 532 nm, and the isomerization was photoinduced with a
Cobolt AB Zouk CW laser at 355 nm. The lasers were
combined in one beam with a dichroic mirror and illumination
was performed in the wide-field mode by focusing both lasers in
the back focal plane of a Leica HCX PL APO 100 ×/1.4 oil
immersion objective lens. A large excitation (and activation)
spot (ca. 30 × 30 μm2) was obtained. The fluorescence signal
was collected by the same objective (similar to an inverted epi-
fluorescence microscope), separated from activation and
excitation light by another dichroic mirror, and then detected
by an Andor Technology IXON-DU-897 EMCCD camera. In
order to minimize background and optimize localization, the
frame rate of the camera was adjusted to 10 ms. Typically, sets
of 50 000−90 000 frames were collected, and localization of
single-molecule events and image reconstruction were
performed as previously described.22a,c The intensity of the
activation laser was set to a low value (typically <1 W cm−2)
initially, and then, it was slightly increased during the
measurement (up to ca. 100 W cm−2).
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2008, 9, 321−326. (c) Bossi, M.; Fölling, J.; Belov, V. N.; Boyarskiy, V.
P.; Medda, R.; Egner, A.; Eggeling, C.; Schönle, A.; Hell, S. W. Nano
Lett. 2008, 8, 2463−2468. (d) Testa, I.; Schönle, A.; von Middendorff,
C.; Geisler, C.; Medda, R.; Wurm, C. A.; Stiel, A. C.; Jakobs, S.; Bossi,
M.; Eggeling, C.; et al. Opt. Express 2008, 16, 21093−21104. (e) Belov,
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G.; Wolter, S.; Heileman, M.; Sauer, M. Photochem. Photobiol. Sci.
2009, 8, 465−469. (f) Endesfelder, U.; van de Linde, S.; Wolter, S.;
Sauer, M.; Heilemann, M. ChemPhysChem 2010, 11, 836−840. (g) van
de Linde, S.; Wolter, S.; Heileman, M.; Sauer, M. J. Biotechnol. 2010,
149, 260−266. (h) Wolter, S.; Schuttpelz, M.; Tscherepanow, M.; van
de Linde, S.; Heilemann, M.; Sauer, M. J. Microsc. 2010, 237, 12−22.
(i) Wombacher, R.; Heidbreder, M.; van de Linde, S.; Sheetz, M. P.;
Heileman, M.; Cornish, V. W.; Sauer, M. Nat. Methods 2010, 7, 717−
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Middendorff, C.; Fölling, J.; Jakobs, S.; Schönle, A.; Hell, S. W.;
Eggeling, C. Biophys. J. 2010, 99, 2686−2694. (b) Bierwagen, J.; Testa,
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