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ABSTRACT: Over the years, probing and controlling tautomerization has attracted significant [Free Space
attention because of its fundamental importance in various chemical and biological phenomena. -
So far, light, force, electrons, and electric field have been employed to alter the tautomerization
characteristics in porphyrin and phthalocyanine derivatives. Here, we show that engineering the
photophysics of molecules through interaction with the vacuum electromagnetic field in an
optical microcavity can be used to control the tautomerization of single phthalocyanine
molecules. Compared to the molecules embedded in a polymer matrix in open space, the average
fluorescence lifetime inside the resonant microcavity decreases significantly due to the Purcell
effect. The decreased lifetime reduces the possibility of a molecule entering into the triplet state,
i.e., the photoactive tautomerization channel. As a result, the photoinduced tautomerization in
phthalocyanine can be significantly altered. Our results demonstrate that the weak coupling
between the excited state of a molecule and the vacuum electromagnetic field via a cavity mode

can lead to significant changes in photoreactivity.

Bl INTRODUCTION

Probing' ™’ and controlling®™'* tautomerization has attracted
significant research attention due to its fundamental
importance in many biological'® and chemical processes.'®
Within porphyrin'”'® and phthalocyanine'”*® derivatives, NH
tautomerization occurs when the two inner hydrogen atoms
migrate in the framework of the cavity consisting of four
nitrogen atoms. NMR techniques””' have been widely used to
investigate the ground-state tautomerization processes of
molecular ensembles, while pump—probe polarization spec-
troscopy has enabled the detection of both the ground- and
excited-state proton-transfer rates.”” Low-temperature scan-
ning tunneling microscopy (STM) has allowed manipulation
of tautomerization by additional external stimuli such as
light,10 force,"" or current.'”'* For instance, Ladenthin et al."*
showed that cis < cis tautomerization in a single porphycene
molecule on a Cu(110) surface at 5 K could be triggered via an
external force, by bringing a metallic tig close to a molecule at
a zero bias voltage. Liljeroth et al."> demonstrated that a
voltage pulse at the STM tip could induce switching of
tautomerization in single naphthalocyanine molecules ad-
sorbed on ultrathin insulating films at low temperature. Most
recently, Mangel et al.'* have also controlled the intra-
molecular proton-transfer reaction in phthalocyanine mole-
cules by lowering the tautomerization barrier with a static
electric field. However, an optical microcavity allows to
influence the photophysical properties without modifying the
local environment or the molecular structure but altering the
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excited state lifetime due to the Purcell effect, an alteration of
the spontaneous emission rate by modifying the local density
of optical states (LDOSs).”> Consequently, a change of the
excited state lifetime could also modify photoinduced
reactions, which has up to now only been achieved for
strongly coupled systems. The Purcell effect has been used to
. 24 P 25
suppress photobleaching,”™ enhance fluorescence emission,
- 26,27
control Forster resonance energy transfer, and reduce the
blinking behavior of individual fluorophores in the vicinity of a
metal surface.”®
In this work, we control the tautomerization of single
phthalocyanine molecules by modifying the optical mode
density with a A/2 Fabry—Pérot microcavity. Phthalocyanine
derivatives (Pcs) have intense Q-bands in their absorption
spectra®” and large fluorescence quantum yields compared to
porphyrins.”® These properties make Pcs a good choice for
single-molecule spectroscopy studies. For instance, Yang et
31 . )
al.”" used zinc Pc molecules to achieve a sub-nanometer
resolution in single-molecule photoluminescence imaging.
Similarly, porphyrin derivatives have been used to observe
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Figure 1. (a) Schematic of the tautomerization of phthalocyanine tetrasulfonate (PcS,) by intramolecular double hydrogen transfer. The
orientation of the transition dipole moment, as indicated by the red dashed arrow, rotates by 90° during tautomerization. (b) Schematic illustration
of the piezotunable microcavity along with a simplified confocal microscope setup. (c) Exemplary microcavity transmission spectrum (black) and
free space emission spectrum of a PcS,—PVA film (red). The resonance condition was achieved by tuning the transmission maximum of the cavity
toward the emission maximum of PcS,. (d) Scanning confocal fluorescence microscopy image of the first-order interference region of the 1/2
microcavity with individual PcS, molecules embedded in a PVA film appearing as bright spots (acquired with a Gaussian-shaped laser).

spectral diffusion,” follow the spectral changes for the NH
tautomers at cryogenic temperatures,”” and visualize vibra-
tional normal modes with atomically confined light.”* They
have also been employed in plasmon-enhanced fluorescence
spectroscopy.” During NH tautomerization in porphyrins and
phthalocyanines, the switching happens without significant
conformational change."” It has been proposed to use this
intriguing property in the single-molecule-based “hardware”
elements such as molecular switches'® and photonic molecular
wires.”® The application of porphyrin and phthalocyanine
derivatives in functional molecular switches has been reviewed
by Martynov et al.>” In free-base Pcs, the orientation of the
transition dipole moment (TDM) rotates by 90° upon
tautomerization,”® which can directly be visualized by the
combination of confocal microscopy with cylindrical vector
beams.”™” In this work, we show that reducing the residence
time of a molecule in the singlet excited state via the Purcell
effect has a significant influence on tautomerization, which is
monitored via reorientation of the TDM.

B METHODS

Phthalocyanine tetrasulfonate (PcS,) and poly(vinyl alcohol)
(PVA) were purchased from Sigma-Aldrich and used without
further purification. Microscopy coverslips were cleaned with a

chromosulfuric acid solution and rinsed with triply distilled
water and spectroscopic-grade methanol (Uvasol, Merck,
Germany).

Optical Microcavity Preparation. The microcavity
structure used in these experiments is based on the tunable
cavity structure originally designed by Meixner and co-
workers.”®*” Tt consists of two silver mirrors. The bottom
mirror was prepared by sequentially evaporating 0.5 nm Cr, 30
nm Ag, and 70 nm SiO, layers on a clean microscope coverslip,
while the top cavity mirror was prepared on a convex lens by
covering it with 0.5 nm Cr, 60 nm Ag, and 70 nm SiO, layers,
consecutively. The metal and dielectric layers were prepared
using electron-beam evaporation (EB3, Edwards) under a high
vacuum condition (p ~ 107 mbar). The layer thickness was
controlled during the evaporation process with an oscillating
quartz unit (FTM7, Edwards). The Cr layer was used for
adhesion, while the SiO, layer prevented the contact between
the embedded dye molecules and the Ag film to prevent
fluorescence quenching. The final microcavity structure was
assembled by gluing the lower and the upper mirror onto a
home-built mirror holder. A piezoactuator kinematic mirror
mount (KC1-PZ/M, Thorlabs) was used to tune the cavity
length by moving the upper mirror relative to the fixed-bottom
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Figure 2. (a) Simplified Jabtonski scheme showing the effect of an optical field in a microcavity on the excitation/emission and the switching of a
single molecule between fluorescent (ON) and dark (OFF) states and photobleaching. The rate constants k., kg ki, and k, refer to the excitation,
fluorescence, S;—T, intersystem crossing, and triplet decay rates, respectively. (b) Single-molecule fluorescence lifetime distributions of PcS,
molecules in free space (n = 74, blue) and in the resonant microcavity (n = 68, green). The solid lines are normal distribution fits to the histograms.
(c) On-ratio histogram for single PcS, molecules embedded in PVA in free space and inside the resonant microcavity. (d) Survival times histogram
of single PcS, molecules. The solid lines show exponential fits to the histograms obtained from molecules embedded in the PVA matrix in free

space and placed inside a microcavity, respectively.

mirror. For all measurements, the optical path length was
adjusted to be in the first cavity order (L, = 4/2).

Optical Measurements. For recording ensemble optical
absorption and fluorescence emission spectra, PcS, was
dissolved in water and diluted to a concentration of 107 M.
The ensemble optical absorption spectrum was measured with
a UV—vis spectrophotometer (Shimadzu UV-2700). The
ensemble fluorescence measurements were recorded with a
home-built confocal microscope, using a spin-coated sample
(107 M PcS, and 2% w/v PVA in water) on the coverslip at
the speed of 4000 rpm.

For all single-molecule investigations, a solution of PVA (1%
w/v) and PcS, (107 M) in water was spin-coated on clean
coverslips or on the lower mirror of the cavity at speeds of
8000 rpm. Single-molecule imaging, time trace, photon
antibunching, and lifetime measurements were recorded
using a home-built confocal microscope. For excitation, either
a continuous wave at 633 nm (S yW) or a pulsed laser at 640
nm (S uW, pulse length 100 ns, repetition rate 10 MHz) was
used. The collimated excitation beam was focused onto the
sample with a high numerical aperture oil objective lens (Carl
Zeiss, NA = 1.46). The fluorescence emission was collected by
the same objective lens and separated from reflected laser light
by appropriate long-pass filters. By raster scanning the sample
through the diffraction-limited focal spot, confocal fluores-
cence images were recorded using an avalanche photodiode
(APD). For the spectral measurements, a spectrograph (SP-
2500i, Princeton Instruments) equipped with a charge-coupled
device (CCD) camera (ProEM:S512B+, Princeton Instru-
ments) was used.

For photon antibunching measurements, the fluorescence
signal was split by a 50:50 nonpolarizing beam splitter and

focused onto two APDs. The photons impinging on the
detectors were detected by a time-correlated single-photon
counting system (TCSPC, HydraHarp 400, PicoQuant).
These data were plotted as a histogram of the time differences
between the photons at both detectors showing photon
antibunching, which was analyzed with SymPhoTime 64. Both
continuous-wave and pulsed excitations were used for photon
antibunching measurements (Figure S1b). Time-resolved
fluorescence decay curves were recorded by TCSPC with a
pulsed laser (4., = 640 nm). The fluorescence lifetime decay
curves were analyzed and fitted with SymPhoTime 64.

For imaging of tautomerization in PcS,, azimuthally and
radially polarized doughnut modes (APDM and RDPM) were
used for excitation. The higher-order laser modes were
generated by propagating the Gaussian-shaped beam of the
633 nm laser through a commercial mode converter
(Arcoptix). The electric field distribution of the APDM allows
imaging of the orientation of the transition dipole moment
projected in the sample plane, while the RPDM enables the
determination of both in-plane and out-of-plane components
of the transition dipole moment (Figure $4).”***" The
resulting image patterns reflect the orientation of the transition
dipole moment, and the tautomerization of the single PcS,
molecule can be directly observed via the change of the
pattern.”””

Bl RESULTS AND DISCUSSION

Tautomerization of phthalocyanine tetrasulfonate (PcS,) by
intramolecular double hydrogen transfer is schematically
shown in Figure la. The optical microcavity is illustrated in
Figure 1b together with a simplified sketch of the confocal
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Figure 3. Impact of the Purcell effect on the tautomerization of individual PcS, molecules. Series of confocal fluorescence images of single PcS,
molecules embedded in PVA acquired with azimuthal (APDM) and radial (RPDM) polarizations in free space (a) and in a A/2 microcavity (b).
Molecules that show double-lobe patterns and a reorientation of the transition dipole moment are marked with double-headed arrows, whereas
white rectangles mark those that show ringlike patterns. For the molecule marked by the green double arrow, the orientation of the transition

dipole moment rotates by 90° in the course of tautomerization.

microscope setup (for details, see Methods). The transmission
spectrum of an empty microcavity, recorded when the
microcavity is illuminated from above with a white-light-
emitting diode (LED), is shown in Figure 1c. The transmission
maximum can be spectrally voltage-tuned toward the
fluorescence emission maximum of PcS, (red curve in Figure
1c). A single-molecule fluorescence image obtained by raster
scanning the PcS,—PVA film inside the microcavity through
the excitation focus is presented in Figure 1d. In the 4/2
microcavity, the emission occurs in a ring area where the
molecular fluorescence matches the resonance condition of the
microcavity (Figure 1d).***”** Antibunching data obtained
from isolated fluorescent spots confirm that individual PcS,
molecules are observed inside the microcavity (Figures S1 and
S2a).

Figure 2a shows a simplified Jablonski diagram, where the
solid and dashed horizontal black lines represent the electronic
and vibrational energy levels of the molecule, respectively.
Single molecules are excited from the lowest vibrational level of
the electronic ground state (S,) into a higher vibrational
energy level of the first electronically excited state (S;).** The
radiative decay into a vibrational level of S, associated with the
emission of a fluorescence photon, is indicated by green arrows
with the rate constant k; which can be influenced by the
microcavity.

A representative time-correlated single-photon counting
decay for a molecule in a PVA matrix (blue line) and another
molecule in a PVA matrix enclosed in a resonant microcavity
(green line) is shown in Figure S2b. Single exponential fits to
the fluorescence decays give fluorescence lifetimes of 3.58 and
2.31 ns for these particular molecules embedded in a thin PVA
film in free space and inside a resonant microcavity,

respectively. The errors, ie., the width of the 95% margin for
both representative decays, are 0.04 ns. Figure 2b displays the
fluorescence lifetime distribution of n single PcS, molecules
embedded in PVA film (n = 74) in free space and inside the
resonant microcavity (n = 68). Average fluorescence lifetimes
are obtained by fitting the histograms with a normal
distribution function. For molecules embedded in PVA, the
average lifetime is 3.56 ns with a distribution width of 1.01 ns,
while inside the resonant microcavity, the average lifetime
decreases to 2.25 ns with a distribution width of 0.43 ns. The
widths of the single-molecule fluorescence lifetime distribu-
tions presented in Figure 2b are significantly larger than the
95% confidence intervals from fitting the decay curves. The
dielectric environment can have a significant influence on the
fluorescence lifetime distribution due to local fluctuations of
the refractive index.**** Hence, the width of the lifetime
distribution is not caused by statistical fluctuations, but reflects
the heterogeneity of the local environments.

An alternative pathway to radiative deactivation is the
intersystem crossing from S, to the long-lived triplet state T},
which gives rise to nonemissive dark (OFF) states, causing
intermittent fluorescence emission (blinking). Representative
fluorescence intensity time traces of single PcS, molecules are
shown in Figure S2c¢,d. For molecules embedded in PVA in
free space, the ON and OFF states appear with several long
OFF time periods (Figure S2c), while in the resonant
microcavity, the OFF states are not observed for extended
periods of time (Figure S2d). This shows qualitatively that the
reduction of the excited state lifetime by the microcavity has an
influence on the blinking dynamics of single PcS, molecules. A
measure of this change in the blinking dynamics is the ON

ratio K, which can be calculated from the intensity time
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times (t,;) of a molecule can be determined from such
intensity trajectories by defining a threshold, indicated by the
black dashed line in Figure S2c,d, as twice the background
signal for a molecule that is in the bright state. We have
calculated K, for a population of 102 PcS, molecules
embedded in the PVA matrix and 102 placed inside a 4/2
microcavity (Figure 2c). For the sample embedded in PVA in
free space, the average ON ratio is 23%, whereas for the
molecules placed inside the resonant microcavity, the average
ON ratio increases to 36%. This confirms that the microcavity
reduces the possibility of a molecule entering into the
nonfluorescent triplet state by decreasing the residence time
of the molecule in the S, state. Additionally, the reactivity of
the triplet state with atmospheric triplet oxygen (*0,) can lead
to permanent damage of the fluorophore (photobleaching) by
the creation of highly unstable species, such as singlet oxygen
('0,) or superoxide radical (O,7)."”*® The survival time,
which is defined as the total time before a single molecule
undergoes irreversible photobleaching, can also be influenced
by the microcavity. The survival time distributions for single
PcS, molecules embedded in PVA in free space (n = 102) and
placed inside a resonant microcavity (n = 102) are shown in
Figure 2d. Fitting the distributions with single exponential
decay functions gives mean survival times of 61.39 & 14.28 and
142.53 + 55.82 s for the molecules embedded in PVA in free
space and in the resonant cavity, respectively. The errors are
calculated by considering the 95% confidence interval of the
fitting parameter of the exponential decay function.

To unveil the relation between the fluorescence emission
changes due to the Purcell effect and the rate of the
tautomerization reaction, a series of consecutive fluorescence
images were recorded for single PcS, molecules embedded in a
PVA film (in free space) and inside the resonant cavity (Figure
3). For samples embedded in PVA, the molecules excited with
azimuthal polarization doughnut mode (APDM) have either a
ringlike or a double-lobe pattern shape. A ringlike pattern
shape indicates that multiple tautomerizations did occur during
the acquisition of the pattern, while a double-lobe pattern is
obtained for a fixed TDM, i.e., localization of the inner
hydrogens. For example, among the 11 single molecules
observed in the image shown in Figure 3a panel, (1) two single
molecules show ringlike patterns, as indicated by the white
rectangles, and nine show double-lobe patterns. More
examples are given in Figure S3. The molecule indicated by
the white arrow bleaches after one scan. The single molecules
marked with two-headed arrows show a sudden reorientation
of the double-lobe pattern in consecutive scans. Since the PcS,
molecules are embedded in a PVA matrix, molecular rotation
can be excluded and the reorientation of the double-lobe
pattern must be attributed to different directions of the TDM
of the same PcS, molecule due to tautomerization. Addition-
ally, the full three-dimensional (3D) orientation of the
molecules can be determined with the radially polarized
doughnut mode (RPDM), since it has both in-plane and
longitudinal polarization components and molecules excited
with the RPDM show both spotlike and double-lobe patterns
(Figure 3a, panel 4).°

The observed brightness of the individual image patterns
strongly depends on the orientation of the transition dipole
moment relative to the excitation field. For example, the
APDM is exclusively polarized in the sample plane, and

molecules lying in this plane will appear brightest, whereas any
tilt out of the image plane will reduce the excitation efficiency
and consequently the intensity of the detected signal. However,
in the case of the APDM, such a tilt does not have an influence
on the pattern shape but only on the intensity. The intensity
distribution of the electric field component in the focus of the
APDM and the RPDM is shown in Figure S4. Additionally, the
brightness of the individual images strongly depends on the
local environment surrounding the molecule. As shown in
Figure 2, the average fluorescence lifetime varies significantly
between the molecules, leading to a different number of
photons emitted within a certain time period. The observed
overlapping of the fluorescence patterns occurs due to
molecules being close to each other but still separated by
distances larger than the diffraction limit (>200 nm). The
fluorescence images display different characteristics; for
instance, the appearance of partial patterns. Incomplete
fluorescence patterns occur due to (i) transitions to a dark
state (usually causing stripes in the image pattern) and (ii)
photobleaching of the molecule.

Consecutive fluorescence images of single PcS, molecules
inside the resonant microcavity are shown in Figure 3b. All of
them show double-lobe patterns regardless of the excitation
mode, since focusing a laser beam into a microcavity changes
the field distribution with respect to the free space focus.
Khoptyar et al.*’ demonstrated that the in-plane components
of the RPDM and the APDM have their field intensity
maximum in the center of the cavity and zero intensity at the
cavity mirrors, while the longitudinal component of RPDM has
a maximum at the cavity mirrors and a minimum in the center
(see Figure S4). All measurements were conducted in the 4/2
region of the cavity and the molecules are located close to the
center of the cavity, hence they are only excited by the in-plane
component of both the RPDM and APDM, which results in a
double-lobe pattern for both excitation modes. In Figure 3b
(1), 13 single molecules can be observed and only one shows a
reorientation of the TDM.

A strict 90° rotation of the image pattern can only be
observed for molecules with a transition dipole moment
oriented strictly perpendicular to the optical axis of the
microscope, e.g., molecules lying flat on a glass substrate.® The
molecules in this work are randomly oriented within the
polymer layer, and any tilt of the transition dipole moment out
of the image plane alters the observed flipping angle. The
orientation of the image pattern acquired with the APDM
depends exclusively on the projection of the transition dipole
moment on the image plane. Hence, the observed flipping
angle will, in the majority of cases, deviate from 90°.
Consequently, we have observed 90° flipping only for a few
molecules; for instance, the molecule marked by the green
double arrow shown in Figure 3a.

For statistical analysis, the observed single-molecule patterns
are classified into three categories: double-lobe not flipped,
double-lobe flipped, and ringlike patterns. The histogram
presenting the relative contributions of these three pattern
shapes is shown in Figure 4. For PcS, molecules embedded in
PVA in free space, 22% from a population of 110 single
molecules exhibit a reorientation of the TDM. In 8% of the
molecules, a ringlike pattern is observed. On the other hand,
94% of single molecules (n = 110) inside a resonant
microcavity exhibit a stable TDM orientation, and only 6%
of the molecules show reorientation of the TDM during
consecutive scans. This confirms that the Purcell effect can be
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Figure 4. Comparing the occurrence of different fluorescence
excitation patterns associated with tautomerization of a fraction of
single molecules (n = 110) that show double-lobe and ringlike
patterns in free space (blue) and inside a resonant 4/2 microcavity

(green).

used to alter the tautomerization properties of single
molecules.

To understand the mechanisms responsible for reduced
tautomerization probability observed for phthalocyanine
molecules in a resonant optical microcavity, we start by
recalling the current knowledge about tautomerization in
structurally similar systems, porphyrins.'””'® In porphyrin, this
reaction occurs in the ground electronic state on the time scale
of tens of microseconds at room temperature.” The transfer is
stepwise: first, a single hydrogen transfer leads to a higher
energy cis tautomer, which then undergoes a second transfer,
either a back reaction to the initial trans form or a chemically
equivalent trans structure with two hydrogen atoms trans-
ferred. The trans—cis conversion involves tunneling from an
excited vibrational level, which can be populated by thermal
activation. Therefore, ground-state tautomerization stops at
low temperatures, practically below 100 K. However, even at
helium temperature, tautomerization can be induced using
light.so_52 The exact mechanism is still unknown; it has been
proposed that the process occurs from the lowest triplet
state,”” although the involvement of “vibrationally hot” ground
electronic state could not be excluded.

Structurally, phthalocyanines are similar to porphyr-
ins,>%>373° regarding the H-bond parameters, as can be
deduced from very similar values of the NH stretching
frequencies.”> Therefore, similar tautomerization mechanisms
can be expected, and the work of Strenalyuk et al.”* confirmed
this assumption. A comparative single-molecule spectroscopic
study of porphyrin and porphyrazine-like molecules indicates
that tautomerization occurs during vibronic relaxation in the
first electronically excited state, particularly in those cases
where fast tautomerization is locked due to the interaction with
the local environment.” This was also confirmed in a recent
study of single free-base phthalocyanine molecules by
combined STM-fluorescence methodology, the experiment
indicated that the excited state is involved in the tautomeriza-
tion path.’ Even though the authors did not specifically
mention which electronic state is involved, it seems that the
triplet route is the most plausible one. The quantum yield of
tautomerization (¢y,,.) occurring in the triplet state is given by
Praue = Pk Tr, where ¢y is the triplet formation yield, k, is the
tautomerization rate, and 7y is the triplet lifetime. The triplet
formation yield ¢ = kigc'7, does depend on the intersystem
crossing rate kigc and the singlet excited state lifetime 7,. As
discussed above, the lifetime 7, (Figure 2b) is reduced in the
resonant microcavity leading to a reduction of ¢y, which is

observed by a reduction of blinking and photobleaching
(Figure 2c,d). As a consequence, also tautomerization is less
likely, which is clearly observed in Figure 4. However, one may
wonder whether the decrease in the fluorescence lifetime by a
factor of 2 is sufficient to lower the tautomerization yield to the
extent observed in Figure 4. A reduction of 71 cannot be the
reason for a lower ¢,,,,, since it is not influenced by the cavity.
However, another possible source of a lower ¢, might be a
change in the tautomerization potential in the triplet state,
which would lead to a decrease of k,.

Another observation that should be explained is the apparent
lack of ground-state tautomerization for molecules in the
cavity. While the ground-state conversion should take place in
microseconds, it seems unlikely that the tautomerization rate
for the molecule in the ground state is affected by the optical
mode density in the microcavity. We note that in a single-
molecule fluorescence experiment, the molecule continuously
cycles between S, S;, and T. As soon as the molecule returns
to Sy, it is immediately excited again, which leaves no time for
ground-state tautomerization. Such a situation is completely
different from the case of molecular ensembles, where, for
usually applied concentration and excitation power, a molecule
absorbs, on average, about one photon per second. Therefore,
a single-molecule experiment is in fact probing tautomerization
in the longest-lived state, the triplet.

B CONCLUSIONS

Tautomerization is a reversible chemical reaction that may
result in chemically identical species and does not involve a
conformational change. Because of these intriguing properties,
tautomerization reactions have been proposed to act as
molecular switches. Thus, finding a “physical” method of
manipulating tautomerization, and other intramolecular
reactions, is crucial to design and control molecular
optoelectronics.'”'* Here, we have investigated the influence
of the Purcell effect on the tautomerization of single molecules
at room temperature by placing single PcS, molecules inside an
optical 1/2 microcavity. Molecules on resonance with the
microcavity mode have a shorter fluorescence lifetime, and the
excited singlet state is depopulated faster; as a consequence,
the transition rate to the triplet state is reduced. As a result, we
observed that the molecules in a resonant cavity stay locked in
a specific tautomeric form for a longer time since the lowest
triplet state is less frequently populated. This suggests that in
our single-molecule method, we probe tautomerization
reactions in the lowest triplet state. It is thus feasible that by
modulating the coupling between an individual molecule and a
cavity structure, the intramolecular reactions could be switched
on and off at will. Furthermore, our findings indicate that weak
coupling between the cavity mode and molecular transition can
be used to limit the damage of an excited molecule by reactive
oxygen and to steer excited-state photoinduced chemical
processes toward the desired direction.
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