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Single-molecule tautomerization tracking
through space- and time-resolved fluorescence

spectroscopy

Benjamin Doppagne’!, Tomas Neuman

Guillaume Schull®™

Tautomerization, the interconversion between two consti-
tutional molecular isomers, is ubiquitous in nature’, plays a
major role in chemistry? and is perceived as an ideal switch
function for emerging molecular-scale devices®. Within free-
base porphyrin®, porphycene® or phthalocyanine, this pro-
cess involves the concerted or sequential hopping of the two
inner hydrogen atoms between equivalent nitrogen sites of
the molecular cavity. Electronic and vibronic changes® that
result from this NH tautomerization, as well as details of
the switching mechanism, were extensively studied with
optical spectroscopies, even with single-molecule sensitiv-
ity’. The influence of atomic-scale variations of the molecu-
lar environment and submolecular spatial resolution of the
tautomerization could only be investigated using scanning
probe microscopes®®™", at the expense of detailed information
provided by optical spectroscopies. Here, we combine these
two approaches, scanning tunnelling microscopy (STM) and
fluorescence spectroscopy'”", to study the tautomerization
within individual free-base phthalocyanine (H,Pc) molecules
deposited on a NaCl-covered Ag(111) single-crystal surface.
STM-induced fluorescence (STM-F) spectra exhibit duplicate
features that we assign to the emission of the two molecu-
lar tautomers. We support this interpretation by comparing
hyper-resolved fluorescence maps>"*(HRFMs) of the dif-
ferent spectral contributions with simulations that account
for the interaction between molecular excitons and picocav-
ity plasmons™. We identify the orientation of the molecu-
lar optical dipoles, determine the vibronic fingerprint of the
tautomers and probe the influence of minute changes in their
atomic-scale environment. Time-correlated fluorescence
measurements allow us to monitor the tautomerization events
and to associate the proton dynamics to a switching two-level
system. Finally, optical spectra acquired with the tip located at
a nanometre-scale distance from the molecule show that the
tautomerization reaction occurs even when the tunnelling cur-
rent does not pass through the molecule. Together with other
observations, this remote excitation indicates that the excited
state of the molecule is involved in the tautomerization
reaction path.

A sketch of the experiment is given in Fig. la, which shows
the silver-covered tungsten tip of a cryogenic STM used to excite
the fluorescence of a single H,Pc molecule (Fig. 1b) deposited on
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Ag(111) covered by three layers of NaCl. A differential conductance
(dI/dV) spectrum (Fig. 1c) recorded on a H,Pc molecule reveals the
energy positions of the highest occupied and lowest unoccupied
molecular orbitals (Eyqyo=-2.5€V and E;;,,0~0.7eV (HOMO,
highest occupied molecular orbital; LUMO, lowest unoccupied
molecular orbital)). This assignment was confirmed by STM images
recorded at the energies of the two spectral contributions (Fig.
1d,e), which can be directly compared to density functional theory
calculations of the spatial projections of the HOMO and LUMO of
H,Pc (Supplementary Section 1). The LUMO may exhibit two simi-
lar twofold symmetry patterns (Fig. 1d), rotated by 90°, which can
be assigned” to the two different tautomers (Fig. 1b). For a given
molecule, a change of the pattern is often observed after a scan of
the molecule at a negative voltage. The HOMO, however, always
reveals the same fourfold symmetry image. STM-F spectra recorded
at a negative voltage (V=-2.5V) for three different positions (1, 2
and 3 in Fig. le) of the STM tip with respect to the H,Pc molecule
are displayed in Fig. 1f. The spectrum for position 1 (red line) shows
an intense emission peak at 1.80 eV, a weaker peak at 1.92eV and
a series of very weak vibronic features on the low energy side of
the main peaks. Based on a comparison with the literature®', the
peaks at 1.80eV and 1.92eV can be assigned to the two first opti-
cal transitions of the H,Pc molecule named Q, and Q,, respectively.
Q, and Q, correspond to transition dipole moments oriented along
and perpendicularly, respectively, to the two inner hydrogen atoms
of H,Pc. The spectrum acquired on the same molecule in position 3
(Fig. 1f) shows a very similar spectral structure, but with a 20meV
shift of the Q, peak to higher energies. Eventually, the spectrum for
position 2 acquired in-between two benzopyrrole units of the H,Pc
molecule shows that this shift results from a duplication of the main
spectral feature. Fluorescence spectra that exhibit a reduced energy
separation between the duplicated peaks or no separation at all were
also recorded for other H,Pc molecules. The presence or absence
of duplicate features in the spectra results from minute changes in
the environment of the H,Pc molecules caused by their adsorption
on different sites of the NaCl/Ag(111) Moiré pattern®' (details in
Supplementary Section 2).

To unveil a potential connection between the duplicate spectra
and the presence of two different tautomers, we acquired HRFMs
of the molecule. We recorded a grid of STM-F spectra following an
already developed approach'™~'®. A HRFM shows the spatial varia-
tion of the photon intensity associated with a given spectral feature
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Fig. 1| STM-F spectroscopy of individual H,Pc molecules. a, Sketch of the STM-induced emission experiment. b, Ball-and-stick model of the free-base
phthalocyanine (H,Pc) and zoom on the central part of the molecule to highlight the structure of the two tautomers. ¢, dI/dV spectrum acquired on a
single H,Pc adsorbed on three layers of NaCl on Ag(111). d,e, STM images (3x3nm? /=10 pA) acquired at V=0.55V (d) and V=-2.5V (e). Two patterns
tilted by 90° from each other can be observed in the image of a same molecule recorded at V=0.55V (d) and correspond to the two tautomers. f, STM-F
spectra acquired (V=-2.5V, =100 pA, acquisition time t=120s) for the STM tip located at the positions identified in e.
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Fig. 2 | Highly resolved fluorescence mapping of a single H,Pc molecule. a, STM-F spectrum (V=-2.5V, I=100 pA, acquisition time t=180's) acquired
at the position marked by a white disk in the current image (2.5x2.5nm? V=-2.5V) in the inset. b-k, The chemical structure of tautomers 1 (b) and 2
(c) from the associated HRFMs (d-g) (2.5 x 2.5nm?, acquired simultaneously with the current map in a, acquisition time t=50s pixel”, 30 x 30 pixels),
and from their related simulated maps for the main contributions (Q,;, Q,,, Q,, and Q ;) (h-k) identified in a. Photon energy integration intervals were
1.798 <hv<1.81eV (d), 1.972 < hv <1.981eV (e), 1.824 <hv<1.832eV (f) and 1.923 <hv <1.941eV (g).

with submolecular spatial resolution. The HRFMs were acquired
with a constant tip—sample separation (that is, open feedback loop)
to prevent distance-related artefacts and are normalized by the tun-
nelling current to have constant excitation intensities (Methods).
In Fig. 2b,c, we display the HRFMs of four light-emission contri-
butions, Q,;, Q. Q,; and Q,,, in the spectrum of Fig. 2a. All the
HRFMs show bright features on two opposite sides of the molecule

that are separated by a darker region. Superimposed on these bright
and dark regions, we also identify features that are reminiscent of
the HOMO pattern (Supplementary Section 1). In Fig. 2b,c, we also
display theoretical simulations of the HRFMs characteristic of the
Q, and Q, transition dipole moments of the H,Pc molecule. These
simulations estimate the current-normalized fluorescence inten-
sity for a given tip position by accounting for the product of the
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probability to drive the molecule in an excited state and the probabil-
ity for this excitation to decay radiatively (details in Supplementary
Section 3). Our simulations confirm that the excitation efficiency
is larger when electron tunnelling takes place through the HOMO.
This is in agreement with the increased fluorescence intensity
observed when the bias is driven to resonance with the HOMO of
the molecule'. This is also compatible with both the recent many-
body state description of the excitation mechanism proposed by
Miwa et al. that involves a charging step of the molecule by elec-
tron removal from the HOMO?¥, and an enhanced energy transfer
between a tunnelling electron and a molecular exciton'*'** that
would occur for voltages driven at resonance with the HOMO.
The radiative decay probability, however, is estimated by follow-
ing a method described in detail in Neuman et al.** by calculat-
ing the coupling strength between the picocavity plasmons'’, that
is, the electromagnetic modes confined to an atomic-scale volume
at the apex of the plasmonic tip, and the Q, and Q, transition dipole
moments of H,Pc. As observed previously'>'**, this coupling results
in an increased (attenuated) emission intensity for the tip localized
at the extremities (centre) of the molecular dipoles. In our case, the
extreme spatial localization of the field is responsible for the close to
atomic-scale spatial resolution in the fluorescence maps. The excel-
lent agreement between experimental and theoretical maps suggests
that two series of Q, and Q, contributions correspond to the two
tautomers of the H,Pc molecules.

To emit at different energies, the two tautomers, which are other-
wise equivalent, must experience slightly different environments®*.
This is confirmed by the substantially different Q,-Q, gaps of the
two tautomers. Although this gap is pretty close to that observed
in cryogenic matrices® for tautomer 2, it is much larger for tauto-
mer 1. This environment difference also affects the vibronic spectra
(spectra 1 (blue) and 3 (red) in Fig. 1f). A detailed comparison of
these vibronic fingerprints with a Raman spectrum obtained on a
macroscopic crystal of H,Pc (Supplementary Section 4) confirms
that tautomer 2 is weakly affected by its adsorption site, whereas
the geometry of tautomer 1 is probably strained. This interpreta-
tion is supported by time-dependent density functional theory cal-
culations of the H,Pc molecule that reveal similar variations of the
Q.-Q, gap for an artificial compression (tension) of 5% (10%) of the
molecule size along the Q, axis (Q, axis) (Supplementary Section 5).
This combined spatial and spectral optical approach allows us to
identify minute changes in the electronic structure and the geom-
etry of the two conformers that cannot be measured separately. The
NaCl/Ag(111) Moiré pattern (Supplementary Section 2) is probably
responsible for this small variation in the tautomer environments.

Assigning the spectral contributions to two different tautomers
also implies a fast switching of the molecule between these two con-
formations during the acquisition of the spectra and the HRFMs.
To track the tautomerization dynamics directly through the STM-F
spectra, we separated the collected light in two paths filtered at the
energies of the Q,; and Q,, contributions, respectively, and even-
tually funnelled to avalanche photodiodes (APDs) having a dead
time of ~100ns (Fig. 3a). In Fig. 3b, we display 200 ms of the time
traces of the Q,, and Q,, emission lines (Fig. 3c) recorded simulta-
neously with the tunnelling current. These traces reveal alternating
intense and weak emission periods for the two light contributions.
Besides, the two traces seem to be complementary, that is, Q,, is
intense when Q,, is weak and vice versa. Eventually, we note that
these variations match fluctuations observed in the tunnelling cur-
rent that could then be assigned to changes of the local conductance
for the two tautomers.

To confirm and quantify these observations, we follow a
fluorescence correlation spectroscopy approach” that was
recently used in combination with STM to characterize molec-
ular fluctuations®” and single-photon sources™’!. We dis-
play in Fig. 3d the second-order autocorrelation functions
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giiz)(r) = <1Qxi(T)IQxi(t+ 7))/ <IQxi(t)> 2 and the second-order cross-
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of the fluorescence intensity (IQ ) of the Q,, and Q,, contributions.

correlation function g(z)

The & @)(z)and g, (2)(1) functions allow us to estimate the probability

of observing successive photons” s ?arated by a time 7 on APD 1
and 2, respectively, whereas the g 2)(z) function characterizes the
probabﬂlty to detect a Q,, photon at a time 7 after the detection of

.. photon. For short time separatlons, the autocorrelation func-
t10ns reveal a bunched emission (g g, 2(z) > 1), whereas antibunch-
ing is evidenced in the cross- correlation function ( 1(22>(r) < 1). For

larger values of 7, an uncorrelated emission (g?(z) = 1) characterizes
both functions. Several conclusions may be drawn from these results.
The presence of antibunching in the g(z)(r) function confirms that
the Q,; and Q,, contributions belong {0 two configurations that do
not appear at the same time, which thus validates the hypothesis
of a switching between the two tautomeric forms. The bunching
observed in g, (2)(1) supports this interpretation and directly reflects
the presence of time laps during which the molecule remains in a
given tautomer. Moreover, we deduce from tip-position dependent
correlation measurements that the time spent by the molecule in
the tautomer 2 configuration is consistently longer than that in the
tautomer 1 configuration (Supplementary Section 6), which agrees
well with the more stable character of the tautomer 2 configuration.
The g(z) functions can be very well fitted with a single exponential
decay, g(z)(r) =1+ A exp(—kr) where k is the tautomer switching
frequency We show in Fig. 3e that the dependency of k with tun-
nelling current is slightly superlinear. This is somehow surprising
in the frame of the electron-activated process generally considered
in this case’. Besides, we see (Fig. 3¢) that the tautomerization rate
follows almost the same current dependency as the fluorescence
intensity. Interestingly, a similar correlation exists between the volt-
age dependencies of these two processes. Indeed, a reduction of the
switching rate is observed in current traces recorded at lower abso-
lute voltages (Fig. 4a), and is beyond detection for voltages >-1.7 V.
It is at this same voltage threshold that we start to observe (Fig. 4b)
the fluorescence of the molecule. This correlation may indicate an
activation mechanism in which the tautomerization reaction occurs
through an excitation/de-excitation cycle of the molecule. To pos-
sibly identify such an effect, we recorded fluorescence spectra for
the same voltage sequence (Fig. 4c), but with the tip located ~1.2nm
laterally away from the molecule (STM image in the inset of Fig. 4c).
In this configuration, it has been shown that the molecule can still
be driven to its excited state through energy transfer between the
tunnelling electron and the molecular exciton®>*>*?. In contrast,
processes directly activated by tunnelling electrons that traverse
the molecule, such as charging®, cannot occur. The data in Fig. 4c
show that both Q,, and Q,, contributions are observed in all the
spectra acquired with V< -1.8eV, which implies that the tautom-
erization occurs even in the absence of direct tunnelling through
the molecule. Together with the current (Fig. 3e) and voltage
(Fig. 4a) dependencies, this indicates an excited-state proton trans-
fer, similar to that deduced from laser-excitation experiments™. This
conclusion is further supported by similar data acquired on single
free-base naphthalocyanine molecules that have a lower optical gap
and consequently revealed a tautomerization onset at a lower volt-
age (Supplementary Section 7). As fluorescence information was
not available, this mechanism was not considered in previous tau-
tomerization experiments induced by STM**!%*>* (Supplementary
Section 7 gives a detailed discussion of the tautomerization mech-
anism). This mechanism may also be involved in other STM-
activated phenomena, such as diffusion, rotation, dissociation or
the switching of single molecules on the surface.

We used hyper-resolved fluorescence microscopy in combina-
tion with time-correlated measurements and spectral selection
to identify and characterize a tautomerization reaction within a
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Fig. 3 | Tautomerization dynamics revealed by spectrally filtered time-correlated fluorescence. a, Sketch of the time-resolved set-up. STM image of the
molecule (V=-2.5V,[=10pA, 3.5x3.5nm?). b, Time traces of the signal recorded simultaneously on APD1and APD2, which correspond to the Q,, and Q,,
contributions, respectively, and of the tunnel current (V=-2.5V). The tip position is indicated by a dot in the STM image in a. ¢, For this position of the tip,
STM-F spectra display intense Q,, and Q,, contributions. d, Second-order autocorrelation (gl.(,.Z)) and cross-correlation function (gi@) of the signal measured
by the APDs. e, Plot of the switching rate k as deduced from fits of the g functions and of the light intensity (for V=-2.5V) as a function of the tunnelling
current. Errors are estimated by accounting for the standard deviation of the averaged light intensity in the bright and dark states of the APD1and APD2
time traces and the error on the linear fit applied to the correlation functions in a logarithmic scale. BP, bandpass; UHV, ultrahigh vacuum.
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Fig. 4 | Excited-state mediated tautomerization reaction. a-¢, Current-time traces (initial setpoint /=10 pA) (a) and STM-F spectra (/=10 pA (b) and
/=600 pA (c)) as a function of V. Current traces and spectra are vertically offset for clarity. The position of the tip in a and b is marked by a dot in the STM
image (V=-25V, I=10pA, 4x4nm?) in the inset of b (the tip position is similarly shown in the inset of ¢).

prototypical single-molecule switch. We obtained detailed infor-  atoms within the molecule and on the activation mechanism of the
mation on the interaction of the molecule and the substrate in the  reaction in the STM junction. We believe that the unravelled reac-
two tautomeric conformations, on the dynamics of the hydrogen tion path, which involves the excited state of the molecule, may also
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play an important role in several other STM-activated experiments
for which it has not been considered. Moreover, by developing a
simulation method that accounts for both the excitation and de-
excitation probabilities in a STM-F experiment, in which molecu-
lar switches are shown to modulate only the current traversing a
nanoscale circuit, we demonstrate that a molecular optoelectronic
element can also be used to activate an optical signal.
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Methods

The experiments were performed with a low-temperature (4.5K) Omicron STM
operating under a ultrahigh vacuum. The microscope was complemented with an
optical set-up capable of detecting the light emitted at the tip-sample junction. The
emitted photons were collected with a lens located in the vacuum chamber at 4.5K
and then transferred out of the chamber. To characterize the spectral dependency of
the emitted light and the HREMs, the light was focused on an optical fibre that was
connected to a spectrograph coupled to a charge-coupled device camera. Two optical
gratings of 300 and 1,200 grooves were used, which resulted in spectral resolutions of
~0.7nm (spectra in Figs. 1-4 and Supplementary Figs. 6, 11, 12 and 13) and 0.2nm
(spectra of Supplementary Figs. 2 and 3) respectively. The details of the optical
set-up are described in the Supplemental Material of Chong et al."*. For the time-
resolved measurements (Fig. 3a) the photon stream was divided into two lines by a
50/50 splitter, filtered using bandpass filters (bandwidth of 10 nm centred at 676 and
690 nm) and eventually focused on two APDs (Excelitas SPCM-AGRH-FC). The
STM tips were prepared from electrochemically etched tungsten wire. In situ, they
were prepared by Ar* sputtering and annealing. The tips were eventually indented

in the sample to cover them with a thin silver layer to optimize their plasmonic
response. The Ag(111) substrates were cleaned by several sputtering and annealing
cycles. NaCl was evaporated on the Ag(111) sample, which was held at around 300K.
The molecules were deposited on the sample at a low temperature (~10K) from a
powder placed in a quartz crucible. The Raman spectra (Supplementary

Fig. 6b) were acquired at resonance on a H,Pc crystal at room temperature and in air
(excitation wavelength, 632.8 nm). HREMs were generated by scanning the targeted
molecule with the STM tip while recording a STM-F spectrum for each tip position
(that is, pixel of the map). The tip-molecule separation was kept constant during

the acquisition (open feedback loop) to prevent any distance-related artefacts. To
compensate for drifts of the tip during the long acquisition of the HRFMs, the (x,y,2)
position of the tip was corrected using an ‘atom-tracking’ procedure between the
acquisition of each pixel, similarly to the procedure developed in Kawai et al.””.

The next step consists of choosing the photon energy windows that correspond

to the spectral feature of interest, namely, Q,,;, Qo, Q,; and Q,,, to generate the
corresponding photon intensity maps. By this method, all the HRFMs were recorded
simultaneously in a single experimental run and readily compared. Eventually,

the photon intensity maps were normalized by the STM current map recorded
simultaneously. Indeed, as the tunnelling current acts in this experiment as an
excitation source and as the current varies as a function of tip position, normalizing
for each pixel the photon intensity by the corresponding tunnelling current allows us
to generate maps with a constant excitation source intensity.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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V=-25V V=+0.55V

Extended Data Fig. 1| Experimental and DFT calculated images of the HOMO and LUMO of H,Pc. a) Chemical structure of free-base phthalocyanine
(H,Pc). DFT calculations (see S5 for details) of the HOMO (b) and LUMO (c) of H,Pc, and experimental STM images (d, e, 3x 3 nmz, I =10 pA) of the
same molecular orbitals. This figure corresponds to Fig. S1 of the Supplementary Information.
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Extended Data Fig. 2 | Spectral split and adsorption site of H,Pc on NaCl. STM-F spectra acquired at V = _2.5V, I = 200 pA, acquisition time t =300 s
for the three different H,Pc molecules. The spectrum labeled type 1is similar to the one reported in'*. STM images (20 x 14.2 nmz, V =_2.5V) of the three
type of H,Pc molecules with (b) a silver terminated tip and (¢) a CO terminated tip. The blue lines in (c) are aligned with chlorine atomic rows. This figure
corresponds to Fig. S2 of the Supplementary Information.
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Extended Data Fig. 3 | Effect of the NaCl/Ag(111) Moiré pattern on the electronic and fluorescent properties of adsorbed H,Pc molecules. a) STM

image (20 x 20 m2V =_2.5V) of four H,Pc molecules. The position of the atomically resolved STM image in inset (10 x 10 nm?, V = 100 mV) has

been precisely adjusted with respect to the larger STM image. (b) STM-F spectra acquired at V =_2.5V,/ = 200 pA, acquisition time t =120 s on the 4
molecules imaged in (a). (¢) dl//dV spectra acquired on the four molecules imaged in (a). (d) Same STM image as in (a) with an overlaid superstructure of
gray lines that follow the linear Moiré pattern. This figure corresponds to Fig. S3 of the Supplementary Information.
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Extended Data Fig. 4 | Calculated photon maps as a function of tip height and tunneling current background. (a) Local density of states of the HOMO
of the H,Pc molecule, (b,c) LDOS of the HOMO for larger distances z > z, from the plane of the molecule (defined by z = 0) propagated until z;= z, + 0.
2nmin (b) and z, =z + 0.5 nm in (c). (d-i) Show normalized photon maps [as given by Eq. (58)] using the LDOS given in (¢) for different values of the
background current Iy (specified via C) for (d-f) Q,, and (g-i) Q, respectively. The maps (d) and (g) calculated assuming C.¢ = O are maps of |gQ |2
as the pumping efficiency Ny (r) is identically equal to one in this case. When C4# O, i.e., a background is considered, the originally smooth broad lobes
of the exciton immediately split into smaller lobes as seen in (e, f, h, i). This splitting emerges for C as small as 0.01 [as shown in (e, h)]. This figure
corresponds to Fig. S4 of the Supplementary Information.
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Extended Data Fig. 5 | Vibronic signature of the two tautomers. Vibronic signature of the two tautomers probed by STM-F. We recorded the vibronic
spectrum'® associated to each tautomer. To this end we excited the molecule with the tip located at positions marked by blue and red dots in (a), resulting
in the preferential emission of one or the other of the tautomers. The obtained vibronic spectra (b) can be understood as fingerprints of the molecule in a
given environment'®. As a reference, we also provide a Raman spectrum obtained on a macroscopic crystal of H,Pc molecules. The vibronic spectrum of
tautomer 2 and the Raman spectrum are extremely similar suggesting that tautomer 2 is weakly affected by its adsorption site. The spectrum of tautomer
1, however, reveals important differences, that can hardly be reconciled with the sole modification of the electronic structure of the molecule, but rather
indicates modifications of its geometry. This figure corresponds to Fig. S6 of the Supplementary Information.
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Extended Data Fig. 6 | Ratio of the time spent in each tautomer as a function of tip position. Ratio « = 7,/r; of the time spent by the molecule in tautomer
2 and tautomer 1 configurations as a function of the tip position. (@) STM image of the molecule (V = _2.5V; /=10 pA). (b) Chemical structure of the
two tautomers. (¢) Ratio a of the time spent by the molecule in tautomer 2 and tautomer 1 configurations for the different tip positions marked in (a).
These values are determined based on 5 s long photon traces recorded simultaneously on APD1and APD2 at a tunneling current / =100 pA and a bias

V =_2.5V following the procedure described in?’. Except for position 7, the molecule spends always a longer time in the most stable tautomer 2
configuration. The error bars are estimated by accounting for the standard deviation of the averaged light intensity in the bright and dark states of the
APD1and APD2 time traces and the error on the linear fit applied to the correlation functions in logarithmic scale. This figure corresponds to Fig. S9 of the
Supplementary Information.
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Extended Data Fig. 7 | Electronic and STM-F data on free-base Naphthalocyanine. a) Sketch of the naphthalocyanine molecule (H,Nc). (b) di/dV
spectrum acquired on a single molecule adsorbed on 3 layers of NaCl on Ag(111). Inset : STM images (3.5% 3.5 nm?) of the HOMO (V = _1.9 V; | =10 pA)
and LUMO (V =0.7 V;1 =10 pA). (¢) STM-F spectra (V =_2.2 V; I =50 pA; acquisition time : t =180 s) acquired with the STM tip located at the
positions identified in (b). This figure corresponds to Fig. S11 of Supplementary Information.
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Extended Data Fig. 8 | H,Pc vs N,Pc tautomerization onset. (a) Comparison between STM-F spectrum of H,Pc (top spectrum:V =_2.5V; /=100 pA;
acquisition time t =120 s) and H,Nc (bottom spectrum : V =-2.2 V; I = 50 pA; acquisition time t =180 s). (b, ¢) At-distance (=1.2 nm) STM-F spectra as
a function of voltage for H,Pc and H,Nc (I = 600 pA; acquisition time t =180 s). A vertical offset is used for clarity. (d, @) Current-time traces (vertically
offset for clarity) as a function of voltage for H,Pc and H,Nc. An initial setpoint of | =10 pA is used for all traces. The tautomerization voltage onset is
very close to the optical gap in both cases, supporting an excited-state mediated tautomerization mechanism. This figure corresponds to Fig. S12 of the
Supplementary Information.
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