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ABSTRACT: Molecular switches are of fundamental impor-

tance in nature, and light is an important stimulus to selectively o N

. . . . 3 \'4
drive the switching process. However, the local dynamics of a & o ’ g
conformational change in these molecules remain far from & kT

being completely understood at the single-molecule level.
Here, we report the direct observation of photoinduced
tautomerization in single porphycene molecules on a Cu(111) surface by using a combination of low-temperature scanning
tunneling microscopy and laser excitation in the near-infrared to ultraviolet regime. It is found that the thermodynamically stable
trans configuration of porphycene can be converted to the metastable cis configuration in a unidirectional fashion by
photoirradiation. The wavelength dependence of the tautomerization cross section exhibits a steep increase around 2 eV and
demonstrates that excitation of the Cu d-band electrons and the resulting hot carriers play a dominant role in the photochemical
process. Additionally, a pronounced isotope effect in the cross section (~100) is observed when the transferred hydrogen atoms
are substituted with deuterium, indicating a significant contribution of zero-point energy in the reaction. Combined with the
study of inelastic tunneling electron-induced tautomerization with the STM, we propose that tautomerization occurs via
excitation of molecular vibrations after photoexcitation. Interestingly, the observed cross section of ~107'? cm” in the visible—
ultraviolet region is much higher than that of previously studied molecular switches on a metal surface, for example, azobenzene
derivatives (107*~107** cm?). Furthermore, we examined a local environmental impact on the photoinduced tautomerization by
varying molecular density on the surface and find substantial changes in the cross section and quenching of the process due to the
intermolecular interaction at high density.
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olecular switches are involved in a variety of chemical

Mand biological processes, whose conformation and
properties can be changed reversibly with external stimuli.'
Photoexcitation is a common way to selectively drive the
process whereby the reaction products, which may differ from
those obtained by thermal activation, can be controlled by the
excitation wavelength. Many types of photoactive molecular
switches have been developed, motivated by their promising
potential for future applications. Modification of surfaces with
switching molecules is one application possibility, leading to
“functional surfaces” that can change the morphology and
functionality in response to light” However, the carefully
designed function of a molecule may be easily changed or, in
the worst case, even completely disabled by the local
environment, such as molecule—molecule and molecule—
surface interactions. Recently, several classes of photoswitch-
able molecules have been investigated on various surfaces under
ultrahigh vacuum conditions and the switching of individual
molecules has been directly observed by using low-temperature
scanning tunneling microscopy (STM).>~"* These studies have
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revealed the significant influence from coupling of the molecule
to the surface and/or to the adjacent molecules on the
switching behavior. This may cause a serious problem; for
instance, the isomerization cross section of self-assembled
azobenzene derivatives on a metal surface (~107*—1072*
cm?)™'* is much lower compared to that in solution
(~107=107"® cm?). Furthermore, on a metal surface, the
lifetime of excited states is extremely short (on the order of
femtoseconds'”'®) due to rapid relaxation to the substrate,
which also inhibits photochemical reactions.'”'” Accordingly,
molecular switching that occurs at high efficiency remains a
critical issue in the field.

An intriguing model of molecular switching is provided by
tautomerization in porphyrin and phthalocyanine derivatives.
These molecules have recently gained more attention in the
field of nanoscience because of their wide variety of
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Figure 1. (ab) STM images of a single porphycene molecule in the trans and cis configuration on Cu(111) at 5 K (size: 1.75 X 1.75 nm?, V};,, = 0.1
V, I, = 0.1 nA). The chemical structures are displayed next to the image. The white lines in the image represent the high-symmetry axes of the
surface. (c) Large-scale STM image after molecular deposition (size: 25 X 25 nm?, Vi, = 0.05 V, I, = 0.05 nA). (d) The same area as (c) after
irradiation with a 405 nm diode laser (CW, 2.7 mW) for 2 min. The switched molecules are marked by white circles. The STM tip was retracted by

~2 pm from the surface during irradiation.

functionalities and self-assembly capabilities.'® Tautomerization
of adsorbed naphthalocyanine,'” tetraphenylporphyrin,” and
porphycene molecules” ~** has been investigated by using a
low-temperature STM. These studies have demonstrated
single-molecule switching by inelastic tunneling electrons or
by thermal activation. Furthermore, the tautomerization
process has been controlled by modifying the atomic
environment using STM manipulation.zz’23 However, the
STM-induced excitation is extremely localized, that is, within
a single molecule or to a regime within tens of nanometers
from the tip for a nonlocal process'*** and cannot be used for
collective transformation of functionalized molecules. In this
Letter, we present the first direct observation of photoinduced
tautomerization in single porphycene molecules on the
Cu(111) surface at 5 K.

Porphycene, a structural isomer of free-base porphyrin, is a
unique model of tautomerization.” Unlike free-base porphyrin,
porphycene has relatively strong H bonds within the molecular
cavity,26 resulting in distinctive tautomerization behavior, for
example, a very fast tautomerization rate via quantum
tunneling.”” Additionally, better photochemical properties of
porphycene in the visible region, such as higher absorption
coefficients than porphyrin, may be advantageous to a
photoinduced reaction.”® Photoinduced tautomerization of
porphycene has been studied by using polarized fluorescence
spectroscopy that allows to monitor tautomerization even in a
single molecule through the change of the transition dipole
moment.””* In theory, porphycene has three different two-fold
degenerate tautomers, defined by the position of the inner H
atoms (see Supporting Information, Figure S1). Although the
trans configuration is most stable in the isolated molecule, our
previous studies have revealed that the relative stability of
tautomers depends on the underlying surface (specifically the
interaction between the non-hydrogenated N atoms within the
molecule and the surface).”””® On Cu(111), the trans
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configuration (Figure 1a) is found to be the thermodynamically
stable state, however, the trans molecule can be converted to
the metastable cis(-1) configuration (Figure 1b) by inelastic
tunneling electrons in the STM.>

Here we demonstrate that the trans porphycene molecules
can also be converted to the cis configuration in a unidirec-
tional fashion by photoirradiation. Figure 1c shows a large-scale
STM image of porphycene molecules on Cu(111) at S K. After
deposition at room temperature, all molecules were found in
the trans configuration on the clean terraces and were
homogeneously distributed over the surface without aggregat-
ing into molecular clusters or islands. Figure 1d shows the same
surface area as in Figure lc but after exposure to a 405 nm laser,
where many molecules were converted to the cis configuration.
Importantly, no tautomerization was ever observed without
light and below a bias voltage (Vi) of 150 mV. All cis
molecules can be switched back to the trans configuration by
heating the surface above ~35 K. It should be noted that the
reversible cis <> cis tautomerization was also induced by
photoirradiation, but no cis — trans and trans < trans
conversion was observed. In the following, we focus on the
unidirectional trans — cis process.

The elementary excitation of photochemical processes on
metal surfaces have been classified into direct absorption and
substrate-mediated indirect mechanisms.’’~>* In order to
clarify the excitation mechanism behind the photoinduced
tautomerization, we investigated the wavelength, power and
polarization dependence of its cross section. Figure 2a shows
the fraction of trans and cis molecules (Ni,/s) with respect to
the total number of molecules (N,,.,;) as a function of the dosed
photon number at 405 nm excitation wavelength. The

. N,
evolution of =% follows a first-order process, and the cross

total

section of the trans — cis tautomerization (6,_,.) is determined
by fitting the data to the rate equation
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Figure 2. (a) Ng/N,, (left axis) and Ni,,/N,, (right axis) as a
function of ny, at 405 nm excitation wavelength (Niota; more than
1000 were counted for each data point). The dashed curves represent
the best fitted result to eq 1. The inset shows the incident power

dependence of the normalized o, at 446 nm (purple) and 405 nm
(blue) excitation wavelengths. (b) ln(%> versus n,, plot at various
tot

excitation wavelengths with p-polarization. The dashed lines represent
the best fitted result to eq 1. (c) Wavelength (photon energy)
dependence of o,_,. measured with p- (red squares) and s-polarized
light (blue squares). The geometry of the incident beam and the
surface is illustrated in the upper left. The red arrows indicate the peak
positions for p-polarization (those are absent in s-polarization). The
dashed lines represent the best fitted result to eq 2. These data were
obtained at a molecular density of 0.08—0.10 nm™>
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where n,, is the number of dosed photons per square
centimeter. In the inset of Figure 2a, the normalized o, is
plotted as a function of the incident laser power (P) at 405 and
446 nm excitation wavelengths. It is clear that o, remains
constant with increasing power, thus indicating a linear power

dependence of the tautomerization rate. Figure 2b shows

Nais . o
ln(—) versus 7y, plot at various excitation wavelengths. For

total

N

all examined wavelengths, the evolution of follows eq 1 and

total
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ends up at a saturation of ~100%, proving the absence of the
photoinduced backward cis — trans tautomerization.

Figure 2c displays the wavelength dependence of o,
measured with p- and s-polarized light. For both polarizations,
a steep increase is observed at a photon energy of ~2 eV, but
0. for p-polarization is about twice as large as for s-
polarization. The onset energy of 2 eV matches the energy of
the Cu d-band edge, suggesting a substrate-mediated indirect
excitation mechanism.” Hence, we attempted approximating
the observed wavelength dependence of o, using a simple
model that estimates the total number of hot carriers (INj,.)
generated in the substrate through photon absorption,”” given

by

o
Ny = phAp(S){l — exp(—B)}

where N is the number of photons, A the absorbance of
bulk Cu at an incident angle of 65° for p- and s-polarized light,
D the penetration depth of a photon into the Cu substrate, and
0 the cutoft distance from which hot carriers can travel to the
surface.”® The dashed curves in Figure 2c represent the best
fitted results, which qualitatively reproduce the general features
of the experimental data; the fitted curve agrees rather well for
s-polarization. Therefore, we concluded that the excitation
process is dominated by an indirect mechanism mediated by
hot carriers generated in the substrate. However, the agreement
for p-polarization is not as good as for s-polarization, which
may be due to narrow and broad peaks around 2.8 and 3.3—4.0
eV in the experimental data (indicated by the red arrows in
Figure 2c). This deviation for p-polarization might be attributed
to a minor contribution from direct photon absorption by the
molecule—substrate complex.”” Porphycene is known to exhibit
intense Q_and Soret bands around 1.9—2.4 and 3.2—3.8 eV,
respectively, and also a very weak transition around 2.8—3.0
eV.”® Hence, photons within these energy ranges could induce
the direct excitation of the complex state. In this case, the
observed differences between p- and s-polarization may be
rationalized by the direction of the transition dipole moment
and the relevant orbitals of the molecule—substrate complex.”’

Interestingly, the tautomerization cross section of porphy-
cene in the visible—UV regime is much higher than that the
other switching molecules observed on metal surfaces so far, for
example, 1072—107%* cm? for azobenzene derivatives.”'* This
stark difference in the cross section is most likely due to the
smaller activation barrier of tautomerization in porphycene, as
the trans — cis tautomerization can be induced by STM with a
threshold voltage of 170 mV (Figure 3b), compared to that of
isomerization of azobenzene derivatives, as calculated to be
1.5-2.0 eV.*"*

For further insight into the tautomerization process after
photoexcitation, we investigated deuterated porphycene mole-
cules in which the inner H atoms were substituted by
deuterium (see inset of Figure 3a). Figure 3a shows an

ln< N
N,

total

h- and d-porphycene. o, is determined to be 1.3(+0.1) X
107" and 1.3(+0.2) x 107*' cm® for h- and d-porphycene,
respectively, hence revealing a remarkably strong isotope effect
(~100). Note that the tautomerization rate of d-porphycene
also shows a linear dependence on the incident laser power.

To identify the origin of the pronounced isotope effect, we
investigated the STM-induced tautomerization (via an inelastic

)

) vs n, plot for light exposure at 532 nm, measured for
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Figure 3. (a) ln<l

wavelength measured for h- and d-porphycene. The dashed lines
represent the best fitted result to eq 1. (b) Voltage dependence of the
STM-induced trans — cis tautomerization yield measured for h- (red
circles) and d-porphycene (blue circles). (c) Current dependence of
the STM-induced trans — cis tautomerization rate measured at V,;,, =
—250 and —230 mV for h- and d-porphycene, respectively. The
experimental data were fitted to the power law (R o IV). These data
were obtained at a molecular density of 0.08—0.10 nm™2

electron tunneling process), which would be correlated with the
photochemical reaction mediated by hot carriers. Figure 3b
shows the voltage dependence of the trans — cis tautomeriza-
tion yield measured for h- and d-porphycene. The observed
threshold voltage of 170 mV is identical for both h- and d-
porphycene, but the latter yield is smaller by about 2 orders of
magnitude (100—360). Furthermore, the yield of d-porphycene
shows a second steep increase with the onset voltage of ~260
mV, which nicely matches the energy of the N—D stretch.”’

The threshold energy of ~170 meV is assoc1ated with low-
frequency skeletal motions of porphycene.”" Figure 3c shows
the current dependence of the trans — cis tautomerization rate
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for h- and d-porphycene measured at Vi, = —250 and —230
mV, respectively, thus below the N—H(D) stretch excitation.
An inelastic tunneling electron-induced adsorbate reaction
follows the power law R o I" where R is the reaction rate, I is
the tunneling current, and N is the reaction order.®
Interestingly, the rates exhibit a nonlinear dependence on the
current for d-porphycene, in contrast to a linear dependence for
h-porphycene,™ and N is found to be ~2 for d-porphycene,*
indicating that tautomerization occurs via a two-electron
process. This result indicates that tautomerization of d-
porphycene requires more vibrational quanta of the skeletal
mode than for h-porphycene, which is the reason why the
tautomerization yield of d-porphycene is much lower than that
of h-porphycene because such a multiple excitation is a less
likely event. It should be noted that no backward cis — trans
tautomerization was ever observed also in the STM-induced
process.

Figure 4 summarizes the proposed mechanism of the
photoinduced trans — cis tautomerization of porphycene on
Cu(111). Figure 4a illustrates the energy diagram of
porphycene and the Cu substrate. The molecule couples with
the substrate and is expected to form molecule-induced states
near the Fermi level. Because the tautomeric state is not stable
(stationary) in a wide voltage range, we were unfortunately not
able to measure scanning tunneling spectroscopy to character-
ize the electronic state of adsorbed porphycene. However, the
long-range repulsive interaction between molecules, which is
inferred from the adsorption behavior (Figure 1c), implies a
charge transfer from the substrate to the molecule and (partial)
filling of the lowest unoccupied molecular orbital near the
Fermi level, as observed in free-base porphyrin on Ag(111).*
Incoming photons are predominantly absorbed by the substrate
and the hot carrier generation rate drastically increases above 2
eV because such photons can excite the high-density d-band
electrons (I in Figure 4a). The generated hot carriers then
attach to the molecule (II(e”) or II(h*) in Figure 4a), leading
to a short-lived ionic state that subsequently returns to the
neutral state by relaxation to the substrate (III in Figure 4). The
attached carrier type and the involved orbitals are of
fundamental importance in the process.”” The hole attachment
mechanism has been identified as a dominant process for
switching of azobenzene derivatives on Au'* and Cu*® surfaces
when the d-band electrons are excited. This has been justified
by the Ionger lifetime of hot holes than that of hot
electrons.” Additionally, with the photon energy close to
the onset energy (~2 eV), hot electrons from the d-band edge
should have a relatively low energy (a few hundred
millielectronvolts), thus the amount of energy that is
transferred to the adsorbate would be very limited. However,
the threshold voltage of the trans — cis tautomerization was
only ~170 meV in the STM-induced process (Figure 3b),
suggesting that attachment of such low-energy electrons could
also be an effective process in the present case. Accordingly, an
unambiguous assignment of the carrier type and relevant
orbitals remains an open question at this stage. This requires
detailed understanding of the carrier dynamics and further
insight could be provided by ultrafast spectroscopic studies like
two-photon photoemission spectroscopy.

Figure 4b,c depicts a schematic energy diagram of the
tautomerization process after photoexcitation. In the ground
state (Sy; {v} = 0 where v represents vibrational quanta), the
trans configuration is thermodynamically stable, whereas the cis
configuration is metastable. These states are separated by the
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lines represent the best fitted results to eq 1. o,_, is determined to be 9.8 (£0.2) X 107%, 1.34 (+0.04) X 107", 1.37 (£0.05) x 107", 1.22 (£0.04)
x 107" and 3.43 (£0.08) X 1072 at 0.03, 0.08, 0.14, 0.23, and 0.61 nm™?, respectively. The inset shows typical STM images at a molecular density of
0.03 and 0.61 nm ™2

activation barrier that cannot be overcome at S K (gray curve in
Figure 4c). Upon the hot electron or hole attachment, the
transition from the ground state to the ionic state (S*) takes
place. This transition is likely to occur so swiftly that nuclear
motion is negligible during the excitation, thus following the
Frack—Condon principle (solid arrow in Figure 4b). Sub-
sequently, the ionic state is relaxed in a short time (dashed
arrow in Figure 4b) via intramolecular vibrational relaxation,
surface phonon and electron—hole pair excitation. The
transient ionic state causes the electronic redistribution in the
molecule, and the nuclear motion (molecular vibration) would
follow this change (IV in Figure 4b) in the same manner as an
inelastic electron tunneling process.’> For porphycene,
fluorescence spectroscopy has revealed that the Frank—Condon
transition accompanies the progression of the low-frequency
skeletal modes.”®™® As discussed in the STM-induced process
(Figure 3b), these vibration modes are associated with the trans

1038

— cis tautomerization on Cu(111). It is also known that a
specific skeletal mode couples with the tautomerization
coordinate and promotes the reaction through reduction of
its activation barrier.”” ® Additionally, a comparable isotope
effect (2 orders of magnitude) between the cross section
(Figure 3a) and the yield of the inelastic electron-induced
process (Figure 3b; below the N—D stretching energy) for h-
and d-porphycene strongly suggests a crucial role of the skeletal
mode excitation in the photoinduced process. In this case, the
larger number of the vibrational quanta required for
tautomerization in d-porphycene than for h-porphycene,
which is proven by the current dependence of the STM-
induced tautomerization rate (Figure 3c), could be attributed to
their distinct zero-point energy in the reaction coordinate (as
depicted by dashed lines in Figure 4c). Furthermore, the
absence of the backward cis — trans tautomerization might
imply that the cis configuration becomes more stable in the
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vibrationally excited state due to the modulation of the
potential energy landscape.

Finally, we demonstrate the local environmental impact on
the photoinduced tautomerization. Figure 5a shows an STM
image of porphycene molecules adjacent to intrinsic surface
defects. As highlighted by the red circle, some of the molecules
never switched, even after sufficiently long irradiation by which
all of the other molecules on the clean terrace have reacted. In
order to examine such a local environmental impact more
systematically, we investigated tautomerization dynamics by
varying molecular density (Figure Sb). At low densities (0.03—
0.23 nm™2), the molecules are well-separated from each other,
and the reaction follows a first-order process. The cross section
was determined to be 9.8 (+0.2) X 1072, 1.34 (+0.04) X
107", 1.37 (£0.05) X 107", and 1.22 (+0.04) X 107" at 0.03,
0.08, 0.14, and 0.23 nm™?, respectively, for 532 nm excitation
wavelength; thus the cross section appears to be slightly lower
at 0.03 nm™? (the difference is larger than the systematic error
of ~10%, see Supporting Information). A negligible difference
for molecular densities at 0.08—0.23 nm™? suggests that a long-
range intermolecular interaction (e.g, dipole—dipole inter-
action) does not affect the tautomerization process in these
regimes. However, the surface state of Cu(111) is expected to
be influenced by molecular adsorption above a molecular
density of ~0.08 nm™2, as shown in our previous study.”> This
may cause changes in an optical absorption property of the
substrate and/or hot carrier dynamics and consequently the
subtle difference in the tautomerization cross section between
0.03 and 0.08—0.23 nm™2. On the other hand, the cross section
substantially decreased at a higher molecular density (0.61
nm™2), and the experimental data clearly deviated from a first-
order process. Additionally, not all of the molecules were
converted to the cis configuration, no matter how long they
were subjected to irradiation. At this density, the intermolecular
distances become much smaller and some of the molecules are
in contact with each other as can be seen in the inset STM
image of Figure Sb. In this situation, molecule—molecule
interactions would play a critical role. Furthermore, the lack of a
highly ordered molecular arrangement may cause subtly
different local interactions and consequently different tautome-
rization behavior from molecule to molecule. This could be the
reason why the evolution deviates from a first-order process.
Additionally, the presence of unreacted molecules indicates
quenching of tautomerization due to the intermolecular
interaction.

In summary, we directly observed the photoinduced
tautomerization of single porphycene molecules on the
Cu(111) surface at S K by using a combination of the STM
and laser excitation. It was found that the thermodynamically
stable trans configuration can be unidirectionally converted to
the metastable cis configuration by photoirradiation. The cross
section exhibits a steep increase around 2 eV in the wavelength
dependence and we demonstrated that the excitation process is
governed by a substrate-mediated indirect mechanism.
Combined with the voltage and current dependence of the
inelastic tunneling electron-induced tautomerization with the
STM, we proposed that the reaction occurs via vibrational
excitation of skeletal modes after hot carrier attachment to the
molecule and its relaxation. Furthermore, a pronounced isotope
effect (~100) in the cross section pointed out a significant
contribution from the zero-point energy in the reaction
coordinate. Moreover, we demonstrated that the interaction
between neighboring molecules or between a molecule and
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intrinsic surface defects can strongly affect the tautomerization
process. The observed cross section of ~107" cm® in the
visible—ultraviolet range was much higher than that of any
other switching molecule on a metal surface observed so far.
This efficient switching will open up the possibility of utilizing a
photoactive molecular switch directly on metal electrodes.

Methods. All experiments were performed in an ultrahigh
vacuum chamber (base pressure of <107'° mbar), equipped
with a low-temperature STM (modified Omicron instrument
with Nanonis Electronics). STM measurements were carried
out at 5 K and all images were acquired in the constant-current
mode. A Cu(111) surface was cleaned by repeated cycles of
argon ion sputtering and annealing to 700—800 K. The STM
tip was made from a tungsten or gold wire. V,;,, was applied to
the sample. Porphycene molecules were deposited from a
Knudsen cell (at an evaporation temperature of 450—500 K).
For photoirradiation, we used YAG lasers (266, 355 nm), diode
lasers (405, 445.8, 532, and 780 nm), a HeNe laser (632.8 nm),
and a tunable laser (a supercontinuum light source; 330—830
nm). The spectral bandwidth of the supercontinuum source can
be tuned in the visible range and 6—8 nm was employed, while
it is fixed to <3 nm in the UV range. All other sources exhibit a
bandwidth of <1 nm. The power range used is a few milliwatts
for YAG, diode, and HeNe lasers, and a few tens of microwatts
(in UV) to a few milliwatts (in visible—NIR) for the
supercontinuum source. In order to avoid systematic errors
caused by misalignment of the relative position between the
STM and the beam spot, the lasers were shaped into a 2—3 mm
top-hat square before coupling them to the STM junction (see
Supporting Information). For very low-power UV light (330
and 380 nm with the supercontinuum source) and the 266 nm
YAG laser, the beam was not shaped to the top-hat but a 2—3
mm Gaussian spot and the path was carefully aligned using a
visible alignment laser.
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