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ABSTRACT: Hydrogen atoms bonded within molecular cavities often
undergo tunneling or thermal-transfer processes that play major roles in
diverse physical phenomena. Such transfers may or may not entail
intermediate states. The existence of such fleeting states is typically
determined by indirect means, while their direct visualization has not been
achieved, largely because their concentrations under equilibrium conditions
are negligible. Here we use density-functional-theory calculations and
scanning-tunneling-microscopy (STM) image simulations to predict that,
under specially designed nonequilibrium conditions of voltage-enhanced
high transfer rates, the cis-intermediate of the two-hydrogen transfer process
in metal-free naphthalocyanine molecules adsorbed on Ag(111) surfaces
would be visualizable in a composite image of double-C morphology. As
guided by the theoretical predictions, at adjusted scanning temperature and
bias, STM experiments achieve a direct visualization of the cis-intermediate.
This work demonstrates a practical way to directly visualize elusive intermediates, which enhances understanding of the quantum
dynamics of hydrogen atoms.

Hydrogen transfer, whether by tunneling or by thermal
activation, is one of the most fundamental atomic-scale

processes in physics, chemistry, and biology and plays a major
role in important phenomena such as DNA replication,1

enzyme-catalyzed reactions,2,3 and photosynthesis.4 On-surface
molecules and molecular clusters have been designed as
prototypes for the investigation of the hydrogen-transfer
process.5−8 Multiple configurations of more than one hydrogen
atom are known as tautomers and the interconversion between
configurations is known as tautomerization. In some cases, the
hydrogen atoms transfer to equivalent positions in a concerted
way with no intermediate state. The distinct initial and final
tautomers can be detected by measuring distinct STM currents
from them, as in the case of a four-water-molecule cluster.9 In
other cases, the hydrogen atoms transfer via a distinct
intermediate state. An example is the porphyrin molecule,10

in the central cavity of which there are two hydrogens and four
positions at the corners of a square. The two hydrogens occupy
positions across from each other (trans-configuration) and
transfer to the equivalent configuration defined by the other
two positions.7,10 Transfer can in principle be concerted, i.e.,
the two hydrogens tunnel simultaneously to their new
positions or be via an intermediate state in which the two
hydrogens occupy adjacent positions (cis-configuration). The
existence of such an intermediate state has been demonstrated
in porphyrin by nuclear magnetic resonance (NMR) spectros-
copy,11−13 fluorescence spectra,13,14 and UV/visible15 or

infrared16 photoexcitation. In a lower-symmetry molecule
(porphycene) or a complex molecule containing porphyrin,
the cis-configuration was recently found to be the ground state
while the trans-configuration is the intermediate.17−20 In cases
when there are intermediate states, only the initial and final
states have been visualized in STM images.7,18−21 It has not
been possible so far to directly visualize the intermediate states
in STM images, largely because the equilibrium concentrations
of these higher-energy states are negligible.
It has been found that intramolecular two-hydrogen-transfer

processes in macrocyclic-aromatic molecules (porphycene,21

porphyrin,22 and naphthalocyanine7) have intermediate states
and show great tunability by STM. With imaging at low bias
voltage, the transfer rate is essentially purely thermal and the
different configurations exist at equilibrium concentrations.
When the bias voltage or tunneling current between the tip
and the substrate is increased, the two-hydrogen-transfer rate
increases in a roughly exponential7 or linear22 fashion,
respectively. Such tip-assisted transfer can be attributed to
the excitation of specific molecular vibrations.20 Moreover, the
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hydrogen-transfer rate can be tuned up and down in a
controlled fashion by a copper adatom placed close to the
molecule with atomic precision.18 An external force induced by
the tip has been demonstrated to reduce the effective
activation barriers and plays a catalyst role in the transfer
process.19 All these successes bring STM to the technical edge
for the observation of the fleeting metastable intermediate
states of hydrogen transfer in tautomerization processes.
In this paper, we report evidence of directly visualizing the

cis-intermediates during the stepwise hydrogen-transfer process
in the inner cavity of metal-free naphthalocyanine (NPc)
molecules by combining experimental STM images, simulated
STM images, and density-functional-theory (DFT) calcula-
tions. A key initial calculation reveals that the cis-configuration
is a metastable state and its concentration is negligible at
practical temperatures under equilibrium conditions. We,
therefore, seek to image a superposition of configurations
under nonequilibrium conditions and rely on the following
three enablers. The first enabler is the fact that scanning at
room temperature (RT) and high bias voltage (HV)
substantially increases the hydrogen-transfer rate. Thus, during
the scanning period, which is very long compared with the
transfer period, all trans- and cis-configurations contribute
appreciably to the resulting image. The second enabler is a
result of DFT calculations: considering the effect of the
substrate, we find that the energy barriers of two specific
transfer paths are lower; i.e., a select number of configurations
dominate the image. Finally, the third enabler is also a result of
DFT calculations: we demonstrate that, at high bias voltage,
the cis-configuration contributes a unique C-shaped compo-
nent to the composite image. Given the above, we derive
simulated STM images at RT as follows. At low scanning bias,
the STM images a superposition of the configurations that
exist at high concentrations under equilibrium conditions,
namely, the two trans-configurations, resulting in the well-
known cross-like STM-image morphology. Under nonequili-
brium conditions, however, at sufficiently high scanning bias
and room temperature, the imaging time is much longer than
the transfer time, enhancing the presence of the intermediate
configuration. The cis-intermediate configuration is then
predicted to manifest itself in a symmetric-double-C
morphology arising from the superposition of two trans-
configurations and two opposite metastable cis-configurations.
For the experiments, a monolayer of NPc molecules was
fabricated on a Ag(111) surface by self-assembly. At low bias
voltages between 0 and −1.8 V, the usual cross-like images are
observed23 at room temperature. When the scanning bias
voltage is increased to −2.5 V, the STM morphology of the
NPc molecule changes from the cross-like shape to a
symmetric-double-C shape, confirming the presence of the
cis-configurations. At 100 K, both theory and experiments find
an image with asymmetric double-C morphology, confirming
the mechanism that underlying the imaging process. Overall,
the present results demonstrate a scheme by which
intermediate states in two-hydrogen-transfer processes can be
visualized.
H transfer in Freestanding NPc Molecule. The NPc molecule

comprises a phthalocyanine (Pc) skeleton with an additional
benzene ring attached to each of the four arms that extend
from four pentagonal “lobes” (Figure 1a). It has a planar
geometry with a van der Waals diameter of approximately 2
nm. In its ground-state configuration, the two hydrogen atoms
in the inner cavity bond to two opposite pyrrolic nitrogen

atoms forming a trans-configuration. We shall refer to lobes
with a bonded hydrogen as “H-lobes” and to lobes without a
hydrogen as “no-H-lobes”.
It is instructive to first examine the two-hydrogen-transfer

process in a free NPc molecule, as illustrated in Figure 1b.
Switching the two hydrogen atoms to the other pair of
opposite pyrrole nitrogen atoms produces an equivalent but
distinct trans-configuration. During the stepwise-transfer path
between the two trans-configurations, the system goes through
a cis-configuration state,10,11 whose energy is higher by 0.35 eV.
All energy barriers are considerably smaller than 1 eV, which
suggests that transfers occur at substantial rates at RT.10,11,14

The relative energies of the trans- and intermediate cis-
configurations for a stepwise two-hydrogen-transfer in the free
NPc molecule together with the pertinent energy barriers are
shown in Figure 1b. Since the energy of the metastable cis-
configuration is 0.35 eV higher than the energy of the trans-
configurations, its equilibrium concentration at RT is smaller
than the equilibrium concentration of the trans-configurations
by 7 orders of magnitude. This difference in energies persists in
on-surface molecules (see below), whereby it is impossible to
image the cis-configuration under equilibrium conditions.
There is another option, however. Under conditions of high
transfer rate, when the transfer period is significantly smaller
than the time it takes to collect an image, on average, the trans-
and cis-configurations should be present for comparable times.
The details are then controlled by the energy barriers along the
transfer paths. We, therefore, turn our attention to the energy
barriers.
H Transfer in On-Surface NPc Molecules. In the freestanding

case, the four cis-configurations that can be labeled by the
placement of the two adjacent hydrogens, i.e. top, down, left,
and right, respectively, are equivalent. In the on-surface case,
taking the center of the molecule’s square inner cavity as a
reference, the cavity can be located at top, bridge, fcc, or hcp
sites on a Ag(111) surface (Supplementary Figure 4). In all

Figure 1. Stepwise hydrogen-transfer process in NPc molecules. (a)
Schematic diagram of the experimental STM procedure that was
employed to probe the two-hydrogen-transfer process in the inner
cavity of NPc molecules on Ag(111) surface. The yellow arrows
denote the hydrogen-transfer path. (b) DFT-calculated energy path
for the hydrogen-transfer process and the atomic models of the NPc
molecule in trans-configuration (left), cis-configuration (middle), and
trans-configuration (right), respectively.
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cases, the four H-transfer processes are no longer equivalent.
We have examined representative configurations at each site
and, though the presence of the substrate reduces the
symmetry of the molecule somewhat differently, the energy
barriers for the four possible transfer paths split into the same
two lower-energy-barrier paths and two higher-energy-barrier
paths. Here we discuss the case of fcc adsorption site, at which
the system’s energy is lowest. Similar results for other
representative adsorption sites can be found in Supplementary
Figure 5. This feature will prove crucial to our ability to image
the intermediate cis-configuration.
The molecule’s configurations and energy barriers for H

transfers are calculated at T = 0 K in the absence of bias. We
shall use these results to analyze the hydrogen-transfer
processes at high bias and at finite temperatures (300 and
100 K), as we do not anticipate significant configuration
changes because the molecules are bonded to the substrate by
weak van der Waals interactions and remain flat as in their free-
standing state. Indeed, the STM images that will be described
below show flat molecules at both temperatures of interest and
both low and high bias. In Figure 2a, starting with a trans-
configuration, we designate the pathways that contain each of
the four cis-configurations (in each case, the two steps in the
two-step-transfer process are designated as 1 and 2). The
energy profiles of the four possible transfer paths and the
atomic models of the on-surface initial trans-configuration, left
cis-configuration, and final trans′-configuration for the lowest-
energy path are shown in Figure 2b. It is notable that the four
paths are divided into two groups according to the barriers.
The rate-determining-step barriers of the left and right paths

are lower than those of the top and down ones, indicating that,
at moderate temperatures, the transfer probability via the left
and right paths is larger than via the top and down paths. The
same is true for the reverse processes. In the Supporting
Information, we demonstrate that thermal transfer is dominant
over tunneling at RT. Based on the calculated energy barriers,
the percent contributions to the total forward and reverse
transfer rates for molecules adsorbed at fcc, bridge, and top
sites on the Ag(111) surface are such that the left and right
paths, featuring left and right cis-configurations, are the main
contributors to the composite morphology (see Supplementary
Table 1 and Figure 2). This result is very important for the
prediction of the STM images at different temperatures.
Electronic Distribution at H- and No-H-Lobes in NPc. As STM

is sensitive to the electron density in the range of energies
spanned by the bias voltage,24,25 we calculated the projected
density of states (PDOS) on the H- and no-H-lobes of both
the trans- and cis-configurations in the lowest-energy-barrier
path (Figure 2c). We note immediately that for low bias
voltages, which sample electrons in the energy range from the
Fermi energy (0 eV) to about −2.0 eV, the PDOS on the H-
and no-H-lobes are essentially the same for trans- and cis-
configurations. Simulated STM images for both a trans- and a
cis-configuration at −1.5 V (low bias) show cross-like
morphologies (no difference between the H- and no-H-
lobes) (Figure 2d,e, respectively). Thus, the theory so far
predicts that STM images taken at low bias at RT would have
the cross-like morphology.
At higher bias voltages, however, sampling the energy range

deeper than −2.0 eV, the PDOS on the no-H-lobe is larger

Figure 2. Stepwise two-hydrogen-transfer process in a NPc molecule adsorbed at fcc site on Ag(111) and STM simulations. (a) Schematic
diagrams of the four stepwise-transfer paths on a Ag(111) surface. The arrows and numbers represent the transfer directions and sequences of the
two hydrogens, respectively. (b) DFT-calculated energy profiles for the four transfer paths and the atomic models of the initial trans-, intermediate
left cis-, and final trans′-configurations. (c) PDOS on the no-H-lobe and the H-lobe for the trans- and cis-configurations, respectively. (d)−(g)
Simulated STM images of the trans- and cis-configurations at low and high bias voltages, respectively. (h)−(i) Schematic diagrams of cross-like
morphology and double-C-shaped morphology produced by the superposition of both trans-configurations and two energy-favored cis-
configurations at low (h) and high (i) bias voltage, respectively.
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than that on the H-lobe for both the trans- and cis-
configurations (blue shading in Figure 2c). In corresponding
STM simulations at energy −2.6 V (high bias), one can see
that a single trans-configuration appears as a somewhat
asymmetric cross (Figure 2f), while the cis-configuration
exhibits a “single-C” shaped morphology (Figure 2g). There-
fore, the “asymmetric-cross” and “single-C” shaped morphol-
ogies can be regarded as the high-bias-voltage “fingerprints” of
a single trans-configuration and a single cis-configuration,
respectively.
Double-C-Shaped “Fingerprints” of the Cis-Configuration State

at High Bias Voltage. As noted already, since the scanning time
of a typical STM image is several minutes, the observed image
can be regarded as a statistical superposition of all possibilities
of the in situ tautomerization reactions. Since each transfer
process always entails both trans-configurations and a cis-
configuration, assuming that the high-bias enhancement of the
H-transfer rate also favor the lower-energy pair of energy
barriers, the predicted STM images should correspond to a
superposition of the two trans-configurations and predom-
inantly the left and right cis-configurations. Figure 2h shows a
schematic diagram of the superposition of the two stable trans-
configurations as well as the left and right cis-configurations at
low bias voltage. Clearly, the ratio of the trans- versus cis-
contributions to the image, which depends on the hydrogen-
transfer rate, is not relevant in this case. For all ratios, we get a
cross-like morphology. However, in Figure 2i, a schematic
diagram of the superposition of corresponding states at high
bias voltage reveals that the observed image would depend on
this ratio. If the hydrogen transfer rate is low, i.e., low
probability of the molecule being the cis-configuration, we
would still observe a cross-like morphology arising from the
trans-configuration. If the hydrogen-transfer rate is high,
however, as we expect at high bias voltages,7 the cis-
configurations appear at a frequency that is comparable to
those of the two trans-configurations and, therefore, make a
substantial contribution. The predicted image is as shown in
Figure 2i, i.e., a double-C-shaped morphology. Hence, for NPc
molecules adsorbed on a Ag(111) surface, a double-C-shaped
STM morphology at high bias voltages can be regarded as a
new “fingerprint” of the crucial cis-configurations in the
stepwise hydrogen-transfer process. We emphasize that, if we

take into account only the PDOS of the lowest-energy trans-
state (Figure 2d,f), or even the relative weights of molecular
orbitals at low and high bias as well as nonsymmetric binding
sites on the surface, we do not obtain the cross-C shape
transition at increased bias. The contribution of the cis-state
PDOS (Figure 2e,g) is essential for the C-shape feature at high
bias.
Visualization of Double-C-Shaped Morphologies of NPc/

Ag(111) by STM. In order to capture the single-C- or
double-C-shaped “fingerprint” of the cis-configurations, we
deposited NPc molecules on Ag(111). When scanning at RT
and a bias of −1.0 V, the STM image of a self-assembled
monolayer of NPc molecules on Ag(111) shows a typical
cross-like morphology (Figure 3a). The NPc molecules appear
as crosses with four clearly resolved outer lobes and a
depression in the center.23 When the bias voltage is increased
to −2.5 V, the image of the NPc molecule changes to the
symmetric double-C “fingerprint” (Figure 3b). Notably, at high
scanning bias, the symmetric double-C morphology of NPc
molecules could be observed at RT in all self-assembly
monolayer domains on Ag(111) (Supplementary Figure 1),
confirming that the thermal ordering of the transfer energy
barriers is maintained when high biases induce higher transfer
rates. Further experiments reveal that reversible and robust
transitions of the STM morphology between cross-like and
symmetric-double-C morphologies could be achieved by
regulating the scanning bias between −1.0 V and −2.5 V at
RT (Figure 3d).
Finally, with a high scanning bias voltage (−2.8 V) at LT

(100 K), the STM image shows an asymmetric double-C
morphology (Figure 3c,e). The high voltage (−2.8 V) causes a
high transfer rate, which makes the cis-configurations visible.
Thus, the asymmetry in the double-C image reflects the fact
that, at low temperature, the lowest-energy-barrier path (left
path) is dominant, with a smaller contribution from the next-
energy-barrier path (right path). This result provides further
confirmation that the crucial cis-configuration has been
visualized. At 100 K, the appearance of asymmetric-double-C
in both the full-monolayer coverage where the molecules are
ordered (Figure 3c) and the submonolayer coverage where
molecules are randomly oriented (Supplementary Figure 6d)
suggests that the two double-C morphologies are not caused

Figure 3. Different STM morphologies of NPc molecules on the Ag(111) surface. (a) Typical cross-like morphology of NPc molecules in the self-
assembly monolayer on Ag(111) (scanning recipe: −1.0 V, 0.1 nA, RT). (b) Symmetric-double-C morphology of NPc molecules in the same area
in (a) (scanning recipe: −2.5 V, 0.1 nA, RT). (c) Asymmetric-double-C morphology of monolayer NPc on Ag(111) (scanning recipe: −3.0 V, 0.1
nA, 100 K). The dark- and light-blue dashed curves highlight the asymmetric-double-C morphology. Here the lowest-barrier path dominates. (d)
Continuous and reversible transition between cross-like and symmetric-double-C morphologies by regulating the scanning bias. (e) At 100 K and
high bias, a zoom-in asymmetric double-C image (scanning recipe: −2.8 V, 0.1 nA, 100 K).

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c00046
J. Phys. Chem. Lett. 2020, 11, 1536−1541

1539

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00046/suppl_file/jz0c00046_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00046/suppl_file/jz0c00046_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00046?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00046?ref=pdf


by differences in the packing of molecules. DFT calculations
indicate that the substrate n-dopes the NPc molecules but does
not induce double-C morphologies by altering the molecule’s
electronic structure (Supplementary Figure 3).
We have shown that the double-C-shaped structures of NPc

molecules at high bias voltage provide a new “fingerprint” for
the direct visualization of the metastable cis-configurations.
Compared with the spectral techniques that have been used to
detect the existence of metastable cis-configurations,12−17,26 the
STM technique in this paper yields direct high-resolution real-
space molecular morphology and can tune the hydrogen-
transfer rate by temperature and bias voltage. These merits of
the STM technique greatly increase the probability of detecting
this crucial metastable configuration during the dynamical
transfer process.
In conclusion, a combination of theoretical DFT calculations

and experimental STM observations confirm the direct
visualization of the crucial metastable cis-configuration during
the stepwise hydrogen-transfer process of NPc on Ag(111)
surfaces. DFT calculations predict that there exists a
metastable cis-configuration between two stable trans-config-
urations during the hydrogen-transfer process, and the lobes
without hydrogen atoms exhibit higher electron density than
the lobes with hydrogen atoms, which should result in a single-
C morphology in STM at high bias voltage. When the NPc
molecules are adsorbed on the Ag(111) surface, it is
energetically preferable for the two hydrogens to tunnel
through left and right paths. The superposition of both trans-
configurations as well as the left and right cis-configurations
leads to a double-C morphology in STM images. Exper-
imentally, using NPc molecules self-assembled on Ag(111)
surface as an example, by regulating the scanning bias, we
observed the reversible NPc morphology transition between a
typical cross morphology and the predicted double-C-shaped
morphology. Asymmetric double-C morphology of the NPc
molecule has also been visualized for molecules absorbed on
Ag(111) at 100 K. The experimental images show excellent
agreement with the theoretical simulations. Our findings
demonstrate a powerful capability of the STM technique for
directly visualizing intermediates in chemical reactions.
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1. Methods 
Experiments: All experiments were carried out in a homemade ultrahigh vacuum 

(UHV) STM1 system with the base pressure better than 2×10-10 mbar. The single-crystal 

Ag(111) surfaces were prepared in ultrahigh vacuum by repeated cycles of Ne+ ion 

sputtering and subsequent annealing at 770 K until a clean and atomically flat surface 

was confirmed by STM imaging2. 2,3-Naphthalocyanine (NPc, Aldrich, purity >95%) 

in powder form was purified by a sublimation process with a homemade Knudsen cell 

(K-cell) evaporator in high vacuum for three days, followed by degassing at 640 K for 

2 h in the UHV chamber3,4. The NPc was evaporated at 610 K during the experiment, 

while the substrate Ag(111) was kept at room temperature. For the purposes of this 

paper, monolayer (ML) is defined as the amount of deposited NPc that entirely covers 

the substrate surface. All the STM images were taken in constant-current mode, with 

the bias applied to the sample. The scanning temperature was room temperature (RT) 

for the monolayer and multilayer structures, but 100 K for sub-monolayer structures, 

using the continuous cooling method1.

Calculations: DFT calculations were performed using the VASP code5,6 with the 

projector-augmented wave (PAW) method7. The Perdew–Burke–Ernzernhof (PBE)8 

version of the generalized gradient approximation (GGA)9 was used. The plane-wave 

cutoff was 400 eV. Climbing Image Nudged Elastic Band (CI-NEB) calculations10,11 

were carried out to unveil the nature of the hydrogen transfer process. For an atomic-

scale model with an adsorbed NPc molecule, the unit cell contains a three-layer Ag(111) 

slab and a NPc molecule adsorbed on one side, with lattice parameters a = 16.4 Å and 

b = 17.9 Å based on the smallest periodic unit of the STM images of a self-assembled 

NPc monolayer. The vacuum slab is ~22 Å thick. For a freestanding molecule, in the 

unit cell, the Ag(111) slab was deleted, only leaving the molecule. The vacuum slab 

was 30 Å thick. The bottom-layer atoms of the Ag(111) slab were fixed, all other Ag 

atoms and the molecule were fully relaxed until the residual forces were smaller than 

0.02 eV/Å in the structural relaxations and 0.05 eV/Å in the CI-NEB calculations, 

respectively. The Brillouin zone was sampled with only the Γ-point in all calculations. 

Van der Waals interactions were included using Grimme’s12 empirical correction and 

the standard value for each element in PBE+D calculations. 
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2. Double-C shape morphology in all NPc self-assembly domains on Ag(111).

Supplementary Fig. 1 Double-C shape morphology in all of the six NPc molecular 

self-assembly domains on Ag(111) substrate. The unit cells and crystal orientations of 

self-assembly molecular domains are highlighted by the dashed rectangles and yellow 

arrows, respectively. The scanning parameters are: Fig. a, -2.3 V, 0.1 A, Fig. b, -2.75 

V, 0.1 nA, Fig. c, -2.3 V, 0.1 nA, Fig. d, -2.3 V, 0.1 nA, Fig. e, -1.5 V, 0.1 nA, Fig. f, 

-3.3 V, 0.1 nA.

During the experiment, we carried out detailed STM studies on all of the six NPc 

molecular self-assembly domains. At low scanning bias, all the molecules exhibit a 

cross-like shape, which was reported in prior work13. When the bias is larger than -2.0 

eV, all of the NPc molecules in the six self-assembly domains exhibit a double-C-

shaped structure, as shown in Supplementary Figure 1. Apparently, all double-C 

features in each domain exhibit a uniform orientation.
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3. Rate difference of thermal-transfer and quantum tunneling for the two-
hydrogen transfer process in NPc molecules at fcc site on Ag(111) surface.

Supplementary Fig. 2 Rate difference and simulations of thermal-transfer and 

quantum tunneling for the two-hydrogen transfer process in NPc molecules at fcc site 

on Ag(111) surface. a, The plot of the frequencies of the thermal- (solid) and the 

tunneling-transfer (dashed) as a function of temperature. The four curves in red, blue, 

green and orange colors correspond to the four paths shown in Fig. 2 in the main text. 

The inset shows the thermal-transfer results at around room temperature, 300 K. b, The 

plot of the normalized thermal-transfer ratio of the four paths with reference to the path 

with the lowest barrier. Solid and dashed curves represent transfers trans-cis-trans’ 

(forward) and trans’-cis-trans (reverse), respectively. c, d, Simulation of the 

composition of the four cis-intermediate states at 100 K and 300 K, respectively. The 

degree of transparency of each figure in c and d corresponds to the contribution of each 

cis-state.

Both thermal- and tunneling-tunneling hydrogen transfer processes have been studied. 

From the aspect of thermal-transfer process, the transfer rate is defined as, 𝜅𝑡hermal = A

, where A is a pre-exponential factor,  is the energy barrier,  is the × 𝑒
( ― 

𝐸𝑏 ― 𝐸0
𝑘𝐵𝑇 )

𝐸𝑏 𝐸0

hydrogen zero-point energy (ZPE),  is the Boltzmann constant, and T is the 𝑘𝐵
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temperature. The value of A is assumed to be  s-1 14-17. The hydrogen ZPE, 1.5 × 1013 𝐸0

, is 0.13 eV18.  The thermal-transfer reaction rates of the four transfer paths as functions 

of temperature are shown as solid curves in Supplementary Fig. 2a. As shown in the 

inset, thermal-transfer reaction rates are divided in two groups. The rates of the left and 

right paths are higher than those of the up and down paths. For the two-hydrogen 

tunneling effect, the tunneling rate is defined as,  . Here  is the 𝜅𝑡𝑢𝑛𝑛𝑒𝑙𝑖𝑛𝑔 = 𝑣𝑡𝑃𝑡 𝑣𝑡

tunneling frequency and is given by  17, where a is the width of the barrier 𝑣𝑡 =
1

𝜋𝑎
𝐸𝑏 ― 𝐸0

2𝑚

and m is the mass of the hydrogen atom.  represents the tunneling probability and is 𝑃𝑡

given by . Thus, the temperature-independent tunneling rate 𝑃𝑡 = 𝑒 ― 
2𝑎
ħ

2𝑚(𝐸𝑏 ― 𝐸0)

of the four paths can be obtained and shown as dashed lines in Supplementary 𝜅𝑡𝑢𝑛𝑛𝑒𝑙𝑖𝑛𝑔 

Fig. 2a. We can see that, at 100 K, the reaction is in a mixed state of thermal-transfer 

and tunneling effects, while at RT,  is significantly larger than , which 𝜅𝑡hermal 𝜅𝑡𝑢𝑛𝑛𝑒𝑙𝑖𝑛𝑔

means that the thermal-transfer effect is dominant at RT for this reaction. 

In order to make clear how much the four cis-intermediates contribute to the 

composition morphology in the STM image at RT, we calculated the normalized 

thermal-transfer ratios, , of all paths both in the forward and reversed 𝜅𝛥 = 𝑒
( ― 

𝛥
𝑘𝐵𝑇)

directions, taking the lowest-barrier path as the reference to be a constant 1.   𝛥

represents the difference of the barriers, . At low temperature, 100 K, the 𝛥 = 𝐸𝑏𝑖 ― 𝐸𝑏𝑗

relative ratios are 0.03, 0.01, 0.001, and 0.00025 for left, right, down and top paths in 

the forward direction (solid curves in Supplementary Fig. 2b) and 1.0, 0.30, 0.09, and 

0.03 for the left, right, down, and top paths in the reversed direction (dashed curves in 

Supplementary Fig. 2b), respectively. Thus, taking the total transfer probability as 1, 

the percentages of the four paths are 70%, 21%, 6%, and 2%, respectively. If we set the 

degree of transparency of each simulation of the cis-intermediate according to the 

probability values, we can obtain an asymmetric-C morphology, as shown in Fig. S2c, 

which agrees with the STM image at 100 K [Fig. 3(d)] very well. On the other hand, at 

RT, the relative ratios are 0.31, 0.21, 0.09, and 0.06 in the forward direction and 1.0, 

0.30, 0.09, and 0.03 in the reversed direction, respectively. Accordingly, the 

percentages of the four paths are 42%, 28%, 18%, and 12%, respectively. As shown in 

the Fig. S2d, the composite schematic shows a symmetric double-C morphology, which 
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agrees with the STM images at RT in Figs. 3(b). According to the values shown in the 

TABLE S1, it can be concluded that, at bridge and top sites, the percentages of left and 

right paths will be even bigger than the other two paths, resulting in more obvious 

asymmetric-double-C morphologies at 100 K and symmetric-double-C morphologies 

at 300 K. The values in the Supplementary Table 1 are from the results in 

Supplementary Fig. 5.
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4. The n-doping effect of the substrate to the NPc molecules.

Supplementary Fig. 3 The n-doping effect of the substrate on the NPc molecules. a, 

The projected density of states (PDOS) on the NPc molecule (a) on Ag(111) surface 

and (b) in the freestanding case. We can see that the states responsible for the double-

C image, indicated by blue shading, shift to lower energies in the on-surface case 

compared to the freestanding molecule. The experimental data, therefore, suggest that 

the second monolayer is less doped and the third monolayer even less so, as one can 

reach the imaging DOS window by using progressively smaller voltages. It is not 

computationally feasible to calculate the PDOS for multilayer-molecule structures to 

seek confirmation of this inference.
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5. Schematic of adsorption sties of NPc molecules on Ag(111) surface.

Supplementary Fig. 4 Schematic diagrams of representative adsorption configurations 

of NPc molecules on a Ag(111) surface. Taking the center of the inner cavity as a 

reference, the molecules are located at bridge, top, fcc, or hcp sites. Numbers 1 and 2 

in the site names indicate the initial and final trans-isomer arrangements of the H atoms 

in the molecular cavity.
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6. DFT-calculated energy profiles for the H-transfer paths and schematic of 
inner cavity of NPc molecules on Ag(111) surface.

Supplementary Fig. 5 DFT-calculated energy profiles for the H-transfer paths and 

schematic diagrams of the inner cavity of NPc molecules at different sites on a Ag(111) 

surface. a, b, DFT-calculated energy profiles for the H-transfer paths in NPc molecules 

at bridge (a) and top (b) sites. At both sites, the energy barriers of the four H-transfer 

paths are split in two groups, very much like the case of the fcc site shown in the main 

text, resulting in double-C STM morphologies. c-e, Schematic of the geometric 

relations between the inner skeletons of NPc molecules and the adsorption-sites of 

bridge, top, and fcc on Ag(111) surface, respectively. Hcp sites are very similar to fcc 

sites. It is clear that, the four edges of the inner-N square, which represent the H-transfer 

trajectories, are different because of the substrate lattice. Despite the different layouts 

of the substrate at the three types of sites, the four energy barriers split into the same 

low- and high-energy pairs.
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7. Supplementary Table 1 The percent contributions to the total forward and reverse 

transfer rates for molecules adsorbed at fcc, bridge and top sites on the Ag(111) surface 

at 100 K and 300 K. 

left right top down

fcc 70% 21% 6% 2%

bridge 71% 25% 3% 1%100 K

top 64% 34% 1% 1%

fcc 42% 28% 18% 12%

bridge 45% 32% 13% 10%300 K

top 53% 44% 2% 1%
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8. Layer-dependent STM images of the NPc molecules on Ag(111)

Supplementary Fig. 6 Scanning bias and substrate influence on the STM morphology 

of NPc molecules. a, STM image of the monolayer and bilayer NPc molecules at the bias of -

1.8 V. ① represents the first layer and ② represents the second layer. The green dashed curves 

represent the edge of the top layer. b, High-resolution STM image for bilayer NPc molecules 

within the dashed black square in (a), at the bias of -1.6 V. c, STM image for multilayer NPc 

molecules with the bias of -1.0 V. The green dashed line highlights the broad boundary between 

two domains. d, The morphology of sub-monolayer NPc molecules. “Double-C” shapes appear 

at a quite high bias of -3.4 V. The scanning temperature is 100 K for (d) and room temperature 

for other images.

The “fingerprint” of the cis-intermediate, i.e. “double-C” shapes, could also be 

observed in bilayer and multilayer NPc molecules on Ag(111). To explore the influence 

of the substrate on the morphological transformation, we fabricated NPc molecular 

films of different thicknesses on Ag(111), from sub-monolayer to multilayers 

[Supplementary Fig. 6]. The Supplementary Fig. 6ashows the co-existence of a 

monolayer (①) and a bilayer (②) of NPc molecules, which exhibit double-C 

morphologies at a bias of -1.8 V. The high-resolution STM image [Supplementary Fig. 

6b] of the second-layer NPc molecules shows double-C morphology and clear 

electronic states of the molecules at a bias of -1.6 V. The morphology of multilayered 

NPc molecules is presented in Supplementary Fig. 6c. Scanning at a bias of -1.0 V, the 
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double-C shaped morphology emerges in both domains. All double-C morphologies are 

uniform in one domain, but the orientations differ between two domains. Moreover, at 

100 K, most of the sub-monolayer NPc molecules present double-C shaped structure at 

a high bias of -3.4 V, while cross-like molecules could also be observed [Supplementary 

Fig. 6d]. At sub-monolayer coverage, as shown the Fig. S6(d), the appearance of both 

double-C and asymmetric-C of the molecules in non-uniform packing indicates that the 

C-shape morphology is caused by the substrate, not packing. Based on the STM images 

of NPc molecular films with different thicknesses, it can be concluded that the double-

C-shaped image is a ubiquitous feature of the NPc molecules at certain bias voltages. 

The top-layer molecules still exhibit a double-C configuration. Since in the crystalline 

form of NPc molecules the layers are staggered, the symmetry of the top-layer 

molecules is broken. The ubiquitousness of the double-C morphology in STM images 

for NPc molecules at distinct sites of the Ag (111) surface and the results of pertinent 

calculations suggest that the square nature of the NPc molecule leads to two pairs of 

energy barriers no matter how the symmetry is broken, but it is not practical to perform 

energy-barrier calculations for such systems to confirm the inference.
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