
 

Accessing a Charged Intermediate State Involved in the Excitation of Single Molecules
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Intermediate states are elusive to many experimental techniques due to their short lifetimes. Here, by
performing single-electron alternate charging scanning tunneling microscopy of molecules on insulators,
we accessed a charged intermediate state involved in the rapid toggling of individual metal phthalocyanines
deposited on NaCl films. By stabilizing the transient species, we reveal how electron injection into the
lowest unoccupied molecular orbital leads to a pronounced change in the adsorption geometry,
characterized by a different azimuthal orientation. This observation allows clarifying the nature of the
toggling process, unveiling the role of transient ionic states involved into fundamental processes occurring
at interfaces.
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Resolving excitation processes of adsorbates on surfaces
is fundamental for the understanding of many physical and
chemical processes occurring at interfaces [1–3]. In this field,
scanning probe methods have become indispensable tech-
niques, since they avoid ensemble averaging, while allowing
one to both excite and probe adsorbate systems at the atomic
scale [4–12]. However, conventional scanning tunneling
microscopy (STM) is intrinsically too slow to capture out-
of-equilibrium states, since typical frame acquisition times
are on the order of seconds or longer, while typical lifetimes
of intermediate and transition states range frommilliseconds
down to femtoseconds. Nevertheless, the mechanisms
responsible for overcoming an activation barrier can often
be indirectly discerned and, in many cases, inelastic tunnel-
ing hasbeen identified [13–17]. The temporaryoccupation of
electronic states appears also to play an important role
[4,18,19]. However, directly investigating ionic species by
STM is usually not possible, because the charged state is only
transient and, therefore, characterized by a short lifetime
[20,21]. Only few exceptions have been reported, where
distortions in the underlying ionic substrate (polarons)
stabilize the excess charge [22–27]. Therefore, the detailed
role of the ionic state remained elusive. In fact, a charged
transient state might only be necessary to enable the
occupation of vibrational levels [13,28–30], or it may
directly drive the system to another equilibrium configura-
tion [19,26,31,32].
In this Letter we exploit our recent development, namely,

single-electron alternate charging scanning tunneling
microscopy (AC-STM), which allows charge-state con-
trolled STM imaging on insulators [33]. By depositing
individual molecules on nonconductive substrates, ionic
states can be stabilized, enabling redox-state transitions to
be imaged with Ångstrom resolution. In this way, it is
possible to directly access charged intermediate states

involved in excitation processes of single molecules. We
applied this method to investigate a well-known process,
namely, the rapid toggling of individual metal phthalocya-
nines deposited on surfaces [12,34–36]. We reveal how the
molecule changes its adsorption geometry upon electron
injection, adapting a different azimuthal orientation. This
unveils the nature of the process, showing that the transient
occupation of lowest unoccupied molecular orbital (LUMO)
drives the molecular geometry directly to the transition state
of the potential energy of the neutral species.
Experiments were carried out with a low-temperature

scanning tunneling and atomic force microscope equipped
with a qPlus tuning fork [37] (resonance frequency
f0 ≈ 29.1 kHz, spring constant k ¼ 1.8 kNm−1, quality
factor Q ≈ 3 × 104) in ultrahigh vacuum (p ¼
2 × 10−10 mbar) and at a temperature of 6.2 K. As
substrates we used Cu(100) and Cu(111) single crystals
covered with different layer thicknesses of NaCl. The
molecules were deposited onto the sample kept at ≈7 K
inside the microscope. Bias voltages are given as sample
bias with respect to the tip. Positive constant-height
offsets Δz correspond to a distance decrease with respect
to the AFM Δf set point above the clean NaCl. For
AC-STM experiments, the ac voltage pulses were pro-
duced by an arbitrary waveform generator (Agilent
33522A) and fed to the microscope head through semi-
rigid coaxial high frequency cables.
Figure 1(a) shows the chemical structure of a metal

phthalocyanine (Pc). For the case of magnesium phthalo-
cyanines (MgPc), STM-based orbital imaging [38] of the
neutral molecule (MgPc0) on a bilayer of NaCl reveals a
peculiar appearance of the negative ion resonance (NIR),
characterized by a strongly blurred contrast with four faint
nodal planes [Fig. 1(b)] [12,34,35]. An analysis of the
corresponding in-gap images [Figs. 1(c) and 1(d)] indicates
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that the blurring and the presence of additional nodal
planes result from a rapid shuttling motion between two
equivalently stable adsorption angles [12,34], in which the
high-symmetry directions are rotated against those of the
substrate [36]. Importantly, the molecule is imaged stably at
bias voltages well below the one required for accessing the
LUMO [36]. However, whereas the shuttling motion can be
directly related to resonant electron tunneling into the NIR
[Fig. 1(b)], the details of the excitation mechanism remain
elusive. For example, at this stage it is conceivable that the
occupation of the NIR leads to excitation of C-C stretching
vibrations, the energy of which is then transferred into other
vibrational degrees of freedom, leading to a barrier crossing
in a nondirected fashion. Also a mechanism involving a
tiny rotational relaxation of adsorption geometry due to the
transient occupation of the LUMO would be plausible.
In this scenario, the transient charging would result in an
impulse that can lead to overcoming the barrier.
In order to clarify the role of transient ionic states in the

excitation mechanism, we turned to AC-STM [33]. For this
purpose, we investigate isolated copper phthalocyanines
(CuPc) on a NaCl film exceeding 20 monolayers (ML).
Since charged molecular species are typically out of
equilibrium on conductive substrates [Fig. 2(a)], the thick
insulator is required to hinder any charge transfer to and
from the substrate [Fig. 2(b)], stabilizing ionic states
[39,40]. In AC-STM measurements [33], single-electron
tunneling is steered by short voltage pulses (≈100 ns)
of alternating polarity (Vac) that are added to the dc

component (Vdc). Such pulses are synchronized with the
cantilever oscillation, inducing an alternating charging of
the molecule synchronized with the cantilever motion.
Because of the single-electron sensitivity of AFM [41],
changes in the force due to the molecular charging
occurring at the cantilever turnaround points lead to a
distinct signal in the excitation channel of the AFM. Since
the charging is governed by single-electron tunneling
between tip and molecule, the resulting images resemble
the shape of the molecular orbital involved in the electron
transfer process. Notably, exploiting charge-state control
provided by the use of thick insulating films [39], in AC-
STM a given charge-state transition can be probed selec-
tively in both directions, giving unique access to the orbital
structure of charged molecular species. By probing the
0 → 1− transition [Fig. 2(c)], the AC-STM image shown in
Fig. 3(a) corresponds to the LUMOs of the CuPc0 [33,42],
revealing a superposition of two different azimuthal angles
of �15° (�2°), as for the case of the shuttling Pc on
ultrathin NaCl [12,34,36] (see Supplemental Material [43]
for details). Because of the large degree of delocalization of
the LUMO on the ligand, for thick films the choice of the
metal atom in the Pc macrocycle is not expected to strongly
affect the toggling behavior [12,34]. Nevertheless, this
behavior is found to be suppressed for CuPc molecules
deposited on a bilayer of NaCl, likely due to a different
charge distribution in the molecule for the case of ultrathin
films. Moreover, on thick films (≥20 ML) only the
molecules adsorbed on the Cl− sites exhibit this bistable
behavior, while the ones on the Naþ sites lie aligned to the
polar direction of NaCl [33], pointing out the relevance of
environmental effects [23]. By probing the 1− → 0 tran-
sition [Fig. 3(b)], which corresponds to electron tunneling
from the anion to the tip, the image exhibits a clear twofold
symmetry. Because of the doubly degenerate LUMO of the
CuPc [Fig. 3(c)], this behavior is attributed to the Jahn-
Teller effect (JTE), occurring upon electron injection, where
the preference for a specific orientation is determined by

FIG. 1. MgPc=NaCl ð2 MLÞ=Cuð100Þ. (a) Chemical structure
of a metal phthalocyanine (Pc). (b) Constant-current STM image
of the NIR (I ¼ 1 pA, V ¼ 0.65 V). Arrows highlight the
position of nodal planes. (c),(d) Constant-current in-gap STM
images (I ¼ 1 pA, V ¼ 0.1 V). Solid blue lines indicate the
directions of a molecular axis. Scale bar: 10 Å.

(a) (b)

FIG. 2. (a) Pc=NaClð2 MLÞ=Cu. Electron tunneling through
the ultrathin (2 ML) insulating layer, required for conventional
STM operation, allows only transient charging of Pc for a very
short lifetime (≈0.2 ps) [20]. (b) Pc=NaCl ð≥20 MLÞ=Cu.
On thick NaCl films, tunneling is suppressed, allowing for
charge-state manipulation and imaging of electronic transitions
by AC-STM [33].
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environmental effects [23,24,33]. Most importantly, the
image does not show any rotational shuttling, which implies
a single azimuthal adsorption angle. The orientation of the
nodal plane that coincides with a high-symmetry direction of
the molecule is consistently centered between the bistable
orientations, corresponding to ϕ− ¼ 0°. This observation
reveals that the potential energy landscape for the neutral
state has two minima at �ϕ0, whereas the one of the
(transient) anionic state is characterized by a singleminimum
at ϕ− ¼ 0° [Fig. 3(d)].
The rapid shuttling behavior observed by STM upon

resonant tunneling can be rationalized as follows [Fig. 3(d)].
Electron injection leads to a vertical transition from the
ground state of the CuPc0 (at �ϕ0) to the anionic state (1).
Then, the excited state oscillates within the parabolic
potential, relaxing towards the bottom of the energy curve
of CuPc−, located at 0° (2). Subsequently, the excess electron
tunnels into the underlying Cu substrate and the neutralized
molecule relaxes back to the ground state configuration (3),
having the same probability to decay into each of the two
degenerate energy minima (4). In this picture, the anionic
state drives the molecule to another position along the
reaction coordinate, which is distinctly different from a
nondirected inelastic vibrational excitation, as outlined
further above.

CuPc has D4h symmetry, while the NaCl(100) substrate
surface has C4v symmetry, which would allow for a com-
binedC4v symmetry of the entire system.Nevertheless, CuPc
adsorbs in an azimuthal orientation, in which the molecular
high symmetry axes are rotated by an angle ϕ0 ≠ 0 with
respect to the [110] direction of NaCl(100), leading to a
reduction of symmetry to C4, representing a spontaneous
symmetry breaking [44]. The latter leads to degenerate
ground states, which here correspond to two energetically
equivalent orientations of ϕ ¼ �ϕ0.
To provide a better understanding of the origin of this

behavior, we performed density functional theory (DFT)
calculations of CuPc on a cluster of NaCl(100), consisting
of a cð5 × 5Þ surface with two layers NaCl, resulting in 121
Na and 121 Cl atoms. The DFT calculations were per-
formed using the FHI-aims code with numerical atomic
orbitals as the basis functions [45]. The Heyd-Scuseria-
Ernzerhof (HSE) [46] exchange-correlation functional with
an admixture of exact exchange of 0.8 and a van der Waals
method [47,48] was applied for all calculations. As in the
experiment, the molecule was centered atop of a Cl− site.
Geometry optimization was performed with the azimuthal
angle being constrained to values in the range of 0° to 30°
for both the neutral and anionic state of the molecule by
fixing the x coordinates of two nitrogen atoms. The total-
energy (E) differences as a function of angle are plotted in
Fig. 4(a). The DFT calculations reproduce different azimu-
thal orientations for the neutral and charged states with a
quantitative agreement of the preferred angle for the neutral
case. For the anionic case, the simulations show still a
nonzero but small angle. However, the remaining barrier for
rotation for the anionic case of EB ≃ 0.04 eV is at the limit
of accuracy of such calculations, while the experiments
indicate just a single minimum at ϕ− ¼ 0°. More impor-
tantly, the simulations provide deeper insight into the
spontaneous symmetry breaking. First of all, the geometries
[Figs. 4(b)–4(e)] show that the symmetry breaking does not
only involve the azimuthal angle, but that CuPc in the
rotated geometry adapts a propellerlike tilt of its phenyl
rings, resulting in a chiral geometry of the molecule. Hence,
the toggling of the azimuthal angle in the experiments is
accompanied by a change in the chirality. Further, the
relaxation pattern of the topmost NaCl layer [Figs. 4(f)
and 4(g)] reveals the origin for the differences in azimuthal
orientations. In the neutral case [Fig. 4(f)], four NaþCl− ion
pairs below a peripheral C-H group in each of the four phenyl
groups relax toward the molecule, indicating a local inter-
action, which favors the nonaligned orientation. In contrast,
for the anionic case [Fig. 4(g)], the four Naþ ions below
four of the nitrogens relax strongly toward the molecule
(≃0.15 Å), accommodating an aligned orientation. As the
anionic charge state of the molecule induces a polaronic
relaxation of the ions underneath, with an outward relaxation
of the Naþ ions [22], this provides an explanation for the
observed coupling to the azimuthal orientation.

(a) (b)

0 1-

(c)

CuPc-

JTE

(d)
E

0

E
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CuPc-

- 0 0

(1)
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(4) (4)

CuPc0

1- 0

[110]

[110]
-

FIG. 3. CuPc=NaCl ð≥20 MLÞ=Cuð111Þ. (a),(b) Constant-
height AC-STM images measured using a Cu-terminated tip
(Vdc¼1.0V, oscillation amplitude A¼1Å): (a) 0→1− (Vac¼0.75
Vpp, Δz ¼ 3.7 Å); (b) 1− → 0 (Vac ¼ 1.00 Vpp, Δz ¼ 4.4 Å). Δz
are given with respect to an AFM set point of Δf ¼ −1.5 Hz at
Vdc ¼ 0 V. Solid lines indicate nodal planes. Scale bar: 10 Å.
(c)Energyschemeof theneutral andanionicmolecule. (d)Schematic
energy diagram of the excitation mechanism.
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Even though probing the dynamics of the shuttling
process would require dedicated ultrafast scanning probe
experiments [21], estimates regarding the timescales and
yields involved in the process can be made. In fact, while
for the AC-STM measurements of the Pc on thick films
(≥20 ML) (Fig. 3), the tunneling rate of the injected charge
into the Cu substrate is suppressed, allowing the CuPc− to
reach the minimum of the potential energy, for the case of
the Pc on ultrathin NaCl films [Fig. 1], the geometry

relaxation of the anionic molecule competes with a deex-
citation process by electron tunneling into the underlying
Cu substrate. The knowledge of the potential energy
landscape allows for a better understanding of this com-
petition occurring on ultrathin NaCl films as follows.
Fitting the potential energy for CuPc− [Fig. 4(a)] to the
parabolic shape of a torsional harmonic oscillator as E ¼
κϕ2=2 and considering the moment of inertia of metal
phthalocyanine of I ≈ 1.8 × 10−43 kg · m2 yields an oscil-
lation period of T ¼ 2π

ffiffiffiffiffiffiffi

I=κ
p

≈ 4 ps. Hence, 1 ps is
required to reach ϕ ¼ 0° for a first time after a vertical
transition into the NIR. A rough estimate for the lifetime τ
of the negative charge state [20] yields values from ≈0.01
over ≈0.2 to ≈3 ps for 1–3 monolayers of NaCl, respec-
tively. Hence, based on the mechanism sketched above, for
a bilayer NaCl, a quantum yield on the order of few percent
is expected. The quantum yield we define as the number of
toggling events per electron resonantly tunneling into the
NIR. For a trilayer NaCl, the quantum yield converges
already roughly to the limit of thick layers, namely, in the
range of 0.5. This observation indicates that the excitation
mechanisms observed for Pc on thick NaCl [Fig. 3(d)],
where electron occupation of the LUMO drives a change
in the azimuthal orientation, is generally relevant for Pc on
NaCl films.
In conclusion, by depositing individual molecules on a

nonconductive substrate, ionic states can be stabilized,
allowing the Ångstrom-scale imaging of charged species,
which are only transiently occupied in STM experiments. In
this way, we unveiled the changes of the potential energy
landscape occurring upon molecular charging, clarifying the
toggling mechanism. For the case of metal phthalocyanines
on NaCl, in the neutral state, spontaneous symmetry break-
ing leads to two degenerate adsorption geometries charac-
terized by different azimuthal angles with respect to the
underlying surface. Electron injection into the LUMO
induces a change in the adsorption angle, such that the
molecular axes align with the high-symmetry substrate
directions. DFT calculations reveal that the alignment is
stabilized by polaronic relaxations of the ionic surface. This
approach demonstrates the possibility to access intermediate
ionic states involved in the excitation of reversible processes
at the single-molecule level.
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FIG. 4. (a) Potential energy as a function of azimuthal angle for
CuPc0 (blue) and CuPc− (red). (b),(c) Top and side view of the
optimized geometry of CuPc0 at 12°. (d),(e) Top and side view of
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average plane of the molecule and magnified by a factor 4. (f),(g)
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circles) ions for CuPc0 and CuPc−, respectively. (f) A dotted
ellipse highlights one of the NaþCl− ion pairs below a peripheral
C-H group exhibiting a strong relaxation toward the molecule.
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