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Mapping the Reversible Charge State Control of an Iron
Tetraphenyl Porphyrin Molecule Adsorbed on a
CaF,/Si(100) Semi-insulating Surface at Low Temperature
(9 K)

Eric Duverger! and Damien Riedel®*

YInstitut FEMTO-ST, Univ. Bourgogne Franche-Comté, CNRS, 15B avenue des Montboucons, F-
25030 Besangon, France
2Institut des Sciences Moléculaires d’Orsay (ISMO), CNRS, Univ. Paris Sud, Université Paris-Saclay,
F-91405 Orsay, France. *:corresponding author

Abstract :

This article presents a study concerning the charge state control of single iron-tetraphenyl
porphyrins (FeTPP) molecules when adsorbed on a semi-insulating monolayer of CaF./Si(100)
surface. The charge state of the FeTPP molecule is regulated by employing tunneling electrons
from a low-temperature scanning tunneling microscope (STM) operating at 9 K. We show that
once the charge is loaded into the FeTPP molecule, the molecule can be laterally manipulated
across the surface without losing its charge state. The charge state change is reversible and the
FeTPP molecule can be restored, at will, to its initial neutral state. A precise analysis of the STM
topographies and d1/dV curves acquired on the FeTPP molecule before and after the electronic
charge loading allows mapping the spatial charge state variations in the molecule as well as a
conductance hysteresis effect, indicating the formation of an anion. Numerical simulation based
on the density functional theory exploiting the virtual crystal approximation (VCA) method allows
reproducing the trends of our experimental results and shows that the change in charge state
affects specific areas of the molecule. Our theoretical investigations suggest that the molecular
charge state variations can be monitored via STM topographies treatment and its local density of
state distribution. This information can be related to the spatial distribution of the magnetic
moment within the FeTPP molecule while the delocalization of the charge appears to depend on
the total spin state of the central iron atom.
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1. INTRODUCTION

Understanding and managing the charge state of individual atoms or molecules has been a
longstanding challenge that has attracted considerable research attention for decades. This is because
the charge state and its transfer at the nanoscale are known to govern numerous physical and chemical
properties in nature. When atoms or molecules are adsorbed on surfaces, the observation and control of
charge state variations of adsorbates attract significant interest in both experimental and theoretical
domains. Indeed, on surfaces, the charge state of adsorbates holds great significance in various contexts,
including charge manipulation?, molecular conformation®#®, orbital entanglement®, single-molecule
Raman spectroscopy’, solar cells®, as well as molecular manipulation and energy transport®°. These
investigations typically require the use of local probe techniques such as scanning tunneling microscopy
or atomic force microscopy, as they have proven to be highly efficient in controlling and measuring the
charge state of adsorbates under various conditions®. In particular, local probe microscopy allows
studying charge localization'? as an important aspect to understand intermediate states™® or charge
memory effect in molecular assemblies!***. In general, the analysis of an adsorbate's charge state can be
determined by observing changes in conductance, as indicated by the characteristic shape of hysteresis?®.
In this context, the interactions between the surface states and the molecule are crucial for controlling
the lifetime of the charge state!®. Semi-insulating surfaces of various thicknesses, such as NaCl
multilayers grown on Cu(111) and alumina (Al-Os) layers on NiAl surfaces, have been demonstrated to
serve this purpose effectively. They have been utilized to control, map and investigate the evolution of
the charge state of atoms or molecules in various ways!"!8, Until now, the control and mapping of the
charge state of molecules or atoms adsorbed on surfaces has not been observed on pristine
semiconductor surfaces due to their very high chemical reactivity’®. Yet, passivation of highly reactive
silicon or germanium surfaces is known to hold the potential to provide such properties on a single atom,
particularly when local dangling bond states can address various issues?®?112223 = A particularly
intriguing approach involves utilizing Si(100) epitaxy with a monolayer of CaF,, as it facilitates an

effective electronic decoupling between the surface and the adsorbate?*22,
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In this study, we illustrate the potential for inducing a reversible alteration in the charge state of
a single iron-tetraphenyl porphyrin (FeTPP) molecule when it is adsorbed on a semi-insulating
CaF/Si(100) monolayer surface at low temperature (9K). FeTPP molecule is a model molecule?”?8 often
used to describe and study various physical and chemical processes in the gas phase or on surfaces such
as charge transfer?®3® spin transitions®3, catalysis®*%*, or photoactive devices®*3¢.We employ a
scanning tunneling microscope (STM) to inject electrons into the central part of the FeTPP molecule
and subsequently image the different induced molecular charged states. The reversible nature of the
charge states is elucidated through various effects, including the observation of hysteresis behavior in
the time evolution of I(V) measurements, along with distinctive signatures observed in dl/dV
spectroscopy. Furthermore, it is notable that the charge state of the FeTPP molecule remains steady
when moved on the surface with the STM. By performing STM topographies difference between the
neutral and charge states, we are able to map the stationary variations of the DOS migration related to
the electronic charge loading. To deepen our comprehension of these discoveries, we employed density
functional theory (DFT) calculations to elucidate the electronic structure alterations of FETPP in its
neutral, cationic, or anionic states. In this study, we employ DFT calculation methodology that exploits
the virtual crystal approximation (VCA) based on a mixed atomic electronic structure to simulate the
charge state of the FeTPP molecule on a surface. This approach enables us to replicate the trends
observed in our experimental results, including differences in STM images, and provides insights into
the influence of the initial FeTPP electronic structure and spin state. Our findings demonstrate the ability
to effectively generate a FeTPP anion by introducing negative charges, facilitating its transport across
the surface through ad-hoc excitation, and subsequently restoring the FeTPP molecule to its neutral state.

This paves the way for the exploitation of such adsorbates as a nanoscale electron reservoir.

2. METHODS

2.1 Sample and tip preparation

The fabrication of the ultrathin semi-insulating layer is performed in two steps. The first step
consists of preparing the reconstruction of the Si(100) surface (n-doped (As), p = 5 Q-cm) through

3
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several cleaning cycles in ultrahigh vacuum using repetitive annealing series. This entails a swift
temperature rise up to 1100 °C, succeeded by a gradual temperature decrease to 600 °C. The subsequent
step encompasses the epitaxial growth of the reconstructed Si(100) surface: Si(100)-2x1 is exposed to a
flux of CaF, molecules evaporated from an effusion cell heated to 1065 °C, while maintaining the Si
sample at a temperature of 720 °C%. The CaF exposure lasts for 120 s, providing a total coverage of
approximately 1.3 monolayers. During the CaF, exposure, the pressure in the preparation chamber- is
maintained below 2x10-2° torr. Following this procedure, the sample is cooled down to 12 K and then
withdrawn from facing the CaF, oven. The CaF. oven made of pyrolytic boron nitride (PBN) is
subsequently cooled down to approximately 500 °C to prevent spurious evaporation. Then, the FeTPP
molecules powder is heated in the oven (PBN) until it reaches its sublimation temperature, at
approximately 250 °C. Once the FeTPP molecules are sublimated, the CaF»/Si(100) sample is positioned
in front of the oven for approximately 2 seconds. At the end of this procedure, the sample is gradually
cooled down to 12 K and then introduced into the STM chamber for analysis. The characteristics of the
obtained semi-insulating layer structure and properties have been detailed in previous research*3’,
The STM tips are crafted using a tungsten wire that undergoes electrochemical etching in a
sodium hydroxide (NaOH) solution and then cleaned by exposure to electrons within the ultra-high
vacuum (UHV) preparation chamber. The scanning tunneling spectroscopy (STS) curves obtained in
our experiments arise from two lock-in amplifiers. The results are compared to avoid spurious dl/dV
peaks and to reduce background noise. During the STS measurements, an amplitude modulation of 5—10
mV at a frequency of 847 Hz is applied to the sample in addition to the constant bias voltage. The tunnel
current is converted to a voltage signal outside the STM chamber, with a noise level below 7 mV,
ensuring a robust average signal-to-noise ratio on the measured (dl/dV) signals. Throughout the
measurement process, we collect (dI/dV) curves at different STM tip height positions to assess potential
energy shifts in the density of state (DOS) peaks. These shifts can be due to band-bending effects caused
by the STM tips or voltage drop occurring at the double barrier junction. All measurements are
performed with a low-temperature (9 K) PanScan STM head from CREATEC at a base pressure below
102 torr. The bias voltage is applied to the silicon sample, and the excitation pulses applied to the
molecule are statistically analyzed (see Fig. S1), confirming the electronic nature of the charge state

4
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change. The average time required to induce the charge state modification of a FeTPP molecule is

estimated ~ 0.46 + 0.05 s, resulting in an electronic yield Yion = 1.16 x 108+ 0.1 &,

2.2 Theoretical methods

Calculations of the FeTPP’s electronic structure in the neutral and charged states are carried out
in several steps. The initial step involves employing the Gaussian 09 software package® to simulate the
relaxation of the FeTPP molecule in its different neutral and charged states in the gas phase. The
considered spatial structure of the FeTPP molecule is either the one that has been relaxed on the surface
or a fully relaxed structure using the self-consistent field SCF optimization method. As a second step,
we have also performed numerical simulations of the FeTPP molecule when adsorbed on the epitaxial
CaF,/Si(100) surface by using the Spanish Initiative for Electronic Simulations with Thousands of
Atoms (SIESTA) package®®4%442 The various FeTPP molecular electronic structures are thus
investigated through numerical simulations using the density functional theory (DFT) method. In these
simulations, we employed a polarized double-{ basis set (DZP) and nonlocal norm-conserving
pseudopotentials. For the exchange-correlation functional, we adopted the generalized gradient
approximation (GGA) that includes van der Waals interactions*3444°,

To achieve high precision in calculating the total energies of the studied systems (1 meV), we
utilized a mesh cutoff of 150 Ry and a single k-point at the center T for Brillouin zone integration.
Geometry relaxation was accomplished using the conjugate-gradient method with a force convergence
criterion of 0.02 eV/A. This process was conducted while maintaining the volume of the identical slab,
characterized by dimensions of 4.64 x 3.10 x 4.44 nm3. The volume corresponds to the CaF,/Si(100)
slab and includes a total of 1293 atoms, counting those of the FeTPP molecule. Precise localization of
the FeTPP molecule on the CaF2/Si(100) surface was achieved with reference to previous work?*. The
final molecular conformation is optimized based on criteria related to minimizing the conformational
adsorption energy and our ability to reproduce experimental STM images. To achieve this, we applied
the Tersoff-Hamann approximation method to generate a map of the isodensity of surface states by
calculating the local density of state (LDOS) within the calculated energy window. In order to describe
the anionic electronic state of the FeTPP molecules adsorbed on the CaF,/Si(100) surface, with the

5

ACS Paragon Plus Environment



oNOYTULT B WN =

The Journal of Physical Chemistry

charge added either to the Fe atom or at other locations in the molecule, we exploit the virtual crystal
approximation (VCA) as implemented in SIESTA®, This method relies on creating one or more virtual
atoms by combining known reference atomic pseudopotentials, originally provided by SIESTA, and
averaging matrix elements in Fourier momentum space. The nuclear charge of the pseudo-atom is
adjusted to maintain the atomic charge neutrality. Through this approach, the Mixps code integrated into
SIESTA allows for the adjustment of the nuclear charge of the pseudo-atom. This procedure includes a
description of the initial neutral Fe (or C) valence electrons as 4s? 3d° (2s? 2p?). With an additional
electronic charge value 'x', the electronic structure is represented as Fe (C): 4s2 3d®*™* (2s? 2p?**), where
x can range from -0.9 € to 0.9 &. The resulting stationary charge state distribution is analyzed throughout
the entire slab using the Bader approach “’. With a highly precise grid sampling coupled with an ad hoc
Voronoi volume definition, our calculation can achieve precision as fine as 2 x10° & ““9*°,

It's important to emphasize that substituting an iron atom, initially carrying a nuclear charge of
26 protons, with a virtual species created as a mix of two different atoms' pseudopotentials, results in a
modification of the total number of protons to 26 + x. This implies that the VCA method does not merely
result in a variation of the additional charge by x valence electrons, as the Coulomb attraction between
the additional charge and its nucleus might retain some of the added charge in close proximity to the
mixed atom's position during electronic optimization. Therefore, we have observed that a significant
fraction of the partial negative charge behaves in a quasi-free manner, becoming delocalized through
local fluctuations in the electrostatic potential. This leads to a satisfactory reproduction of the stationary

charge state variation trends of the considered molecule.

3. EXPERIMENTAL RESULTS

The FeTPP molecules adsorb on the CaF./Si(100) surface in two main configurations that have
already been studied in previous work®24, Their STM images are depicted in Figs. 1aand 1b, illustrating
two different orientations referred to as FeTPP-L and FeTPP-R. These orientations occur when the
molecule is angled approximately + 23° to the left or right, respectively, compared to the direction of
the CaF; stripes®. Figs 1c to 1h illustrate the relative physisorbed conformational positions of each

6
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adsorption site on top of the CaF./Si(100) surface. The FeTPP molecules are known to be physisorbed
on the CaF./Si(100) semi-insulating surface, demonstrating minimal interaction with the substrate.
Our former work details the description of the FeTPP interactions with the CaF./Si(100) surface leading
to a molecule-surface distance at the central Fe atom of ~ 5.4 A. In this context, the formation and
lifetime of adsorbates excited states, including ionic states are favored*®. Our study uses the principle of
electronic excitation to induce charge state modification in the adsorbate with a minimum of
conformational change®2°354%5, This procedure is elaborated in detail in the method section, building
upon prior research?. Here we set specific parameters for this process in order to test our ability to create
a stable ionic state in the molecule. In particular, we aim to fabricate stationary FeTPP ion and see if
this electronic state can be observed on the surface with the STM and for how long. Our tests start on a
FeTPP-L molecule on which is applied a voltage pulse (Vex.. = + 2.5V, 6 - 10 s) at the center of the
molecule (red circle in Fig. 2a, #1). We observe the result of this excitation by scanning the exact same
surface area (Fig. 2b, # 2). The ensuing STM topography, as the scan occurs from the upper part to the
lower part of the image, exhibits a conformational change from the previous image that suddenly
changes in the second half of the picture. A careful look at Fig. 2b shows that the second part of the
STM topography resembles the initial FeTPP molecule in its FeTPP-L conformation, indicating that the
molecular conformational change in Fig. 2b is reversible and somewhat slightly unstable under our
scanning conditions (-2.3 V, 7 pA). It is important to notice that during the electronic excitation pulse
applied on the molecule in Fig. 2a, the bias voltage is positive, implying that the tunnel electron flux
migrates from the STM tip, through the molecule, and then to the surface. Under these conditions, the
tunneling electrons primarily explore the empty states of the molecule, thereby enhancing the likelihood
of forming an anion. Hence, when the bias voltage is negative during the scan in Fig. 2b, the tunnel
electron flux is reversed (i.e. from the surface to the STM tip) increasing the probability to neutralize
the FeTPP molecule. After a third scan of the identical region (Fig. 2d, #3) that distinctly demonstrates
the recovery of the FeTPP molecule to its initial conformation, as depicted in 2a, we apply the same
excitation pulse on the central part of the FeTPP molecule. The subsequent topography (Fig. 2c, # 4)
shows the entire configuration of the FeTPP molecule after the excitation. One can recognize that the
first upper half part of the image in panel 2b resembles the spatial repartition of DOS observed in panel

7
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2c. It is also possible to detect strong differences, apart from a possible molecular conformational
change, between the STM topography of the neutral FeTPP molecule (Fig. 2a) and the one imaged in
the panel 2c. Indeed, the texture and corrugation of the spatial distribution of the excited molecule, as
observed in Fig. 2c, appear noisier. This suggests that the conductivity through the DOS of the molecule
is somewhat reduced at multiple locations (see white arrows in Fig. 2c). Earlier studies on FeTPP
molecules on the CaF./Si surface have revealed that applying excitation with a negative bias voltage to
the phenyl groups of the molecule effectively triggers its movement from the FeTPP-L to the FeTPP-R
conformation?®. This transition is commonly accompanied by a displacement of the molecule along the
stripe. This shift is evident when we overlay the red dotted line passing through the central region of the
neutral FeTPP-L molecule from Fig. 2a onto Fig. 2c. In contrast, the blue dotted line in Fig. 2c intersects
the midpoint of the newly adopted FeTPP conformation. Note that low-temperature scanning tunneling
microscopy (STM) allows for the recording of STM topography of the same surface area with negligible
lateral drift. An excitation pulse at negative bias voltage (Vex.. = - 2.5V, 6-10 s) is then applied at the
position of the lower right phenyl group on the FeTPP molecule (see red circle in panel 2c). One can
report to previous work to further understand the mechanism induced when an excitation pulse is applied
at negative bias voltage to control the FeTPP movement over the CaF, stripes®. The subsequent STM
topographic image of the identical region (Fig. 2e, # 5) is striking, revealing the FeTPP molecule in what
appears to be a slightly different conformation. This molecular configuration bears strong resemblances
to the FeTPP-R depicted in Fig. 1b, featuring a similar rightward rotation at the same angle relative to
the axis of the CaF»/Si(100) stripe. However, the spatial distribution of the FeTPP DOS shown in Fig.
2e is significantly different from the one in Fig. 2a, while the general contour is kept. We also note that
the molecule in this conformation has been slightly shifted downward along the CaF stripe, in coherence
with the known effect of excitation at negative bias voltage. The blue dashed line, which crosses the
center of the molecule in Fig. 2c, is indicated in Fig. 2e for comparison with the position of the center
of the FeTPP molecule conformation, denoted by the green dashed line. This result indicates that the
FeTPP molecule, likely existing in a specific ionic state in Fig. 2c, can move on the surface while
maintaining its specific electronic charge state. An additional excitation pulse at negative voltage (Vexc.
=- 2.5V, Tex. = 10 9) is then applied on the lower right phenyl group of the ionic FeTPP molecule (red

8
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circle in Fig. 2e). This final excitation can either provoke the movement of the FeTPP molecule along
the CaF2/Si(100) stripe (inset in Fig. 2e) or to return to its initial state (Fig. 2f) like the one seen in Fig
2a, indicating that the neutralization of the ionic FeTPP molecule can also be achieved via an electronic
excitation at negative bias. Note that the ionic state of the FeTPP molecule as observed in Fig. 2e (and
inset) is stable for several hours. Calculation of the relaxed structure of the FeTPP as observed in Fig.
2c is performed and shown in Fig. 2g. The ensuing calculated local DOS is provided in Fig. 2h with
good reproducibility.

To further study the charge state of the ionic FeTPP molecular conformations observed in Figs.
2e, we have performed (V) measurements on a neutral FeTPP molecule with a bias voltage varying
from -3.1 V to 2.2 V and vice versa (Fig. 3) to observe a possible hysteresis behavior. For this
measurement, the STM tip is located on top of the Fe atom of the neutral molecule and the applied bias
is tuned, starting at a bias voltage of -3.2 V (point O) in Fig. 3). The evolution of the I(V) (black curve)
reaches a maximum at -2.6 V to decrease down to 0 A at Vs ~-1.2 V. The tunnel current remains null
up to a bias voltage value of 2 V due to the large surface gap energy of the CaF,/Si(100) surface of ~
3.2 V24?37 The I(V) curve switches suddenly to a higher value and becomes very noisy when the
current establishes at positive voltage (point (2) in Fig. 3), sign of a strong molecular transient change.
When the bias voltage is swept back to -3.2 V (red curve in Fig. 3) the tunnel current value decreases
rapidly to 0 A until the bias reaches -1.5 V. Hence, the ensuing (V) curve does not follow the previous
black curve, shifting the 1(V) maximum to a lower value at ~ -3.1 V. In some cases, the 1(V) red curve
switches back to the black curve within a range of voltage ~ 2.5 V (point (4) in Fig. 3). In the presented
case, scanning the same area of the FeTPP molecule after an 1(\VV) measurement sequence indicates that
the molecule resembles the conformation observed in Fig. 2e. This result reveals that the charge state of
the FeTPP molecule has changed when the bias voltage applied is positive while the general
conformation of the FeTPP and its position on the surface remain nearly the same. Consistently, given
the chosen experimental parameters for the investigations presented in Fig. 2 and Fig. 3, it can be

anticipated that the change in charge state would result in the formation of a specific anion.
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For a better comprehension of the electronic structure changes induced by the formation of an
ionized FETPP molecule, it is necessary to compare the variations of DOS between a neutral and ionized
molecule. This can be performed by analyzing the dI/dV curves acquired at several selected positions
in the FeTPP molecule as presented in Figs. 4a and 4b. The dI/dV curves in Fig. 4b exhibit very similar
variations of DOS peaks whether they are acquired on top of a pyrrole group or on top of a phenyl group
(see the green and blue circles and ensuing curves in Figs 4a, 4b, respectively). The main DOS peaks
are observed at -2.8 V with a shoulder at ~ -2.1 V. These two DOS peaks can be attributed to the phenyl
groups (-2.8 V) and the pyrrole groups of the FeTPP molecule. In its neutral configuration, FeTPP-L (or
FeTPP-R) features a relative orientation of the aromatic phenyl groups surrounding the porphyrin
macrocycle, enabling the adjustment of electronic coupling with the pyrrole groups through their
dihedral angle. This can be expressed by a more or less intense delocalization of the DOS peaks
associated with each chemical group throughout the molecule. Consequently, this effect leads to similar
spectroscopic curves across the neutral FeTPP-L and FeTPP-R molecules, as demonstrated by the di/dV
data in Fig. 4b. A further important signature indicating that the FeTPP molecular occupied states can
be considered as decoupled electronically from the surface is evidenced by the CaF,/Si(100) surface
DOS peak at lower energy (-1.9 eV).

Interestingly, the dI/dV spectroscopy acquired on the ionized FeTPP molecule (Fig. 4c), shows
key differences compared to the one acquired from the neutral molecule. The first difference arises from
a general shift of the occupied DOS to lower bias values. One can notice that the DOS peak ascribed to
the pyrrole groups, initially located at -2.1 V for the neutral FeTPP molecule, is observed at a very
similar voltage for the FeTPP ion (-2.2 V). However, the DOS peak associated to the FeTPP phenyl
groups is significantly shifted to a lower bias (-3.2 V), in line with the observation in the 1(\V) curve
where a peak of current at similar bias is observed (Fig. 3). This effect is consistent with a decrease in
the total energy of the FeTPP molecule due to the additional electronic charge, which may further
stabilize its electronic structure. This result confirms our first hypothesis suggesting that both FeTPP
configurations observed in Figs. 2c and 2e are stationary STM images of the FeTPP anion. Furthermore,
the relatively large voltage shift of the DOS peak at -3.2 V suggests that the charge variation of the
FeTPP molecule may strongly affect the phenyl groups of the molecule. This assumption is surprising
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because the electronic excitation is initially applied locally to the central part of the molecule, i.e., to the
Fe atom whereas it appears to influence the whole electronic structure of the molecule. Here, it is
important to emphasize that the DOS tail observed in the dI/dV curve acquired on the CaF./Si(100)
surface (red curve in Fig. 4b) does not show the same maximum as the one observed on the ionized
FeTPP molecule (Fig. 4c). A clear comparison of the two measurements is provided in Fig. S6.

To delve deeper into the alteration in charge state and its impact on the spatial distribution of
DOS, we conducted experimental comparisons of the constant current image isodensity between the
FeTPP-L and FeTPP-R conformations, alongside STM images in their corresponding conformations
while in the anion state (Figs. 5a to 5d). To compute this intensity difference, we chose STM images of
identical dimensions (256 x 256 pixels) where both FeTPP molecular states are positioned precisely the
same and exhibit identical intensities. To avoid spurious analysis, while each STM topographies are
performed with the same STM parameters (Vs =-2.8 V, | = 7 pA), and to warrant the same STM tip
height, the image profile grayscale is normalized so that the resulting contrast will arise from a pure
variation of DOS. We are also assuming that the transition between two different charge states, from the
neutral FeTPP (depicted in Figs. 5a, 5b) to the anionic FeTPP (shown in Figs. 5c, 5d) does not cause
significant conformational changes that could involve large atomic displacements. In this context, we
consider that when the FeTPP molecule is ionized, the STM picture of each molecular state, i.e. neutral
or negatively charged, is the stationary result of a redistribution of the charge density change, all over
the molecule. This redistribution arises from an electronic structural reorganization due to the addition
or removal of partial electronic charge. With these assumptions, we based our approach of the STM
image difference as a method to describe the spatial redistribution of DOS between a neutral and an
ionized molecule.

The STM topographies differences (i.e. FeTPP neutral image minus FeTPP anion image) are
shown in Figs. 5e and 5f for the FeTPP-L and FeTPP-R, respectively. In these figures, the dark gray
areas indicate where the DOS difference is negative, i.e. where the DOS intensity of the neutral FeTPP
is lower than the anion FeTPP DOS. In both images (Figs. 5e, 5f) the dark areas are rather located in the
middle part of the molecule, spreading aside each lateral pyrroles group of the macrocycle. In addition,
the upper right and lower left phenyl rings of the molecule seem to be also affected as well by the DOS
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redistribution as they show a negative difference. Inversely, the bright areas illustrate where the neutral
FeTPP DOS intensity is higher than the anion FeTPP DOS. These zones are rather located at the upper
and lower pyrroles group.

Each pixel in the STM topography is proportional to the integration value of all the DOS, covering
the energy range from the Fermi level energy of the STM tip to the Fermi level energy of the
CaF,/Si(100) surface. As a result, a negative change in DOS indicates the migration of the averaged
DOS from the neutral molecule configuration to the anion molecule configuration. We can infer that the
additional electronic charge in the FeTPP molecule becomes redistributed across specific parts of the
molecule, despite being initially concentrated at the Fe atom upon injection by the STM tip. At this
point, it cannot be discounted that there may be some minor atomic position variations to accommodate

the molecular structure in this new charge state®*’.

4. DISCUSSION

To understand our experimental results, we conduct numerical simulations of the electronic
structure of a neutral FeTPP molecule in the gas phase and for various charge states (Fig. 6). In Fig. 6a,
we depict the Kohn Sham (KS) orbitals energies of the neutral FeTPP molecule in the gas phase. Upon
calculating the electronic structure of the FeTPP molecule in the gas phase, it becomes clear that the few
frontier orbitals are primarily composed of DOS localized mainly at the macrocycle porphyrin, resulting
in a molecular HOMO-LUMO gap energy of ~ 4.4 eV (see blue lines at -6.2 eV and -1.9 eV). The FeTPP
molecule’s electronic structure is also composed of two groups of a tenth of KS orbitals having very
similar energies at the occupied and unoccupied states for which the DOS is mainly localized at the
phenyls groups (i.e. red lines at -8.5 eV and 0.9 eV, respectively). The energy difference between these
two DOS peaks is 9.4 eV for the molecule in the gas phase. It is important to note that, for the metallated
molecular porphyrin family, the energy difference between the occupied and unoccupied phenyl groups
is often mistaken for the HOMO-LUMO energy gap of the molecule, whereas the actual frontier orbitals

are shown to exist at lower energies. A detailed comparison of the Kohn Sham (KS) orbitals energies of
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the neutral FeTPP molecule in the gas phase with the projected DOS calculated with the FeTPP
molecule adsorbed on the CaF/Si(100) surface is provided in Fig. S7.

To illustrate the impact of the charge state alteration subsequent to FeTPP excitation and to
confirm whether the FeTPP molecule indeed behaves as an anion rather than a cation, we conducted
spin-polarized calculations of the electronic structure of the FeTPP molecule in the gas phase, under
neutral, negative, or positive charge conditions, and compared the results with the experimental di/dV
curves depicted in Figure 4. This finding is illustrated in Fig. 6b, where the energy of the occupied state
of the phenyl groups serves as reference energy, thereby adjusted to align with the energy of the dI/dV
curves measured in Fig. 4. Therefore, the occupied state energy of the phenyls group orbitals (red and
black circles in Fig. 6b), initially lying at -8.5 eV (Fig. 6a), is adjusted to match the energy value of the
phenyls dI/dV peak acquired on the neutral FeTPP molecule (Fig. 4b). Next, a similar energy adjustment
is applied to the calculated orbital energies of the negatively or positively charged FeTPP molecule,
depicted by the green and blue symbols in Fig. 6b, effectively setting the occupied orbitals of the phenyl
group at -3.2 eV as a reference energy of the ensuing dl/dV curve. This method allows for comparing
the calculated orbitals situated at higher energies to determine if they correspond to the dl/dV curves of
the resulting pyrroles DOS peaks measured experimentally. A thorough comparison can be found in
Fig. S8.

Fig. 6b reveals, firstly, that the variation in charge state of the FeTPP molecule primarily affects
the electronic structure of the frontier orbitals associated with the pyrrole groups in the range spanning
from 0 to -2 eV as well as the tail of the phenyls KS orbitals ranging from -2 to 3 eV. The trend revealed
by these calculations also indicates that the diI/dV peak tail attributed to the pyrrole group represents
only a portion of the frontier orbitals. This is evident as the energy of the calculated HOMO orbital of
the neutral FeTPP molecule is approximately - 0.5 eV. This effect is primarily attributed to the insulating
properties of the CaF./Si(100) layer, which significantly reduces surface conductivity for surface biases
greater than -1.5 V and below the surface Fermi level energy. It is therefore relevant to compare the

ensuing energy of the HOMO orbital with the voltage drop ° V that generally occurs in double

junction barriers where y = d/(ez + d)ss. Under our experimental conditions, we can roughly estimate
that the voltage drop is lower than 0.1 V at -2.5 V when the tip-to-molecule distance z = 10 A, the CaF

» insulating
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thickness d is ~ 1 A** , and the dielectric constant ¢ of the insulating layer is about 8. This estimation
supports our earlier observations.

Since the cluster of orbitals associated with the occupied phenyl groups are deliberately set to
have similar energy levels for both negatively and positively charged FeTPP molecules in order to
compare them, one can then examine the corresponding energies of the orbitals in the ensuing pyrrole
groups. For the positively charged FeTPP molecule, the calculated last filled occupied orbitals of the
pyrrole groups have energies located at approximately -1.7 eV. In contrast, two spin-up states with filled
orbitals from the pyrrole groups of the negatively charged FeTPP molecule are observed at -2.0 eV,
along with two other orbitals at around -0.5 eV. By comparing the dI/dV curves obtained for both the
neutral FeTPP and the ionized FeTPP molecule (Figs. 4b, 4c) with the calculated orbital energy lines
for both the neutral and ionized forms of the molecule, a discernible pattern emerges. It becomes clear
that the electronic structure most closely mirroring the acquired spectroscopic curve corresponds to the
FeTPP anion. Indeed, the first set of orbitals of the negatively charged FeTPP molecule lying at -2.0 eV
can be clearly observed in the dI/dV measurements. However, the last filled orbitals at -0.5 eV cannot
be measured due to the surface gap of the CaF/Si(100) surface.

These results further indicate that the electronic excitation of the FeTPP molecule results in a
negatively charged state and that its electronic structure is very similar to the FeTPP anion. It is
important to emphasize here that only the energies of the occupied orbitals are compared since the
HOMO-LUMO gap energy may change once the molecule is adsorbed on the surface. Our calculations
also enable the estimation of the ionization potential energy (IP) of the gas-phase conformation of the
FeTPP molecule by applying the Koopman theorem. Thus, the ionization potential IP = Ecation - Eneutrai =
6.5 eV, as well as the electronic affinity Ea = Eneutral — Eanion = 2.8 V. Although these values of IP and
Ea energies may decrease for the physisorbed FeTPP molecule on the CaF,/Si(100) surface, this strongly
suggests that the formation of a long-term stable electronic state for the FeTPP anion is more easily
achieved compared to the cationic form.

When acquiring one (or more) additional electron in the neutral FeTPP molecule to form an
FeTPP anion, several transient electronic changes may occur. Specifically, in our experimental

excitation methods, the STM tip is positioned above the Fe atom, suggesting a higher probability of
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localizing the additional electronic charge on this atom initially. However, as depicted in Figs. 5, the
static variation of charge density in the FeTPP molecule before and after the formation of the anion
primarily affects not only the central part of the molecule but also the surroundings of the porphyrin
macrocycle. Therefore, it is crucial to describe how the additional electronic charge is distributed in the
FeTPP molecule before and after the electronic excitation.

To further describe this effect, we have calculated the LDOS of a neutral FeTPP molecule
adsorbed on the CaF./Si(100) surface (Fig. 7a). As depicted in Fig. 7b, the ensuing Bader charge
variation analysis of a neutral FeTPP molecule indicates that the iron atom in the neutral FeTPP has lost
0.653 & (blue sphere) compared to its initial valence charge state (Fe:4s? 3d°), while the surrounding
nitrogen atoms gain additional charges of ~ 0.243 & compared to its initial valence charge state (N: 2s?
2p3, red spheres). We then proceed to modify the initial electronic structure of the neutral FeTPP by
adding 0.5 electronic charges to the four carbon atoms of the two lateral pyrrole groups (Fig. 7b) to
mimic what is observed in Fig. 5e. The visual impact of the additional charges on the LDOS of the
FeTPP molecule is relatively subtle, as observed in Fig. 7c, although some minor differences are already
noticeable at the lower left and upper right phenyl rings of the molecule. To emphasize the LDOS
variations between Fig. 7a and 7c, we compute the difference between the two LDOS distribution
images and present the results in Fig. 7d. This reveals clear LDOS variations in relation to the additional
charge initially located at the lateral pyrrole groups. Indeed, upon comparison with the subsequent
experimental STM image difference presented in the upper corner of Fig. 7d, one can readily observe
that the two lateral pyrrole groups, along with three surrounding phenyl groups, display negative
variations in LDOS (Fig.7d), aligning with experimental observations. Similarly, the LDOS difference
at the upper and lower pyrroles groups stays positive or near zero. This implies further similarities with
our experimental STM image processing technique, suggesting that the additional charge is delocalized
in the regions where the LDOS difference is negative.

Given that the FeTPP molecule can initially undergo spin polarization via a magnetic moment
primarily localized at the iron atom, it is relevant to investigate how the delocalization of the additional
added charge in the FeTPP molecule anion may correlate with a variation in the magnetic moment of
the entire molecule. As depicted in Figures 7e and 7f, at first glance, the discrepancy in the spin-up and
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spin-down FeTPP anion Bader charge distribution may not be immediately evident and seems uniform

across all atoms of the molecule, except for the central Fe atom. In particular, there appears to be a more

pronounced variation of spin-up charge at the Fe atom (i.e. 2.6 & 1) compared to the spin-down (i.e. 1.6

€ 1) while the additional charge is initially introduced into the carbon atoms of the two lateral pyrrole

groups. Therefore, the local spin magnetic moment of the FeTPP anion worth 0.82 ug (us being the Bohr
magneton).

Calculating the differences of the spin polarized charge variation per atom enables mapping the
local magnetic moment of the molecule on each atom of the FeTPP molecule, as depicted in Figs. 7g
and 7h. To optimize the color scale, the charge difference values at the Fe atom is set to zero. One can
observe that the most significant values of positive magnetic moment (i.e., 18 mug) are located on the
two nitrogen atoms forming the upper and lower pyrrole, with only minor effects on the other atoms of
the molecule. However, the negative magnetic moment values (i.e., -13 mug) are primarily distributed
among the nitrogen and carbon atoms in the lateral pyrrole groups located on the left and right sides of
the molecule. This reveals a specific reorganization of the electronic spin state over the entire FeTPP
molecule to stabilize the extra charge and the ensuing variation of the local magnetic moment of the Fe
atom.

Given that the process for loading the molecule with additional electrons occurs at the central
part of the molecule, we have conducted further investigation into the impact on the calculated LDOS
of the FeTPP anion when an additional charge is initially positioned on the Fe atom (see Figs S2 and S3
for details). Our investigations reveal that in its neutral state, the electronic structure of the FeTPP-L
molecule exhibits a high-spin configuration (s = 1) similar to octahedral complexes, resulting in a
geometrical arrangement for which the surrounding pyrroles groups of the molecule are alternately
slightly tilted up and down. In this arrangement, the central iron atom carries a slight positive charge (~
- 0.653 g, Fig. S2), consistent with previous observations (Fig. 7b), with the most significant disparity
between spin-up and spin-down evident in the Fe:3dx, and Fe:3dy, orbitals. Upon adding 0.5 electrons
to the Fe atom, the subsequent stationary Bader charge analysis, after relaxation, indicates that the Fe
atom also assumes a cationic state, having lost 0.683 electronic charges. A comprehensive analysis
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reveals that the most notable Bader charge variation between the neutral state and the charged state
predominantly impacts the spin-down component of the Fe:3dx.,- and Fe:3d. orbitals in the negatively
charged FeTPP molecule. The total charge (sum of spin-up and spin-down charges) at the Fe atom of
the neutral FeTPP molecule is 6.71 electrons, while it amounts to 7.04 electrons for the negatively
charged molecule. Consequently, the difference in total charge at the Fe atom, i.e., 0.33 electrons,
suggests that the Fe atom retains 66 % of its additional charge at the Fe atom after relaxation. Hence our
calculation method indicates that 34 % of the added electronic charge is delocalized over the FeTPP
molecule.

The localization/delocalization effect is further established when comparing the calculated
LDOS images of both a neutral FeTPP-L molecule and an anion FeTPP-L molecule as considered above
(Fig. S4). The subsequent calculation of LDOS difference (neutral — charged) reveals partial
relocalization of LDOS values around the central Fe atom, as well as in the vicinity of the upper left and
lower right phenyl rings, attributable to the additional charge. This relocalization significantly differs
from what is observed in Fig. 7d and indicates that specific conditions are necessary for the additional
charge to become further delocalized within the surrounding macrocycle pyrroles, if it is initially
injected at the Fe atom during the subsequent electronic loading process. Indeed, delocalization of the
additional charge can be facilitated by specific vibrational modes of the iron atom that are coupled to
the tunnel current flux, potentially resulting in a very efficient charge transfer from the iron atom to the
porphyrin macrocycle®. This process is known to be favored when inelastic tunneling electrons lose
some of their energy, enabling them to couple with the vibrational modes of the adsorbate. Such coupling
facilitates a charge transfer from the iron atom to the porphyrin macrocycle, potentially enabling the
loading of multiple electronic charges into a single molecule.

In this context, two important parameters may also influence the probability of a neutral FeTPP-
L(R) molecule accepting one or multiple additional electronic charges in its structure and delocalizing
them: (i) the orientation of the Fe atom relative to the molecular plane of the porphyrin macrocycle, and
(ii) the initial spin state of the Fe atom within the porphyrin. To investigate these aspects, we computed
the Bader charge variation for each atom of a FeTPP molecule relaxed in the gas phase (i.e., having a
flat structure, as depicted in Fig. S5) under three different initial spin states: s = 2, 1, and 0, both before
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and after receiving an additional 0.6 € at the Fe atom. Note that in this case, we intentionally loaded the
Fe atom with 0.6 € to slightly enhance the delocalization process.

These calculations, presented in Fig. S5, show firstly, that the final charge state of the Fe atom
is markedly more impacted by its initial spin state s = 2 compared to the other spin states s =1 or s = 0.
A quick comparison between Fig. S5b and Fig. 7b (s = 1) reveals that the Fe atom is slightly less cationic
when the FeTPP molecule is in a flat configuration (with a loss of 0.59 &, Fig. S5b) compared to its
octahedral conformation (with a loss of 0.653 €, Fig. 7b), indicating that the electronic reorganization is
more pronounced for the FeTPP with an octahedral conformation. Furthermore, a closer examination of
the total charge variation (AQut) at the Fe atom between the neutral and charged states indicates that
AQut. = 0.621 &, 0.517 &, and 0.510 & for s = 2, 1, and 0, respectively. Considering that the added
electronic charge worth 0.6 &€, the trends revealed by this calculation indicate that the added charge tends
to remain localized at the injection point for higher spin values.

This is further emphasized by analyzing the differences in Bader charges (neutral minus
charged) for each of the initial spin states considered in the FeTPP molecule (s = 2 to 0 in Figs. S5g to
S5I). Particularly notable is the negative Bader charge difference, signifying the transfer of charge from
the Fe atom to the porphyrin macrocycle, a phenomenon prominently observed for s = 1 and 0. In these
figures (Figs. S5¢ to S5l1), the Bader charge variation at the Fe atom is deliberately set to zero for clarity.

In this context, these investigations clearly indicate the possibility of loading additional
electronic charges into the FeTPP-L(R) molecular conformations, with the potential for the charge
injection point to be localized at a different site from where the additional electronic charge is stored
and subsequently delocalized. Although we did not, for this study, investigate the formation of FeTPP
anions by positioning the STM tip at various locations on the molecule, our results lay the groundwork
for the future utilization of such molecular devices as nanoscale batteries or nanodevices aimed at energy
transport. Note that the DFT calculation of the LDOS distribution for the FeTPP cation is not relevant
here, as the experimental STM image of this configuration could not be observed in a stationary state.
This prevents us from determining which spatial area of the molecule this type of charge state

modification affects.
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5. CONCLUSIONS

Our investigations unveil that the charge variations in FeTPP molecules anion can be
experimentally elucidated by examining the spatial variations in brightness within the STM image. This
serves as a signature of charge delocalization in the electronic stationary state of the molecular anion.
Our theoretical investigations, combined with STM current hysteresis measurements and specific di/dV
signatures, indicate the potential to create, stabilize, and manipulate a molecular anion on the
CaF,/Si(100) surface before returning it to its neutral state. Density functional theory is utilized,
employing specifically tailored mixed-valence electronic atomic structures, to simulate and illustrate the
variation of the added electronic charge and its dispersion within the molecule. Our findings underline
that the stabilization of the molecular FeTPP anion is related to a reorganization of the spin charge state
leading to specific spatial distribution of the magnetic moment in the molecule, as evidenced by the
experimental STM image difference. Therefore, our work indicates that the control of the initial spin
state as well as the molecular structure is crucial to enable efficient charge loading in the FeTPP
molecule. Our findings also suggest that charge storage in adsorbed FeTPP can be manipulated on semi-
insulating layers such as the CaF./Si(100) surface, offering promising prospects for applications related

to energy storage and nanoscale charge transfer devices.
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FIGURES CAPTIONS

Figure 1: (a) and (b) 43.9 x 43.9 A occupied state STM topographies (Vs = -2.4 V, | = 10 pA) of the
two adsorption conformations of the FeTPP in the left (a) and right (b) orientations (i.e. noted FeTPP-L
and FeTPP-R, respectively). (c) and (d) ball-and-stick representation (top view) of the adsorption
configurations of FeTTP-L and FeTPP-R physisorbed on the CaF»/Si(100) surface. (e) and (g), (g) and
(h) ball-and-stick representation (side view) of the adsorption configuration of FeTTP-L and FeTPP-R,

respectively.

Figure 2: (a) to (f) 36.3 x 36.3 A2 occupied state STM topographies (Vs = -2.4 V, | = 7 pA) series of
FeTPP molecule, initially in the FeTPP-L conformation, following several types of excitations (red
circle). The light brown arrows between the panels indicate the order of the manipulation steps (see also
the numbers on the lower left corner of each panel). A voltage pulse in (a) (Vexc. = + 2.5V, 6 - 10 5) is
applied at the center of the molecule. (b) Subsequent occupied state STM topography (Vs =-2.4V, I =
7 pA) of the same area. (d) Occupied state STM topography (Vs =-2.4 V, | =7 pA) of the same area as
in (b) showing that the FeTPP molecular conformation is back as in (a). (c) Occupied state STM
topography (Vs =-2.4 V, | =7 pA) of the same area, following the excitation (Vs = + 2.5V, 6 - 10 5)
applied in (d). (e) STM topography (Vs =-2.4 V, | =7 pA) of the same area following the excitation (Vs
=-2.4V, 6 -10s) applied in (c). (f) STM topography (Vs =-2.4 V, | =7 pA) of the same area, following
an excitation (Vs = - 2.4V, 6 - 10 s) applied in (d). (g) ball-and-stick representation of the first layers of
the surface on which is adsorbed the FeTPP molecule as in (c). (h) LDOS of the FeTPP molecule as

described in (g).

Figure 3: dl/dV curves showing the hysteresis behavior recorded from a neutral FeTPP molecule ((1)

— (2), black curve) switching to its ionic state ((3) — (4), red curve).
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Figure 4: (a) 35.1 x 35.1 A occupied state STM topographies (Vs = -2.4 V, | = 7 pA) of a FeTPP-L
molecule adsorbed on CaF-/Si surface. The blue, green and red circles stand for the phenyls, pyrroles
and surface positions, respectively, at which the dI/dV curves are acquired in (b). (b) Series of dl/dV
curves acquired on the FeTPP molecule as indicated in (a). The colors of the dI/dV curves match the
colors of the circles in (a). (c) dI/dV curve acquired on the FeTPP molecule in its intermediate straddle

configuration acquired at several positions (red circles) as indicated in the inset picture.

Figure 5: (a) and (b) 22.3 x 22.3 A occupied state STM topographies (Vs = -2.4 V, | = 7 pA) of the
FeTPP-L and FeTPP-G molecules on the CaF/Si surface. (c) and (d) 22.3 x 22.3 A occupied state STM
topographies (Vs =-2.4V, 1 =7 pA) of the FeTPP-L and FeTPP-G in its ionic state. (e) and (f) represent
the calculated difference of the STM topographies resulting from (a) minus (b) and (b) minus (d),

respectively.

Figure 6: (a) Kohn-Sham orbital energies of a neutral FeTPP-GP in gas phase with examples of spatial
charge density distribution. The corresponding molecular structure is depicted in the right lower corner
of the figure. The frontiers Kohn-Sham orbitals (-1.9 eV and -6.2 V) are mostly located at the porphyrin
macrocycle whereas several groups of Kohn-Sham orbitals compose the occupied and unoccupied states
of the four phenyl groups around the molecule (-8.5 eV and 0.9 eV). (b) Comparison of the calculated
Kohn-Sham orbital relative energies for a neutral FeTPP molecule (depicted by black and red circles),
a cation (indicated by blue labels), and an anion (identified with green labels) in the gas phase. The
energy values of the occupied Kohn-Sham- orbitals of the phenyl groups of each species are shifted to
fit the one observed experimentally in the dI/dV curves at -2.8 eV for the neutral FeTPP molecule and
at -3.2 eV for the negative and positive FeTPP molecules. The on-scale profiles of the experimental
di/dV curves shown in Fig. 4 are recalled in Fig. S8. Colored vertical arrows indicate the latest filled

Kohn-Sham orbital for each species.

Figure 7: (a) Calculated LDOS image (isodensity = 4.24 x 108 &.A?) of the neutral FeTPP-G adsorbed
on the CaF»/Si(100)surface. (b) Bader charge analysis of the neutral FeTPP-L (without representing the
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surface, s = 1)-as compared to the initial valence charge state as described in the methods section with
Fe: 4s? 3d°, C:2s? 2p?, N:2s?2p%, H:1st. The lateral color scale in (b) indicates a maximum of charge
variation (red) at 0.253 & and a minimum of -0.653 & (blue) mainly located at the nitrogen and iron
atoms, respectively. (c) Calculated LDOS image (isodensity = 4.24 x 10 &.A) of the negatively
charged FeTPP-G adsorbed on the CaF,/Si(100) surface. (d) Calculated LDOS image difference made
from panel (a) minus (c). The inset in (d) is recalled from Fig. 5e for comparison. (e) and (f) Calculated
Bader spin up and spin-down atomic charge state representation of the FeTPP-L (without representing
the surface), respectively. (g) and (h) Calculated magnetic moment of the FeTPP-L as the difference of

the Qspin-up MiNUS Qspin-down Charge difference for the positive and negative scales, respectively.
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