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Reversible Sliding Motion by Hole-Injection in
Ammonium-Linked Ferrocene, Electronically Decoupled
from Noble Metal Substrate by Crown-Ether Template Layer

Fumi Nishino, Peter Kriiger, Chi-Hsien Wang, Ryohei Nemoto, Yu-Hsin Chang,
Takuya Hosokai, Yuri Hasegawa, Keisuke Fukutani, Satoshi Kera, Masaki Horie,*

and Toyo Kazu Yamada*

Artificial molecular machines, especially when based on wheel-and-axle
complexes, can generate mechanical motions in response to external stimuli.
Ferrocene (Fc) is a key component, but it decomposes at 300 K on metal
surfaces. Here, a novel method is presented to construct and control the
molecular complex composed of ammonium-linked ferrocene (Fc-amm) and
tetrabrominated crown ether (BrCR) on a Cu(111) surface. Fc-amm molecules
are periodically arranged on a BrCR monolayer film and imaged using
scanning tunneling microscopy and spectroscopy. A lateral motion of the Fc
groups by ~0.1 nm is observed for pairs of “edge-on” Fc-amm molecules upon
hole injection. This sliding motion is reversible and controlled by the applied
voltage. Theoretical analysis indicates that the motion is caused by increased
Coulomb repulsion of the hole-doped Fc-amm+ ions and accompanied by a
weakening of CH-r interactions. These findings open new avenues for
developing nanomolecular devices using on-surface bottom-up processes.

1. Introduction

Artificial molecular devices or motors,['™*
grounded in a “wheel-and-axle” host-guest
complex,>] can undergo translational and
rotational motions in response to exter-
nal stimuli. These minute motions have
yielded substantial advancements in robotic
molecular apparatus. Metallocenes, cate-
gorized as organometallic sandwich com-
pounds comprising two cyclopentadienyl
anion (Cp: CsH;™) rings tethered through
a metal ion (Cp-M-Cp), intricately in-
terconnect with the central ring inside
crown ether (CR) molecules,['>%] engen-
dering the wheel-and-axle: rotaxane com-
plex. Within the metallocene family, fer-
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rocene (Fc: Cp-Fe-Cp),['®) featuring a Fe ion
positioned between two Cp rings, manifests
internal rotation of the Cp rings along the
Cp-Fe-Cp axis (referred to as eclipsed or
staggered forms!'”), activated by the redox
reaction between Fe’* and Fe**.['®! This phenomenon re-
sults in a mechanically adaptable interface in Fc-based single-
molecule junction.l!®?’] Additionally, the bulk Fc-CR crystal ex-
hibits millimeter-scale repetitive extension and retraction,!®-!1]
suggesting the potential of such a clathrate compound as a
promising foundational element for molecular machinery.[2!]

Numerous experimental validations have been reported uti-
lizing metallocene-based molecular junctions,?-¢) fabricated
through the conventional drop-casting metallocene aqueous so-
lutions onto the electrodes. Nonetheless, the feasibility of a
bottom-up process for assembling the wheel-and-axle on atom-
ically flat noble metal substrates, a critical determinant for ad-
vancing nanomolecular machine devices, remains unclear. The
challenge in executing the bottom-up process stems from funda-
mental surface investigations revealing the decomposition, des-
orption, or fragmentation of Fc molecules when directly adsorbed
onto noble metal surfaces at 300 K,[-2) even under ultrahigh
vacuum (UHV) conditions (Figure 1a).

Extensive experimental findings have elucidated diverse
Fc adsorption processes on noble metal substrates: Au,!3%33
Ag 12772934 Cy,[17:2835] and graphitel®?] or Mo surfaces.3!) These
observations underscore that Fc alignment, decomposition, and
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Figure 1. Fc-amm on BrCR/Cu(111) at 300 K in UHV. a) Adsorption models of ferrocene (Fc) on noble metal surfaces in UHV in three cases: from
left to right, when the substrate temperature at 300 K, below 100, and 300 K but with the BrCR precoating investigated in this study. b) Model of the
STM junction and the bias-dependent internal motion of the Fc-amm array on BrCR/Cu(111). ¢) Molecular structures of the host BrCR and the guest
Fc-amm complexes overlaying ORTEP (50% probability) and the space fill model. Hydrogen atoms were omitted for clarity. d) STM topographic image
in a 3D view mode obtained on the BrCR array on Cu(111) after depositing 0.1 monolayers (MLs) Fc-amm (8 nm X 8 nm, V, = 1.8 V, I, = 60 pA at
78 K). The lower panel denotes the height profile between two arrows. e) The two most stable structures of a single Fc-amm molecule adsorbed on 1
ML BrCR/Cu(111) as obtained by DFT calculations (upper panel: edge-on, lower panel: face-on). AE denotes the energy difference with respect to the
most energetically stable configuration (edge-on). Several other conformations have been found, but they are at least 0.7 eV higher in energy. (Figure

S14, Supporting Information).

desorption strongly hinge on substrate crystallinity and elec-
tronic interactions. Photoemission spectroscopy (PES) and elec-
tron energy loss spectroscopy (EELS) experiments have identified
Fc adsorption with the Cp-Fe-Cp axis positioned out-of-plane to
the surface (face-on) on Ag(100). Conversely, the axis assumes
an in-plane orientation (edge-on) on Cu(100).12821 Additionally,
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it has been reported that Fc desorption from the Ag surface oc-
curs above 250 K in UHV, with potential decomposition due to
light illumination during PES measurements.[”] Moreovet, par-
tial dissociation during Fc adsorption on Au(111) at 80 K yields
a bilayer structure.?"l Although the attachment of side chains to
Fc has been identified as a means to curtail decomposition on
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noble metal surfaces at 300 K,'”) thermal diffusion at 300 K
results in 2D self-assembled monolayer (SAM) crystal films
(Figure 1la). Another attempt to stabilize Fc on Ag(111) was
demonstrated by utilizing 1D polyferrocenylene, synthesized
by connecting edge-on diiodo-biferrocene single molecules.?¥]
Thus far, a definitive method for anchoring isolated Fc
molecules on a surface at 300 K without decomposition remains
elusive.

In this study, we have realized a densely packed 2D
ammonium-linked ferrocene (Fc-amm) complex (see Figure 1a)
on top of a well-ordered monolayer of Br,-dibenzo crown ether
(BrCR). The latter can act as a sub-nanometer buffer layer to de-
couple the electronic interaction between an adsorbed molecular
film from the metal substrate, as we have shown previously.[}>1%]
Upon scanning tunneling spectroscopy (STS) with bias voltage
below and above —1.3 'V, a reversible switching in the dI/dV map
of the “edge-on” adsorbed Fc-amm conformation is observed
(Figure 1b). As the switching voltage (—1.3 V) corresponds to the
highest occupied molecular orbital (HOMO) of the Fc group, the
changes in the dI/dV map can be identified as a lateral motion
of the Fc group by ~0.1 nm. We note that for all other ions, in-
cluding the face-on Fc-amm molecules, no positional changes are
detected.

Importantly, the Fc molecular motion is controlled by the sam-
ple bias voltage. For a voltage less than —1.3 V, the edge-on Fc-
amm molecules are in their electronic ground state. When the
bias voltage exceeds —1.3 V, a hole is injected into the HOMO
from the STM tip. The hole injection enhances further ioniza-
tion of Fc-amm, facilitating the well-known redox reaction be-
tween Fe** and Fe’*. Our density functional theory (DFT) cal-
culations show that the edge-on conformation is the most stable
adsorption geometry of the Fc-amm molecule on the BrCR/Cu
substrate. The ammonium group forms several hydrogen bonds
with the crown ring resembling a host-guest reaction in solu-
tion. When the Fc group is laterally shifted by +0.1 nm away
from the equilibrium, the ammonium group remains attached
to the crown by hydrogen bonds. Such a 0.1 nm shift raises the
potential energy by ~0.1 eV. We show that this cost in adsorp-
tion energy can be overcome by a gain in electrostatic energy
for a pair of nearest neighbor ferrocene units where one carries
an extra charge of +e. This suggests that the observed reversible
molecular shift is caused by the increased Coulomb repulsion be-
tween neighboring Fc-amm™ cations upon hole injection into the
HOMO.

Our findings provide insights for the development of Fc-based
molecular junctions: 1) we demonstrated how to grow an ordered
2D Fc-amm array on an atomically flat noble metal Cu(111) sur-
face without decomposition, even at ambient temperature by uti-
lizing the trapping and protecting functionalities of the crown
ether, 2) only the edge-on Fc-amm can be utilized for the molec-
ular sliding junction, and 3) the lateral motion can be controlled
simply by applying a bias voltage.

2. Experimental Section

2.1. Home-Built Low-Temperature UHV STM Setup

STM measurements were performed using home-built UHV-
STM equipment consisting of STM, preparation, and deposition
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chambers. The base pressures of each chamber were below 5.0
x 1078 Pa, 2.0 X 1078 Pa, and 1.0 x 1077 Pa, respectively.[!31436.37]
Samples and STM tips were transferred between chambers using
transfer rods without breaking the UHV. Gate valves separated
each chamber. A UHV cryostat (CryoVAC) in the STM chamber
was used to cool down the STM setup. Sharp tungsten tips were
used as STM probe tips utilizing both conventional chemical
etching and flame etching, producing a sharp tip within 3 s.[38-411
The Cu(111) was cleaned in the preparation chamber, 363742431
and BrCR molecules were deposited in the deposition chamber
with a single-molecule-level control utilizing quartz crystal mi-
crobalance (QCM).[*4]

2.2. STM [ STS Measurements

A home-built STM combined with the Nanonis SPM controller
BP4 obtained topographic images of sample surfaces in a con-
stant current mode since the tunneling current (I) detected by
the tip is exponentially proportional to the tip—sample separation
() via exp(- (8 m (@+eV/2))'/? z/ h), where m: electron mass, #:
Planck constant, ®: apparent barrier height between tip and sam-
ple, and V: set point sample bias voltage,[**°] we can measure the
surface corrugations in the order of 1 pm.

STS measures sample surface local density of states
(LDOS).[44] [, as a function of sample bias voltages (typi-
cally, from —2 V to +2 V), was measured under feedback off
condition (one single curve was measured within 50—200 ms) by
fixing the tip—sample separation (z = z,), which was determined
by the setpoint voltage (V,) and the current (I). The obtained
I(V) curves were numerically differentiated, and differential
conductance (dI/dV) curves were obtained: dI/dV ~ p, (- (8 m
(@+eV/2))V? z/ h). The STM/STS data were analyzed using
WSxM 5.0 Develop 10.2 software and Gwyddion 2.53.47]

2.3. XPS Measurements

XPS measurements were conducted on the home-built UHV ap-
paratus equipped with a hemispherical electron energy analyzer
(MBS A-1) (Note, Figures S11 and S12; Table S2, Supporting In-
formation). All XPS measurements were performed at 300 K with
an excitation energy of MgK, line 1253.6 eV. All spectra were pro-
cessed as the binding energies are respective to the Fermi edge
of the Au polycrystal. The Fe 2p spectra are fitted with a Doniach-
Sanjic line shape.

2.4. Cu(111) and Au(111) Cleaning Process

Cu(111) and Au(111) single crystals (diameter 6 mm, MatecK,
99.999%) were used. It was carefully sputtered (Ar*, +1.0 keV,
400 nA) and annealed (~820 K) in the preparation chamber (<5.0
x 107# Pa) to obtain clean and atomically flat surfaces (Figure S2,
Supporting Information).

2.5. Molecular Evaporation in UHV

BrCR and Fc-amm molecules were deposited in the deposition
chamber (<3.0 x 1077 Pa) (Figure S3, Supporting Information).
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To control precisely the amounts of deposited molecules on
the substrates at 300 K, we used the quartz crystal microbal-
ance (QCM).**] The same parameters (z-ratio = 1, density =
1) were taken to operate QCM and set QCM at the same dis-
tance from the crucible (110 mm). A flowing current radiatively
heated the quarts crucible through a tungsten wire filament (di-
ameter 0.3 mm). The crucible temperature was monitored using
the alumel-chromel thermocouple, which contacted the bottom
of the crucible. Fc-amm deposition rate of 0.026 nm min~! was
used at the crucible temperature of 348 K (1 x 10~ Pa). BrCR
deposition rate of 0.140 nm min~! was used at the crucible tem-
perature of 383 K (2 X 107 Pa).

2.6. Molecules and Characterization

Synthesis  and  characterization of  4,4',5,5'-tetrabro-
modibenzo[18]crown-6 ether (BrCR) and [ferrocenylme-
thyl(methyl)ammonium]* (PF)~ (Fc-amm) was performed based
on the method described in the literature.>'] JEOL JMS-T200GC
AccuTOF GCx observed field-desorption mass spectra (FDMS)
of sublimates. Single-crystal X-ray crystallography for the crystals
of the complex of BrCR and Fc-amm was performed using the
Rigaku XtaLAB Synergy-DW system and Bruker Single Crystal
D8 Venture diffractometer (Table S1, Supporting Information).
CCDC 2 326 995 contains supplementary crystallographic data
for new crystals in this article. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif.

2.7. DFT Calculation Method

DFT calculations were performed (Figure S14, Supporting In-
formation) with the PBE exchange-correlation potential and
the DFT-D3 dispersion corrections,*¥] using the projector-
augmented-wave code VASP.[*>% The theoretical lattice constant
of fcc Cu is 0.35686 nm, which is in good agreement (-1%) with
the experiment. The Cu substrate was modeled with two mono-
layers of Cu(111) in a 7 x 4 supercell, which corresponds to the
experimentally observed periodicity of BrCR/Cu.['3] The plane-
wave energy cut-off was set to 400 eV, and a 2 x 4 x 1 Monkhorst-
Pack k-point mesh was used. The vacuum layer between repeated
slabs was at least 1.2 nm. The atomic positions of the lowest Cu
monolayer were fixed. The coordinates of all other atoms were
fully optimized until the forces were less than 0.1 eV nm™'. The
Fc-amm molecule was put on the BrCR/Cu substrate starting
from various adsorption positions in different orientations to find
stable structures. The present computational settings are simi-
lar to our previous BrCR/Cu studies.'>'*] However, the DFT-D3
scheme is used here instead of the previously rescaled DFT-D2
for the dispersion forces. Also, the Cu substrate is modeled with
a thinner slab because the Fc-amm molecule interacts indirectly
with the Cu substrate through the BrCR film. Neither modifica-
tion affected the results on BrCR/Cu in any significant way.

3. Results and Discussion

3.1. STM Imaging of Isolated Fc-amm Molecules

Given that the decomposition of Cp-Fe-Cp may transpire when
the interaction between the Cp ring and the noble metal substrate
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disrupts the Fe-Cp bonding, the electronic decoupling between
Fc and the conductive substrate can fortify the integrity of the Fe-
Cp bonding (Figure 1a). However, this electronic decoupling can
result in an extremely weak interaction with the substrate, foster-
ing increased thermal diffusion of the adsorbed Fc on the surface,
culminating in the formation of a 2D SAM film. This implies that
achieving a single Fc molecule junction necessitates a substrate
endowed with electronic decoupling and trapping functionalities
(Figure 1a), a pivotal requirement for realizing a metallocene-
based single molecular junction at 300 K.

In the context of this inquiry, guest Fc-amm molecules were
adsorbed onto the host BrCR SAM nanoporous film at 300 K in
UHV. This choice was guided by the well-established host-guest
supramolecular network in the bulk system using BrCR and Fc-
amm.[51151]

The molecular structures of the Fc-amm guest and BrCR host
complexes within the bulk crystal were elucidated using single-
crystal X-ray crystallography (Figure 1c; Figure S13; Table S1,
Supporting Information, and CCDC: 2326995). An intriguing ob-
servation arises within the Fc-amm/BrCR single crystal bulk: the
alignment of the Cp-Fe-Cp axis is not unidirectional, as both face-
on and edge-on configurations of the Fc-group coexist within the
unit cell. This phenomenon is upheld by a consistent CH-x in-
teraction distance of 0.30 nm in the edge-on Fc-group configu-
ration and a z-x interaction distance of 0.43 nm in the face-on
configuration. The total molecular heights for the Fc-group and
the catechol moiety in these configurations were estimated to be
0.80 nm for edge-on and 0.88 nm for face-on, based on space-
filling models of the bulk crystal.

Molecular morphology and electronic structures were scruti-
nized utilizing a home-built scanning tunneling microscopy and
spectroscopy (STM/STS) setup operated at cryogenic tempera-
tures in UHV (Figure 1b).[143637]

The atomically flat Cu(111) as the substrate (Figure S2, Sup-
porting Information) was utilized since BrCR forms an ordered
(7 x 4) 2D-SAM array on Cu(111) (Figure S4, Supporting Infor-
mation), with two benzene rings of each BrCR contacting par-
allel to the surface. This arrangement results in the O—C—0
ring assuming a flat structure,!314%2] thereby creating the 2D
Nanoporous array.

Fc-amm molecules were adsorbed on this BrCR array in
UHYV at 300 K (Figure S3, Supporting Information), and STM
at the cryogenic temperature resolved the adsorption config-
uration. Figure 1d presents an STM topographic image con-
ducted on the BrCR-ordered nanopores after the deposition of
0.1 monolayers (MLs) of Fc-amm. The adsorbed Fc-amm single
molecules were trapped on the BrCR array prepared on Cu(111),
which is an exceptional case since all Fc-amm molecules ad-
sorbed on the BrCR array on Au(111) widely used as device
electrodes thermally diffuse and traverse the BrCR descending
steps due to a bending structure of BrCR ring, as similar to
the bulk phase in Figure 1¢,[*->° fostering weak interaction be-
tween Au and BrCR, thereby lacking trapping ability, and even-
tually forming Fc-amm islands on the Au(111) terraces (Figures
S7-S9, Supporting Information). This experimental evidence in
Figure 1d proves the trapping functionality of the BrCR array on
Cu(111).

The regularity of the Fc-amm single-molecule suggests that
adsorbed Fc-amm compounds are likely to possess uniform
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structures on the BrCR array rather than forming a disordered ar-
rangement akin to the direct adsorption of Fc-amm on Cu(111),
resulting in a disordered monolayer film, as illustrated in Figure
S5 (Supporting Information). This confirms that the BrCR ar-
ray exhibits a protective function, preventing decomposition
and disordering. The BrCR array in Figure 1d comprises al-
ternating slot rows delineated by red and blue parallelogram-
shaped slots. The isolated bright dot is adsorbed, spanning two
nanopores. The height profile across this dot indicates a width of
~1.5 nm, comparable to the size of the Fc-amm/BrCR complex
in bulk (Figure 1c), signifying the presence of an Fc-amm single
molecule in the dot.

DFT calculations were performed to find the possible adsorp-
tion configurations of Fc-amm molecules on a BrCR monolayer
on Cu(111). The most stable conformation and the second most
stable one, which is 0.25 eV per molecule higher in energy,
are shown in Figure le. Various other conformations have been
found as solutions for structural optimization. Still, they are less
stable by at least 0.7 eV molecule™ (Figures S14-S16, Support-
ing Information). In both structures in Figure 1e, the Fc part in-
teracts with a benzene ring of BrCR, and the amm-part is above
the crown ring, making hydrogen bonds with the oxygen atoms
of the crown. This type of arrangement has been anticipated by
the XRD analysis of the Fc-amm/BrCR bulk structure, as seen
above and in Figure S13 (Supporting Information). An essential
difference to the bulk is that the BrCR monolayer lies flat on the
Cu(111) substrate.!3]

The only difference between the structures shown in Figure le
is the orientation of the Fc-group. We find that edge-on is more
stable than face-on, but the energy difference is relatively small
(0.25 eV). Depending on the arrangement of the PF,~ counter-
ions, which have been disregarded here, the face-on configura-
tion may stabilize further, explaining the coexistence of the two
orientations in the experiment. Other conformations are less sta-
ble (by at least 0.7 eV, Figures S14 and S15, Supporting Infor-
mation). This indicates that the most critical host-guest interac-
tions are 7—x bonds between the frontier orbitals of the Fc-group
and BrCR benzene ring and hydrogen bonds between the amm-
group and the BrCR crown, see Supporting Information for de-
tails. We note that the structure of the BrCR monolayer hardly
changes upon Fc-amm adsorption. This demonstrates that the
BrCR/Cu(111) template structure is very stable, in agreement
with the experiment, and indicates that the BrCR molecules in-
teract much more strongly with the Cu substrate than with the
guest molecule Fc-amm.

The apparent height in STM topographic images highly de-
pends on the tunneling pathway from the STM tip to the Cu sub-
strate. When the STM tip is positioned over a BrCR molecule,
electrons tunnel directly through the BrCR molecule. However,
when the tip is positioned over an Fc-amm molecule, electrons
must pass through both the Fc-amm and BrCR molecules. This
results in lower conductance compared to tunneling, which oc-
curs only through the BrCR molecule. Consequently, this dif-
ference in electronic properties between the Fc-amm and BrCR
molecules significantly alters the apparent height in STM im-
ages. The tip position over the BrCR surface is much higher than
that of the Fc-amm molecules. This effect is well-known for or-
ganic molecules on insulating substrates.[**! The apparent height
of 200 pm for the Fc-amm molecules on BrCR, which is much
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lower than the DFT-simulated height of ~400 pm, further sup-
ports the notion that the subsurface BrCR layer functions as an
insulating layer, effectively serving as an electronic decoupling
layer.

3.2. Fc-amm Regularity Trapped on BrCR Array

Although the isolated Fc-amm molecules were observed on the
BrCR (Figure 1d) because the BrCR captures the guest Fc-amm
molecule, it is rare. The probability of trapping could be dimin-
ished on the terrace. The STM topographic image in Figure 2a
shows the surroundings of the isolated Fc-amm molecule. It
is discernible that the central region of the BrCR islands re-
mains exposed (low density), whereas other Fc-amm molecules
configure 1D connections proximate to the step edges. This ob-
servation signifies the thermal diffusion of adsorbed Fc-amm
molecules at 300 K on the BrCR/Cu(111). A plausible sce-
nario unfolds since Fc-amm molecules envelop all BrCR is-
land step edges. Initially, adsorbed Fc-amm single molecules
thermally diffuse on the BrCR surface until they reach the
edges of the descending step. Subsequently, they are trapped
until all edges are coated by Fc-amm molecules, as depicted
in Figure 2a. Once the edges are fully covered, additional Fc-
amm molecules can persist on the BrCR island, culminating
in the formation of the connections through intermolecular
interactions.

Figure 2c presents a magnified image of the BrCR nanoporous
array following the deposition of 0.1 MLs of Fc-amm. Here, BrCR
formed an ordered array with unit cell vectors of ¢, = 0.9 nm, a,
=1.7 nm, 6 = 89°, aligning with previously reported values of a,
=0.90 nm, a, = 1.74 nm, 9 = 88.9°.[131452]

As we primarily observed two types of bright dots on the BrCR
array, a and f, the dimensions of individual dots align with the
Fc-amm/BrCR complex (Figure 2c) and the BrCR nanopore size,
~1 nm. The a molecule, represented by one bright dot with a stick
extending from the right-hand side, constitutes the smallest unit
on this surface, consistently positioned at the BrCR nanopore
location (cross marks in Figure 2c). Specifically, the bright spot
aligns with the nanopore center. Given the CR ring’s preferential
capture of the Fc-amm ligand in the bulk complex (see Figure 1c),
the bright spot in the & molecule is presumed to be the side lig-
and, with the extending stick identified as the Fc.

In contrast to the bulk scenario, the BrCR array on Cu(111)
presents two types of nanopores, CR-slot and Br-slot (lower panel
in Figure 2b), which are experimentally challenging to distin-
guish. However, adjacent slots can be classified as either red or
blue slots. Each forms a row parallel to the unit vector of a,. The
red and blue slot rows alternate with reflection symmetry. The
model in the right panel in Figure 2c illustrates how experimen-
tally observed Fc-amm molecules are positioned on the BrCR
nanopore rows. Here, the @ molecules are trapped by the red
slots.

Notably, the neighboring molecule of the a molecule, named
the a’ molecule and trapped by the blue slot, undergoes a rotation
of 790 degrees following the subsurface slot direction (Figure 2¢).
It exhibits the same size and shape, but a’ possess the mirror
reflection relationship between a respect to BrCR array unit cell
vector a,: the stick extends from the left-hand side.

© 2024 Wiley-VCH GmbH
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Single-molecule
connections

Figure 2. Fc-amm ordered array on BrCR. a) STM topographic image (50 nm X 23 nm) obtained on the 0.8 MLs BrCR film prepared on the Cu (111)
substrate after depositing 0.1 monolayers (MLs) Fc-amm at 300 K in UHV, which formed single-molecule connections (V; = 1.8 V, I, = 60 pA at 78 K).
b) Connection rules of a, f, &', and ' molecules. Symbols O and X denote experimentally observed or not. c) Enlarged STM image (10 nm x 5 nm)
obtained on the same surface as (a). Yellow arrows denote the BrCR molecular unit cell (a; and a,). Fc-amm molecules follow the reflection symmetric
blue and red slots in the BrCR nanoporous film. Dotted boxes denote the slot row. Each of the slots aligns alternatively. The right panel denotes the
corresponding model. Type a, a’, # and f’ Fc-amm molecules and a-f-a and a’-f’-a’ connections are shown. d) STM topographic images (20 nm X
20 nm) obtained on the 0.8 MLs BrCR film prepared on the Cu (111) substrate after depositing 0.1, 0.2, and 0.3 MLs Fc-amm at 300 K in UHV, which
formed single-molecule connections and brick-like dense-packed array, respectively (from left to right: V, = 1.8V, I, =60 pA, V, = 1.2V, I, = 10 pA, V, =
-2.5V, I, = 11 pA at 78 K). Arrows denote the unit vectors (b; and b,).

Subsequently, our attention turned toward the f molecule, served at the red slot surrounded by two a’ molecules. Since both
characterized by a parallelogram shape, positioned within the  f and f’ exhibit approximately twice the size of «, spanning two
blue slot flanked by two a molecules. Similar to the relationship  slots, they could conceivably consist of two Fc-amm molecules.
between a and «’, the " molecule, which has the same size and Depending on how the Fc-amm side ligand contacts with
parallelogram shape as the f molecule, is mirror-symmetrical ~ the Br-slot or the CR-slot, the Cp-Fe-Cp axis would modify and
with # concerning the unit cell vector a,. These were similarly ob-  could orient vertically or horizontally, referred to as face-on or
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edge-on Fc-group. It has been reported that the Fc-groups within
the Fc-complexes manifest as bright dots with an off-centered
dark, dim spot in STM topographic images when the Cp-Fe-Cp
axis is oriented vertically to the surface (face-on Fc-group). Hence,
the observation in the STM image of Figure 2c, which does not
show such dark, dim spots, could imply that the discrete Fc-amm
entities within the 1D connections consist of Fc-amm complexes
with the edge-on orientation, as predicted by the theoretical cal-
culations in Figure 1e.

We conducted a tally of @, ', f, and f’ molecules, culminating
in their statistical distribution. This analysis revealed the energet-
ically stable adsorption configurations on the BrCR nanopores: a
= 34%, a’ = 38%, f = 11%, and p’ = 17%. Next, we determined
the ratio of Fc-amm molecules within these complexes by count-
ing f and #’, each of which includes two Fc-amm molecules: a =
27%, «’ = 30%, p = 17%, and p’ = 26%. No significant variance
was observed, indicating that these four adsorption sites could be
energetically equivalent.

This experimental evidence of the equivalent ratio between the
mirror reflection relationship between a and «’, as well as f and
B, further supports the adsorption of the Fc-amm molecules on
BrCR/Cu(111) could be edge-on since the equivalent molecular
orientation concerning the substrate before and after the molec-
ular inversion is only possible for the edge-on case. In the face-on
case, the Fc-group must flip upside down, which should not be
the same observation in the image.

Furthermore, it is noteworthy that the isolated Fc-amm
molecules adsorbed according to a rule, resulting in the geomet-
ric connection: a recurring sequence of a-f-a and « ’-f -a’. The
table in Figure 2b summarizes the connection rules derived from
the experiments. Rule 1) dictates that « complexes can connect
with @’ and g, but not with « and g ’. Rule 2) asserts that o’ com-
plexes can connect with a and #’ but not with «’ and . Rule 3)
posits that f and #’ complexes can connect with « and «’, respec-
tively.

Due to the electronic decoupling functionality of the BrCR
array, cutting electronic interactions from the Cu substrate,
the intermolecular interactions between Fc-amm and subsur-
face BrCR, and concurrently among Fc-amm molecules, dic-
tate the Fc-amm regularity. The empirical proof that all Fc-amm
molecules adsorb to the BrCR nanopore arrangement implies
that the intermolecular interaction between Fc-amm and BrCR
can trap and dictate the adsorbed Fc-amm direction, aligning
with the subsurface slot direction. Nevertheless, this trapping in-
teraction from the BrCR alone cannot orchestrate the geometric
a-p-a or a ’-f ’-a’ formation. This intricate arrangement must be
attributed to another factor, specifically the intermolecular inter-
action among Fc-amm.

3.3. Dense-Packed Fc-amm Array Formation

The STM topographic image in Figure 2d illustrates the evolu-
tion of Fc-amm molecules on the BrCR nanopores, correlating
with an augmented deposition increasing from 0.1 to 0.3 mono-
layers (MLs). This delineates a marked phase transition from
a 1D-aligned structure comprising isolated Fc-amm molecules
to a well-ordered, dense-packed array structure (Figure S6,
Supporting Information).
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As elucidated in Figure 2a—c, the behavior of isolated Fc-amm
molecules is influenced by the compelling intermolecular inter-
action between Fc-amm and BrCR and another intermolecular
interaction among Fc-amm molecules. In Figure 2d, the transi-
tion to a densely packed, brick-like structure is perceptible near
the step edge where Fc-amm molecules are densely arranged.
This suggests that the dramatic phase shift is induced by the spa-
tial separation between Fc-amm molecules, where the attractive
interaction among Fc-amm molecules surpasses the attractive in-
teraction between Fc-amm molecules and the BrCR.

A pivotal structure change in Figure 2d is the absence or weak-
ening of the trapping functionality from the BrCR. Multiple do-
mains in the Fc-amm array with unit vectors of b; = 2.4 nm, b,
= 4.2 nm, 6 = 106° were identified (arrows in the right panel in
Figure 2d), which significantly differed from the BrCR unit cell,
both in size and angle: a; = 0.9 nm, a, = 1.7 nm, 6 = 89°.

Specifically, this experimentally observed misalignment indi-
cates a weak interaction between the Fc-amm molecules in the
2D ordered array and the subsurface BrCR. Therefore, the order-
liness in the densely packed Fc-amm array is likely governed by
the intermolecular interactions between the Fc-amm molecules.
We have checked the area and alignment for both Fc-amm and
BrCR arrays. The areas of b;+b, and a,a, have been calculated as
9.7 nm? and 1.5 nm?, respectively, including six Fc-amm
molecules and one BrCR molecule within each unit.

Given that the transition from the a-f-a connection to the
brick-like structure was also observed in the high-density region
near the step edges in the center panel in Figure 2d, it is plausi-
ble to assume that the isolated a-#-a formation was compressed,
leading to the formation of the densely packed brick-like struc-
ture. This infers that one brick could encompass four Fc-amm
molecules, mirroring the a-#-a chain’s inclusion of four Fc-amm
molecules (Figure 2c).

3.4. Identifying Fc-Group Position Within Fc-amm Array

The Fc-amm array exhibits a distinctive brick-like structure, com-
prising both larger and smaller bricks, delineated by white boxes
in Figure 3a. A meticulous examination of atomic positions
within the Fc-amm array was conducted through STS in UHV at
4.6 K. Figure 3b presents a magnified STM topographic image,
wherein dI/dV spectra, indicative of the LDOS for each pixel po-
sition, were measured, unveiling the positions of the Fc and the
PF positions within the array. The right panel in Figure 3b shows
a concurrently obtained dI/dVmap at-2.1 V. The color scale from
blue to red in the dI/dV maps signifies higher to lower LDOS.

The experimentally acquired 10000 dI/dV spectra in Figure 3b
were discerned to primarily fall into three LDOS categories, as il-
lustrated in Figure 3c: 1) dI/dV spectra obtained on the Fc-amm
with the HOMO peak at -1.3 eV, the LUMO peak above +1.0 eV,
and a bandgap width of ~2.3 eV (depicted by blue and red lines),
2) dI/dV spectra obtained on the Fc-amm with no significant
peaks within +2 eV (a bandgap width >4 eV) (depicted by the
green line), and 3) dI/dV spectra obtained on the BrCR layer, re-
vealing the HOMO peak at -1.2 eV and the LUMO peak above
+1.0 eV (depicted by the grey line).

The lower panel in Figure 3c presents the results of DFT
theoretical calculations of LDOS in the bulk Fc-amm crystal.
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Figure 3. Electronic structures of Fc-amm on BrCR. a) STM topographicimage (13 nm X 13 nm, V, =-2.5V, I, = 100 pA, 4.6 K) of the Fc-amm array. White
boxes denote two kinds of ordered assembles. b) Enlarged STM topographic image (6.5 nm x 6.5 nm) (left panel) and the simultaneously obtained STS
dl/dV map at —2.1V (right panel), which intensity is proportional to the sample LDOS. Fc-group and PF," ligand denote the ferrocene group and side
ligand positions. In the dI/dV map, a bright bot, including the off-centred dark dim, indicates the face-on Fc-group position. c) Experimentally obtained
dl/dV curves at blue, red, green, and grey positions, where the former two spectra show identical LDOS peaks, the third one shows no peaks around the
Fermi energy, and the last one shows the BrCR LDOS. Lower panel: LDOS of the Fc-amm/BrCR bulk crystal obtained by the DFT calculation. d) Three
types: I, 11, and 11l of Fc-amm compounds were experimentally found. Type | and Ill Fc-amm complexes could consist of the face-on Fc-group with and
without PF, "~ ligand. Type Il Fc-amm complex could consist of the edge-on Fc-group, possibly without PF,,” ligand. e) DFT simulation results of the LDOS
for face-on and edge-on Fc-amm adsorbed on BrCR/Cu(111). f) 3D dI/dV maps obtained along four arrows (see indexes in maps) in the type I and IlI
Fc-amm compounds, x, y, and z axes denote distance (nm), energy: E-E¢ (eV), and d//dV intensity, respectively.
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Here, the Fc-group exhibits HOMO and LUMO peaks with a
bandgap width of ~2 eV (indicated by the blue line), while
the PF;~ side chain displays no LDOS peaks with a bandgap
width exceeding 4 eV (indicated by the green line). A com-
parison between DFT and experimental results in Figure 3c
suggests that the Fc-group could be located at local positions
with HOMO/LUMO peaks (represented by blue and red dots
in the inset image). The PF,;~ side chain could be found at
local positions with no LDOS peaks (depicted by the green
dot in the inset image). The complete theoretical LDOS is
plotted in Figure S10 (Supporting Information). Additionally,
the experimentally measured HOMO position aligns with the
findings in the case of Ferrocene-bridged trisporphyrins on
Au(111).133]

Another aspect from Figure 3c was that all dI/dV spectra of
the adsorbed molecules on Cu(111) have a dI/dV value of 0.0
nA/V near the Fermi energy, indicating a bandgap. Therefore,
the STM tip could image the substrate Cu(111) through adsorbed
molecules by taking the dI/dV map at 0 eV (see the inset in
Figure 3c), where molecules were absent since the electrons from
the tip tunneled through the molecular gap into the substrate Cu.
This implies that the host BrCR nanopore array could be an elec-
tronic decoupling layer from the metallic substrate Cu(111).

Thus, we could discern the Fc-group and PF positions within
the 2D array, as indicated by arrows in Figure 3b. The larger box in
Figure 3a comprises four Fc-amm molecules, while the smaller
box includes only two. The former may correspond to the isolated
a-p-a formation in Figure 2, where a and f may consist of one
and two Fc-amm molecules, respectively.

Another noteworthy observation from the STM topographic
image in Figure 3b is the off-centered distinctive dark, dim spots,
reported as a hallmark of the face-on Fc-group (compare com-
plexes including Fc-groups on Cu(111) and Cu(100),['7) where the
five-membered ring lies parallel to the surface). This contrasts
the isolated case in Figure 2, where the Cp-Fe-Cp axis of all Fc
molecules could be tilted or have an edge-on position, with the
z-plane of the five-membered ring perpendicular to the surface.

However, following the phase transition to the dense-packed
Fc-amm array, liberated from the BrCR trapping, the Fc-amm
could adopt an energetically stable configuration similar to the
bulk crystal. Two of the four Fc-amm molecules inside the larger
box and both Fc-amm molecules in the smaller box could assume
the face-on configuration.

The STS results in Figure 3b reveal that the densely packed
Fc-amm array comprises three distinct Fe-amm compounds, de-
noted as type I, II, and III. In Figure 3d, the corresponding model
of the smaller and larger boxes is presented, wherein the posi-
tions of face-on Fc-group, edge-on Fc-group, and the PF side lig-
ands are indicated by blue, red, and green dots, respectively.

Initially, within the larger box (Figure 3d), the face-on Fc-
amm with the PF,~ ligand (type ) is situated on the upper and
lower sides, exhibiting C, symmetry (PF,~ ligand, n could be be-
low six, Supplementary Note). Between these, two edge-on Fc-
amm molecules are positioned with C, symmetry (type II), albeit
smaller in size compared to type I. The STS map demonstrates
no significant bandgap region within type II, suggesting the ab-
sence of the PF,~ ligand. Similarly, within the smaller box, two
C,-symmetric face-on Fc-amm molecules are present (type III),
smaller than type I.
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We further performed DFT simulations of face-on and edge-
on Fc-amm on BrCR/Cu(111) at the HOMO energy level, as de-
picted in Figure 3e. The calculated LDOS peaks for Fc-amm in
face-on (upper panel) and edge-on (lower panel) orientations are
presented. Charge maps, corresponding to the experimentally
obtained dI/dV maps, reveal that charges are localized around
the Fe positions within the Fc-amm, suggesting that the higher
intensity spots in the dI/dV maps correspond to the Fe positions.
Conversely, the simulated STM topographic images in Figure 3e
(top view) indicate that the C-H bonds of the Cp-ring could be
observed, as these are the closest to the STM tip.

We analyzed the variation in LDOS within type I and III Fc-
amm molecules (Figure 3f). The dI/dV intensity profiles along
the four arrows intersecting type I and III Fc-amm molecules
(shown in the inset STM images in Figure 3f) are depicted as a
3D dI/dV map in Figure 3f, with the x, y, and z-axes representing
distance, energy, and dI/dV intensity, respectively. This mapping
indicates that type I exhibits a sudden change between the Fc-
group and the PF ~ ligand, whereas type III lacks PF_~ ligand
like LDOS, indicating the absence of the PF,~ ligand.

The STS results illustrated in Figure 3 suggest the following
classifications: type I corresponds to the face-on Fc-amm with the
PF, ~ ligand, type II to the face-on Fc-amm without the PF, ~ lig-
and, and type I1I to the edge-on Fc-amm without the PF -~ ligand.
Specifically, it is inferred that #67% of adsorbed Fc-amm may un-
dergo loss of the PF, ~ ligand during the deposition process, likely
occurring during the heat treatment within the crucible under
ultra-high vacuum conditions. Indeed, FDMS (Figure S1, Sup-
porting Information) of the sublimed Fc-amm from bulk crystals
indicates the generation of several Fc-amm compounds with dif-
ferent ligands after heating to temperatures ranging from 403 to
433 K.

To characterize these three varieties of Fc-amm compounds,
further X-ray photoelectron spectroscopy (XPS) analyses were
conducted at 300 K under UHV conditions. XPS spectra for
F 1s and Fe 2p of Fc-amm/Au(111), Fc-amm/Cu(111), and Fc-
amm/BrCR/Cu(111) are juxtaposed (Note, Figures S11 and S12;
Table S2, Supporting Information). In contrast to STM, XPS fur-
nishes integrated outcomes from the entire surface. Additionally,
light irradiation induces molecular decomposition during the as-
sessment. Considering these two aspects, it is challenging to es-
tablish a quantitative correspondence with the results obtained by
STM. Nonetheless, XPS findings correlate with our STM obser-
vations, indicating that the Fc-group on BrCR remains intact. At
the same time, the PF ~ ligand may undergo decomposition dur-
ing the thermal sublimation process, aligning with the STM/STS
results in Figure 3. Furthermore, no significant shifts or alter-
ations were discerned for the carbon, nitrogen, and oxygen peaks
from the BrCR in the Fc-amm/BrCR/Cu(111) system, signifying
the absence of a chemical bond between the BrCR and Fc-amm
molecules, thereby illustrating that Fc-amm is physisorbed on the
BrCR film.

3.5. Motion Activation in Fc-amm Array
As corroborated by the STS electronic structure measurements

in Figure 3, the entire Fc-group showcased the HOMO peak
at —1.3 eV. To induce motion, hole carriers from the STM tip

© 2024 Wiley-VCH GmbH

85U80|7 SUOWLLOD 3AIER.D 8|qedl|dde aus Aq peusenob ae sajone O 8N Jo Sa|n. 10} Ariq1T8ulUO A3[IA UO (SUOTPUCD-pUR-SWBH W0 A8 1M ARe.q 1 [eul|uo//Sdny) SUORIPUOD pue swie | 8u1 8ss *[6Z0z/70/0€] uo AriqiTauliuo /(1M ‘AseAuNeqD Aq LTZ80¥2Z02  11WS/Z00T OT/I0p/M00 A8 Im Areiq 1 puljuo//sdny wo.j pepeojumod ‘2T ‘SZ0Z ‘6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

b

Q

Cu Host Guest Vac W-tip
E

vacJ.\:= =\=

4%

m Ener

n

e o ||%* :.3 v
— F
HOMO ®

0 di/dVTpA/V] TNEEN

dI/dV map at+2.3V

www.small-journal.com

Reversible lateral shift of
edge-on Fc position

d//dV map at -13V
V,>-1V V, at -1.3 v et =" 3§

@ Face-on Fc group
QO Edge-on Fc group
@ PRy

e

|

° .
L d ®

Angle (degrees)
w
o
|

Fc-igrqup
HOMO
0 T I L T T T I T
-2 -1 0 1
Sample voltage (V)

Figure 4. Motion activation in the Fc-amm array. a) Energy diagrams of the tunneling process through the double barrier system in the Fc-
amm/BrCR/Cu(111), representing the hole injection into the Fc-group’s HOMO at negative bias application. b) d//dV maps at —2.1 and —1.3 V (I,
= 100 pA, 4.6 K). Arrows denote the Fc-group positions: blue and red dots denote face-on and edge-on Fc-group positions. Green dots represent the
PF," ligand position. c) STM topographic images scanned from (left panel) bottom to top and (right panel) from top to down at —1 and =2 V (I, =
10 pA). Angles between two lines varied at different bias applications. d) A series of Fc-amm STM topographic images were obtained in the same area
at different bias voltages: —1.5, —1.2, and —1.0 V. e) Angle variations as a function of the sample bias voltage, indicating the reversible motion of the

edge-on Fc-amm compounds occurs in the vicinity of the Fc-group’s HOMO position.

were introduced into the Fc molecular orbital. Subsequently, we
observed substantial variations in STM/STS images below and
above the HOMO peak energy.

The STM energy diagram in Figure 4a illustrates the trajectory
of electrons or holes traversing from the tip to the Cu(111) sub-
strate through the double barrier system when applying a bias
voltage of —1.3 V to the sample. In this context, the hole from
the tip could tunnel into the Fc-group’s HOMO peak and tra-
verse to the Cu band via the BrCR HOMO peak. Figure 4b por-
trays two dI/dV maps acquired at +2.3 V (left panel), far from the
HOMO peak, and at —1.3 V (right panel), corresponding to the
HOMO peak energy. A comparison of the Fc-group position in
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both maps suggested a shift in edge-on Fc-group positions (blue
circles in the model). In contrast, other face-on Fc-group and PF
side chain positions remained unchanged. This shift in edge-on
Fc-group positions led to significant variations in the STM to-
pographic images. Figure 4c illustrates one such demonstration:
the tip scanned from bottom to top (—1 to —2 V) in the left and
from top to bottom (—1 to —2 V) in the right panel. The arrange-
ment of bright spots changed, for instance, the line crossing the
center two spots shifted from 29 degrees at —1 to 53 degrees at
—2 'V, while the 2D array regularity was maintained. These mo-
tions were also distinctly observable in the movies (Movies S1—
S3, Supporting Information).
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Figure 5. Reversible motion mechanism of Fc-amm on BrCR. a) Left panel: no motion at a sample bias (V;) of —1.0 V. Right panel: experimentally
obtained reversible lateral position shifts for edge-on Fc-amm molecules at V; = —1.3 V. b) DFT-calculated energy diagram as a function of the lateral
shift along the y-axis (Ay), indicating that only a right-hand side shift can occur due to the asymmetry of the energy barrier. The red circles represent the
calculated values, while the dashed line references the parabolic curve. The DFT simulation suggests that the change in CH-z interaction related to the
lateral motion. Due to a single energy minimum, the lateral shift returns to the original position when the hole injection stops. c) Motion mechanism
processes of the “edge-on” Fc-amm and (right panel) proposed model depicting the internal motions of the Fc-amm compound confined within the

BrCR array.

A series of STM images depicting the same spatial region un-
der various bias voltages is illustrated in Figure 4d. The measure-
ment of the two-spot angle was conducted. Its summary is dis-
played in the graph presented in Figure 4e. This graphical rep-
resentation clearly illustrates an approximate variation of 30 de-
grees occurring below and above the Fc HOMO energy position
at -1.3 eV. Additionally, the lateral displacement of the Fc-group
position is 0.1 nm.
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Figure 5a summarizes the experimentally observed reversible
lateral position shifts of Fc-amm on BrCR/Cu(111) by applying a
bias of -1.3 V. Only the edge-on Fc-amm moves, while the face-on
Fc-amm remains stationary. Figure 5b shows the DFT calculation
results. We calculated the total energy variation of the edge-on
Fc-amm as a function of the Fc lateral position along the y-axis in
Figure 5b. To this end, we turned the Fc-amm molecule around
the N-atom by different angles within +15 degrees. Then, the
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structure was reoptimized for each angle with the y-coordinate
of the Fe atom fixed, but all other degrees of freedom fully re-
laxed. As a result, the amm-group hardly moved but remained
attached to the crown ring by several hydrogen bonds. The energy
minimum (AE = 0 meV) corresponds to the energetically stable
edge-on Fc-amm shown in Figure le. From the energy curve, it
can be inferred that if an external stimulus with an energy in-
crease of 100 meV is applied, the Fc-group may shift laterally by
~0.1 nm. Another interesting point is that the DFT results show
that the elongation of CH-z interaction between the Cp-ring of
Fc-amm and BrCR co-occurs with the lateral position shift (see
the right-hand side panel at Ay = +0.1 nm in Figure 5b).

The lateral shift of the Fc group is observed when holes are in-
jected into the Fc-HOMO at a sample bias voltage V, < —1.3 V.
The HOMO is mostly made of Fe-3d states and essentially local-
ized on the Fe atom inside the Fc group, as seen in Figure 3e.
When a hole is injected, the charge of the Fc-amm cation is in-
creased from +1 to +2. Thus, it is more strongly attracted to PF~
anion and repelled from neighboring Fc-amm cations. The exper-
imentally observed motion, schematically shown in Figure 5a,b,
corresponds to these electrostatic forces. Indeed, in the “excited
phase”, the Fc unit is a little closer to the PF,~ anion and further
away from the neighboring Fc-amm™* cations.

A precise DFT calculation is difficult because of the very large
unit cell, but we can estimate the order of magnitude of the elec-
trostatic energy gain induced by the lateral motion. To this end,
we consider a pair of Fc-amm ions modeled as point charges. Let
their distance between two Fc-groups be R in the stable phase and
R’ = R+ ARin the exited phase after hole injection. The injection
of one hole increases the charge of one ion from +e to +2e, and
thus, their Coulomb energy increases from E,(R) = k/R to E..(R)
= 2k/R, where k = €?/4ze, = 1.44 €V nm, that is, there is an en-
ergy rise of AE(R) = E_ (R) — E,(R) = k/R. If the distance of the
cations is R’ = R + AR, the energy rise is less, the relative energy
change between the distances R and R + AR is A’E = AE(R +
AR)- AE(R) = -k AR/[R (R + AR)]. For the estimated values of R
=1nm, AR = 0.1 nm, we have A’F =-0.13 eV.

This means that the nearest neighbor pair of single- and
double-charged Fc-amm ions can lower its electrostatic energy
(with respect to that of the single-charged pair) by 0.13 eV when
increasing its distance by 0.1 nm. If a hole is injected in each
cation in the pair, the energy gain is 3 times larger, ~0.4 eV.
These energy values are comparable to the adsorption energy cost
(0.1 eV) due to the Fc shift (see Figure 5b). This rough estimation
shows that upon hole injection, the Fc lateral motion of 0.1 nm
may become energetically stable because the loss in adsorption
energy is compensated by a gain in electrostatic energy.

In summary (Figure 5c), the motion process could occur as
follows: 1) hole injection, 2) oxidation: Fe?* — Fe**, 3) Coulomb
repulsive interaction — motion activation, 4) weakening of CH-x
interaction, and finally 5) lateral sliding of Fc-amm.

4, Conclusion

Motion activation in molecular nanomachines, anchored in host-
guest compounds employing the guest Fc-amm and the host
BrCR molecules, synthesized in bulk solution, have undergone
comprehensive exploration in recent decades. However, the elec-
tronic interaction from noble metals has led to the decomposition
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of Fc molecules, imposing constraints on the direct engagement
of Fc-based compounds with metal electrodes.

In this investigation, we used a custom UHV-STM/STS setup
operated at cryogenic temperatures. Utilizing the Cu(111) sub-
strate effectively entrapped the guest Fc-amm within the host
BrCR array at 300 K in UHYV, as the Cu(111) surface activates
the trapping capability of BrCR, a phenomenon that does not oc-
cur on the commonly employed Au substrate. This success can
Dbe attributed to the electronic decoupling and simultaneous trap-
ping functionalities of the BrCR, averting the decomposition of
the guest Fc-amm molecules. The regularity of Fc-amm is dic-
tated by the intermolecular interactions between (1) Fc-amm and
BrCR and (2) Fc-amm and Fc-amm, thereby dictating the align-
ment of Fc-amm along a specific direction or the formation of a
densely packed ordered array, contingent upon the distance be-
tween individual Fc-amm molecules.

In conjunction with comprehensive STS electronic structure
analysis, experimental evidence derived from STM topographic
images identified the coexistence of face-on and edge-on Fc-amm
on the BrCR array. Notably, only the edge-on Fc exhibited bias-
dependent reversible structural variations when a hole was in-
jected from the STM tip into the Fc HOMO. DFT calculations
elucidated the sliding motion mechanism, wherein hole injection
facilitated the oxidation from Fe?* to Fe3*, thereby enhancing the
Coulombic repulsive interactions between molecules and result-
ing in lateral sliding motion. This hole-injection-induced lateral
motion of Fc-amm is accompanied by a slight twisting of the Fc
molecule, reminiscent of the well-known redox-induced internal
rotation of ferrocene in bulk.

Thus, we have observed a novel, experimentally controlled
molecular motion in a host-guest complex. This kind of stimu-
lated, charge transfer-driven molecular motion is expected to play
a crucial role in various biological, chemical, and physical phe-
nomena, including photosynthesis, redox reactions, and molec-
ular electronics.
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