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Fe'-terpyridine based oligomers have attracted considerable interest as key constituents for the
realization of highly robust, ultra-thin ordered layers of metal center oligomers (MCOs) for organic
electronics applications. By using molecular simulations and nanotribology investigations, we report on
the origins of the surprisingly high mechanical and thermal stability in this type of MCO layers, which
finds its expression in nanowear resistance values of up to 1.5 uN for the MCO films, as well as in a
thermal stability of two-terminal MCO junctions to temperatures up to ~100 °C under electrical load.
A theoretical analysis of the fundamental cohesive forces among the constituents within the context of
an electrostatic model reveal that the cohesive energy is essentially based on Coulomb interactions
among the ionic constituents of the oligomers, leading to an estimated cohesive energy per molar mass
of 0.0132 eV mol g ! for MCO layers that advantageously compare to the 0.0061 eV mol g ! reported

for pentacene crystals.

Despite the recent progress in materials research, the realization
of robust molecular devices based on single ultrathin molecular
layers of a few nanometers thickness is still a tremendous
challenge. In part, this is attributed to the possible nanoscale-
defects and grain boundaries within the organic layer that com-
promise device operation (particularly in macroscopic junctions
with up to 10" um? active device area). But more significantly, the
high-temperature deposition of the electrode by physical vapour
deposition represents a real challenge, as it usually damages
the highly vulnerable functional molecular layers."” In order to
overcome these hurdles, and to finally achieve an extension of
lifetime and temperature stability of thin-film molecular devices,
a number of strategies have been envisioned in recent years.
They range from the protection of ultrathin functional layers by
intermediate polymeric,® graphene,” or inorganic™® layers, over a
more robust coordination of the organic layers to the substrate,”®
to the enhancement of the intrinsic film stability by enforcing the
intramolecular interactions, an approach recently endeavored in
our laboratory for the formation of molecular junctions based on
ultrathin metal-terpyridine complex oligomers.**°
Metal-terpyridine redox complexes''? are promising systems
for organic and molecular electronics applications, as their
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terpyridine ligands are versatile building blocks allowing for
complexation of a variety of metal transition metal cations."?
This enables the vertical control of both junction-thickness
and -architecture within a layer by layer (LbL) deposition
process of metal ions and complexing terpyridine ligands.'*'*
Electron transfer along metal-terperydine molecular wires
has been investigated by electrochemical means,"® with liquid
electrodes,"® by scanning probe methods,® or with intermediate
polymeric layers."”” We have recently demonstrated the out-
standing mechanical and electrical robustness that can be
achieved by large-area junctions of terperydine-based metal-
organic complex oligomers (herein defined as metal center
oligomers (MCOs)).” Indeed, ultrathin (15-30 nm thick) MCO
layers where shown to resist direct metal deposition, forming
molecular junctions with surprising temperature stability and
very long operational lifetimes.

In this paper, the nano-mechanical properties and the cohesive
energy of MCO layers are studied by atomic force microscopy
and periodic atomistic simulations, respectively. From the
analysis of the wear curves we deduce a high mechanical
stability, and molecular simulations show evidence of higher
cohesive energy densities than known from typical van der
Waals solids, which is attributed to the strong quasi-periodic
electrostatic interactions among Fe"-cations and triflate (NH,CF;S03)
anions, as well to the relative order in the dense, quasi-crystalline
MCO films. From a very fundamental point of view, higher cohesive
energies explain the higher temperature stability, as the barriers
to access other configurations in conformational phase space
are raised.



Mechanical stability from nano-wear
measurements

Since the development of scanning probe methods, nano-
mechanical measurements to quantify the frictional response
of inorganic and organic layers (e.g. polymers) emerged as a valid
tool for monitoring the mechanical stability and tribological
properties of these layers at the nanoscale. Although indirect,
these types of measurements allow drawing a correlation between
mechanical film robustness (hardness of the material) and the
cohesive energy among the molecular units (in this case the
MCO monomers)."® In the present study, cohesive energies are
modelled by atomistic simulations (vide infra), revealing the
interaction forces by which MCO layers exhibit such an extra-
ordinary mechanical stability as has been recently demonstrated.’

The substrate for the preparation of the MCO films is given by
Au electrodes that are thermally evaporated on silicon substrates.
For a reliable attachment of the MCO layer to these Au electrodes,
a seed layer formed by the co-deposition of 4’-(4-mercaptophenyl)-
terpyridine (MPTP) with mercaptobenzene on Au is initially
required.’ Then, the oligomers are assembled by a stepwise
sequential coordination reaction of a Fe" redox center with a
conjugated 1,4-di(2;2’;6';2"-terpyridine-4’-yl)benzene (TPT) ligand
(see Fig. 1a and Methods section), as previously described” and as
summarized in the Methods section. Here, oligomers of two
different lengths have been grown by the stepwise sequential
deposition of 20 and 30 Fe" MCs, yielding MCO layers with a
thickness of 20 and 30 nm, respectively.

A constant increment in film thickness as a function of the
coordination number is deduced from atomic force microscopy
(AFM) topographic scans, resulting in a value of ~1.08 nm
per coordination step (Fig. S1, ESIf). This is in line with the
coordination efficiency already known from previous works,'® where
a self-limiting layer-by-layer build-up have been demonstrated.*®

Fig.1 (a) Chemical structure of a single 1,4 di(2;2/;6/;2" terpyridine 4’
yllbenzene (TPT) dimer. (b} 3D model of the dimer from a gas phase
geometry optimization by density functional theory (DFT) calculations (see
Methods section). Color code: carbon (grey), nitrogen (blue), oxygen (red),
fluorine (marine), sulphur (yellow), iron (magenta).

Based on the repeat unit length of the TPT unit as computed by
DFT calculations’ and based on the MCO layer thickness
as obtained from AFM data (Fig. S1, ESI{), an orientation of
the oligomer backbone at an angle of ~46° from the surface
normal is deduced. This is also concluded from the circum-
stance that the metal-bisterpyridine complex assumes an octa-
hedral geometry with limited bending degrees of freedom, thus
that the MCO oligomer can be considered as a linear chain, so
the dependence of film thickness on the number of deposition
cycles is a direct indicator of the molecular chain inclination.
Furthermore, the same chain orientation has been indepen-
dently obtained from atomistic simulations in our previous
work on charge transport in MCO layers.’

The mechanical stability of the films is determined by AFM-
based nanowear measurements. For this scope, three different
types of samples were compared, i.e. MCO films with 20 and
30 MCs (deposition cycles), as well as a poly(methyl methacry-
late) (PMMA) film with a thickness of 35 nm, used as a reference
system. Scratching experiments are performed with a range of
probe loads (from 40 nN to 2 uN) on a surface area of 2 x 2 pm”
in order to monitor the dependence of the wear on the applied
load. For this aim, a single scan is first done in contact mode
with a controlled constant probe load force, using scan para-
meters as specified in the Methods section. Subsequently,
as a measure of sample wear, the average AFM topographic
height & of the central region (1 x 1 pum?) of the scratched area
(2 x 2 pm?) relative to the average height of the unscratched area
has been determined. The wear pattems as a function of loads on
the AFM probe are shown in AFM topographic images recorded
over a 5 x 5 pm?® area, in which the square pattern of the
previously scratched area is enclosed (Fig. 2). As a reference, a
35 nm thick PMMA polymer layer was scratched under analogous
conditions, as shown in Fig. 3. The surface scans presented in
Fig. 2 and 3 are just a selection of scans from the full body of our
data (see Fig. 4). The full sequence of AFM surface scans for the
other probe loads is shown in Fig. S2 (ESIT). PMMA is used as a
reference material because grafted PMMA layers are known to be
quite robust against nanowear treatment.>!

We observe a pronounced wear resistance of the MCO layer for
all loads below 500 nN. Neither the nanoscale roughness nor the
average height of the film is significantly affected by the nanowear
scans (Fig. 2b). For higher loads (Fig. 2c and d), the thickness of
the MCO layer is reduced more or less proportionally to the
applied load, until a maximum of Az= 8 nm for a load of 2 uN
has been reached. At higher loads, irregular disruptive abrasion
of the films sets in, resulting in the removal of parts of the TPT
oligomers from the Au substrate (not shown). As a reference, we
performed an analogous series of scans with a 35 nm thick
PMMA polymer layer, whose nanomechanical properties are
already known from literature.>*>* Under the same scan con-
ditions, PMMA layers show evidence of plastic deformation due
to viscoelastic relaxation of the polymer matrix, which sets
in already at moderate applied scan loads. Specifically, above
200 nN, the formation of characteristic ripple patterns begins,
that gradually increase as the load is enhanced (see Fig. 3). This
is in line with an earlier report from Berger et al., who reported
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Fig. 2 Topographic AFM surface scans (5 pm x 5 um, left) and horizontal

center line cuts of the MCO 20 layer (right) of the pristine surface (a) and of

a2 pm x 2 pm area that has been treated by nanowear with applied loads

of 400 nN (b), 800 nN (c) and 2 pN (d); grayscales: +£5 nm (a) and £15 nm

(b and c).

that rippling in PMMA layers is barely observed below a wear
load of 40 nN.?" The ripples are attributed to the very slow
relaxation dynamics of the polymer network, as the polymer
chains displaced by the mechanical action of the cantilever
are not immediately equilibrated to their original location,
essentially due to viscous dissipation processes.?*?* In parallel
with this viscoelastic deformation, we observe that for scans
with a load from 150 nN to 0.8 uN, the mean height of the worn
region is augmented over that of the unaltered surroundings
(see section in Fig. 3a and b), which is indicative of scan-
induced crazing and consequent void formation within the
PMMA layer (volume expansion).”**

Note that whereas for MCO films minor fractions of the layer
are removed comparatively homogeneously at higher loads, in
PMMA films wear initially results in a roughening and rippling
of the surface (below 0.8 pN), followed by an abrupt removal of
the whole polymer film at ~1.5 puN. Fig. 4 summarizes for MCO
and PMMA layers the dependency of the average height on the
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Fig. 3 Topographic AFM surface scans (5 pm x 5 pm, left) and horizontal
center line cuts of a 2 pm x 2 pm worn area within the PMMA layer (right),
that has been treated with an applied load of 240 nN (a), 600 nN (b) and
14 pN (c); grayscales: £5 nm (a); £20 nm (b); and +40 (c). At low loads, a
rippling of the polymer film along with an increased average height in the
scratched region is observed (a and b). At loads above 800 nN, disruptive
changes are observed, resulting in the complete removal of the PMMA layer.
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Fig. 4 Average height of the central 1 pm? region within the scratched
(2 pm x 2 pm) area, relative to the height of the surrounding pristine layer
(see Fig. 2 and 3), plotted against the applied probe load during nanowear.

applied probe loads. In the figure, also the wear behavior of two
MCO layers with 20 and 30 deposition cycles is compared,
where the wear resistance for both layers matches almost
perfectly. This result is intuitively understandable, considering
that the MCO film structure, the cohesive energy, as well as the
surface roughness are nearly identical in both cases. The force-
dependent changes in the average height indicate a high
structural and mechanical stability of MCO layers as referred



to PMMA layers, whose robustness against nanowear treatment
has already been reported earlier.>" As a concluding remark, it
should be emphasized that besides the cohesive energy also
surface roughness plays a role in nanowear resistance, but that
this aspect could not be studied in detail within the present
work, as no experimental strategies were available to equalize
the roughness of polymer layers and MCO surfaces. We have
investigated the physical origins of the enhanced stability
of MCO thin films by molecular and electrostatic simulations,
and the results are presented in the next sections.

Thermal stability

The mechanical stability of the MCO films should go hand
in hand with the thermal stability in molecular junctions.
We monitored the electrical stability of MCO layers when
sandwiched between evaporated Au electrodes in a crossbar
geometry, particularly in view of electrical breakdown (short
circuit). As previously shown, the sturdiness of organic layers
based on Fe'-terpyridine oligomers enables the fabrication of
robust, large area junctions for organic electronic applications.’
Besides the low defect density of the MCO layers found in such
junctions, which allows the realization of two-terminal junc-
tions with areas of over 100 pm x 100 um, also operational
lifetimes of more than 2 years (under applied bias voltages of
up to 3 V) could be achieved and, importantly, a remarkable
temperature stability either. This is shown in Fig. 5, where
current densities J from MCO junctions with 20 and 30 Fe"" MCs
are displayed. Reproducible currents were measured in a range
of temperatures from 98 °C to +94 °C without shorts in the
device, a remarkable result considering the small layer thick-
ness (20-30 nm thickness) and the ductile nature of the gold
electrodes, which are known to easily form filaments for
most organic thin films. Besides the high cohesive energy per
molar mass among MCO monomers (as outlaid in the theory
section further below), only a small defect density in terms
of domain boundaries and pinholes can explain our present
experimental data.
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Fig. 5 Temperature dependent J T data for MCO junctions with 20 and
30 MC monomers recorded in the temperature range from 175 367 K
( 98°Cto 94 °C) under HV conditions (base pressure: 10 © mbar). Current
density values (J) are acquired at a bias voltage of 3 V. Experimental details
are found in ref. 9.

Simulations for cohesive energy
determination

Cohesive energy calculations of a material in the solid state
can be correlated with the energetic stability of the phase.
In the past, both force field based*® and density functional
theory (DFT) methods®”>° were used to estimate the energetic
phase stability for molecular crystals. In the following we use
a combination of the methods to obtain estimates for the
cohesive energy.

To estimate energetic phase stability on the basis of DFT
calculations we start with the structure as obtained in atomistic
Monte Carlo simulations used in our previous work,’ displayed
in Fig. 6b. The figure illustrates a cut of three oligomers, each
five monomers long. Due to the missing periodicity, confirmed
by the lack of diffraction reflexes from GIXD experiments,’
the simulations reported in ref. 9 did not converge to an
atomically precise periodic structure, which substantially limits
the possibility of computing cohesive energies in periodic DFT
models. We have therefore performed single point electronic
structure calculations utilizing the TURBOMOLE computational
chemistry code package®® for a finite cluster system. As the large
size of the system confined the choice of the basis set and the
functional, the def2-SVP*! basis set and a pure GGA exchange-
correlation functional (BP86°**) was used. To account for the
van der Waals type interactions, empirical Grimme corrections®*
were included.

Using this approach we computed the cohesive energy of
the finite cluster to 0.31 eV per monomer without dispersive
corrections and 0.65 eV with dispersion corrections,** see columns
two and three in Table 1.

Because the system carries high local charges, long range
electrostatic effects can be expected to strongly contribute to
the cohesive energy. In order to account for these effects we

Fig. 6 (a) Chemical structure of the Fe'" terpyridine monomer along with
the corresponding triflate counter ions (CF3SOs3) used during the deposi
tion of the MCO layers. (b) 3D model of the three oligomer system used in
single point DFT calculations of the MCOs in the bulk phase (b). Each MCO
is five monomers long (the blue circle includes a single monomer).



Table 1 Calculated energy differences between interacting and single
oligomer systems. The DFT calculations are performed both with and
without van der Waals corrections.>* In the electrostatic model (ESM) we
calculate the energy for both finite and periodic systems. For the periodic
systems we present both energies involving separation of the oligomers
with the counter ions attached and the cohesive energies where all inter
molecular bonds are broken. All the values are per monomer unit

3 Oligomer 3 Oligomer Full ohesive
MCO wire no vdw with vdw Periodic eng.
DFT 0.31eV 0.65 eV
ESM 0.25 eV 2.71 eV 10.98 eV

constructed a point charge model taking into account only the
Fe'-ions and the counter-ions, based on the atomistic simula-
tions reported in ref. 9. The Fe-centers carry a charge +2|e|,
while the counter ions carry a charge of 1|e|, which represents
the electrostatic contribution to the cohesive energy. Obviously,
this approach would be valid for any kind of counter ion as long
as it shows the same electrostatic properties (namely, its total
charge has to be 1|e|). The cohesive energy of this periodic
array of charges corresponds to the leading monopole contribu-
tion of the electrostatic energy of the system. This reduced
structural model is based on the finite size atomistic simulations
as reported in the above model, but the structure has been
periodically extended as the morphology suggested the existence
of MCO structures that are periodic in the xy-plane. Based on the
atomistic model,” the point charge model for a single wire was
constructed by placing n positive charges g = +2|e| at positions

(0.0, 0.0, 0.0) + n X v,

where n is the number of Fe" centers in a single wire unit,
i.e. the number of layers. The single-wire point charge model
is then extended into a periodic structure by applying periodic
boundary conditions with box vectors v, and v,. All reduced
unit vectors vy, v; and v, are extracted from the atomistic
simulations in ref. 9 and given in the Methods section.

For each redox center, two counter-ions were placed in the
middle between the Fe'-ions of two neighboring oligomers.
Further details on the oligomer structure definition can be
found in the Methods section. A single layer of the periodic
point charge model is illustrated in Fig. 7a, while three-
dimensional representation for the case of n = 10 layers is
displayed in Fig. 7b.

While the position of the iron centers and MCOs is deter-
mined by the model, the exact position of the counter-ions is
not uniquely determined in the simulations we used to con-
struct the model. In order to compute the sensitivity of the total
energy to the position of the counter-ions, we perturbed the
position of each counter ion independently in many simula-
tions from their initial positions in random directions. The
displacement was drawn from a uniform-random distribution
with maximal value Axp,. for different values of Axpya =
0.05 nm, 0.1 nm, 0.2 nm, and 0.3 nm. The system was sampled
using 10* MC steps and the energy averaged throughout the run
to give an estimate of the dependence of the electrostatic energy
on the counter-ion position. As indicated in Fig. S3 (ESIt), this
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Fig. 7 (a Slngle layer of the perlodic point charge model. Fe" redox
centers (red) are substituted by point charges g = +2, the counter ions
(yellow) by g = 1le|. The distances between the Fe" redox centers of
neighboring wires were extracted from the atomistic model [cite Wires1]
and used to calculate the 2D x y periodic unit cell (black rhombus). (b) A
3D model consisting of point charges constructed by a different number
of layers n, i.e. different lengths of the MCMWs (in the figure: n = 10). Fe"

redox centers (red) are interspaced by Fe" and counter ions to form a
tightly packed cohesive mesh with alternating charges of +2 and 1le|,
where e is elementary charge. Fe'" redox centers of a single MCMW are
connected with stick representation for illustration.

variation is modest, due to the long-range nature of the interac-
tions. While the local interaction energy with the nearest ions
may change significantly, the total energy is dominated by the
long-range contribution of the Ewald sum, which is much less
sensitive to either position or chemical nature of the counter ion.

To obtain the cohesive energy of the system, the Coulomb
energy was calculated for different numbers of monomers, or
length of the oligomers (n = 3, 5, 10, 15 and 20) and position of
the counter ions using the particle-mesh Ewald summation as
implemented in the OpenMM package.***® In order to compare
with the DFT calculations, we also computed the electrostatic
cohesive energy of a model corresponding to the units in the
DFT cluster calculations reported above.

Direct comparison between the electrostatic model (in which
the three oligomers are represented by the charged species only)
and the DFT calculations is displayed in Table 1. The energy
difference between the three aggregated oligomer- and three
single oligomer-calculations was 0.25 eV in the electrostatic
model (ESM), which compares well to the 0.31 eV resulting from
DFT. The ESM result is clearly of the same order of magnitude
as the van der Waals (vdW)-corrected calculation (0.65 eV),
indicating that the electrostatic contributions are relevant. The
differences between the DFT and the EMS result can arise from
the existence of a delocalized charge distribution, which can modify
the short-range Coulomb interactions and it is not captured well by
EMS. When full periodicity in xy-plane is applied in the electrostatic
model, the energy difference is computed as 2.71 eV per monomer.
This indicates that the long range contribution to the electrostatic
energy is much larger than the short range contribution, as
expected by the nature of the Ewald sum. When the cohesive
energy, where all ionic inter-molecular bonds (ie. all bonds
among Fe" and counter ions) are broken is calculated, we
obtain a cohesive energy of 10.98 eV per monomer. We con-
clude that MCO cohesive energy is comparable to the NaCl
crystal, where the experimental cohesive energy of Na* and CI~
amount to 6.8 eV, which is considerably larger than the
cohesive energy of 1.7 eV per molecule found in pentacene
(van der Waals-type) crystals,*® see the first row of Table 2.



Table 2 Comparison of the calculated MCO cohesive energy with litera
ture values for NaCl*” and pentacene.®® The energy values are calculated
per monomer and, due to large size discrepancy of the unit cells, per molar
mass, or g mol *

Per unit cell Per g mol *

MCO 10.98 eV 0.0132 eV
NaCl*” 6.8 eV 0.118 eV
Pentacene®® 1.7 eV 0.0061 eV

The fact that the cohesive energy for MCO is larger than NaCl
can be understood in terms of the presence of four charges in
the MCO unit vs. only two charges in the NaCl unit.

As the difference in unit cell size of MCO (the MCO unit cell
is presented in Fig. 6a), NaCl, and pentacene is considerable,
the cohesive energies per unit cell may not give a clear picture
of energetic stability. Thus, we divide the cohesive energies by
the corresponding molar masses. The resulting cohesive ener-
gies per molar mass are for NaCl 0.118 eV mol g™, for MCO
0.0132 eV mol g~ ', and for pentacene 0.0061 eV mol g™ (see
the second row in Table 2). These results indicate that MCO
oligomers are more stable than pentacene crystals, but not as
stable as NaCl crystals. We attribute the difference to larger
distances between charges in the MCO system compared to
NaCl, as well as to the absence of charge monopoles in
pentacene crystals.

Conclusions

We have investigated MCO (Fe'-terpyridine oligomer) layers by
nanowear experiments as well as by molecular simulations to
reveal the origins for the remarkable mechanical and thermal
stability that such layers exhibited in previous studies. By
nanowear, we show that a significant abrasion sets in only at
cantilever forces above 1500 nN, i.e. well above the force for the
disruption of PMMA polymer layers. The robustness of MCO
layers is rationalized in terms of strong electrostatic interac-
tions acting between the ionic species in the (almost periodic)
lattice, which by means of an electrostatic model were shown to
stabilize the MCO ionic crystal. Indeed, our estimate yields a
cohesive energy per molar mass of 0.0132 eV for the MCO layer,
significantly higher than the 0.0061 eV reported for pentacene
crystals. This explains why ultrathin MCO layers have been
demonstrated to be robust towards direct metal evaporation,
forming molecular junctions that exhibit lifetimes of several years.

Methods

Preparation

For the MCO samples, bottom electrodes are realized by the
evaporation of 50 nm Au on 5 nm Cr on a Si wafer with 400 nm
thermal oxide (sample dimensions: 10 mm x 10 mm), employing an

evaporation rate of 0.3 nm s~ *. The vapour-deposited gold electrodes

are functionalized with a mixed SAM of MPTP/MB (MPTP =
4’-(4-mercaptophenyl)terpyridine, MB = mercaptobenzene),
prepared by immersing the electrodes in a degassed equimolar

solution (Note 34 in ref. 39) of MPTP and MB (5 x 10> M each,
chloroform, 1 day) and by rinsing them with chloroform. The
oligomer films are assembled by a stepwise sequential coordina-
tion reaction of a Fe" redox center by a conjugated 1,4-di(2;2;6';2"-
terpyridine-4’-yl)benzene (TPT) ligand. For this scope, the functio-
nalized substrates are (1) immersed in a solution of Fe(CF;S03),
(5 x 107> M, ethanol : chloroform 1:1, 5 min) and rinsed with
ethanol and chloroform, (2) immersed in a TPT solution ( =
1,4-di(2;2';6';2"-terpyridine-4’-yl)benzene, 5 x 10~ * M, chloroform,
20 min) and rinsed with chloroform and ethanol. Stages (1 and 2)
are repeated iteratively, whereby the Fe"' charges of the metal
centers are balanced by triflate counter-ions. Once the desired
length is reached, the MCO functionalized gold electrodes are
immersed in a MPTP solution (5 x 10~* M, chloroform, 20 min)
and rinsed with chloroform. In our study, two different types of
samples were employed, i.e. MCO films with a total of 20 and
30 MCs (and TPT monomers). For comparison with the MCO
layers, atactic PMMA (Ty = 105 °C) with molecular mass of
350000 g mol " was used as received from Polyscience Inc. The
PMMA polymer films were deposited by spin-coating from
dichlorobenzene solution (1 wt% PMMA, 1000 rotations per
minute) on an evaporated Pt film on glass (100 nm thickness).

AFM film thickness measurements of MCO samples

Atomic force microscopy (AFM) scans for film thickness evalua-
tion are performed with a Multimode Nanoscope IIla (Digital
Instruments) on bottom electrode structures, yielding an incre-
ment in MCO layer thickness by 1.08 nm per coordination
number as shown in Fig. S1 (ESIY).

Nanowear

Nanowear measurements are done using an AFM (Model
MFP-3DTM from Asylum Research). Scratching and topographic
imaging are carried out using Si AFM chips from Olympus (Model
OMCL AC160TS-W2) with a spring constant of 42 N m™*. AFM
data visualization and analysis are carried out using the Gwyddion
software tool (Version 2.37). Scratching is performed at probe
loads ranging from 40 nN to 2 uN on a surface area of 2 x 2 um>.
The scans are executed in contact mode with a controlled
constant probe load force (measured via the deflection voltage),
whereby 64 alternating lines are scanned in both scan directions
(forward and backward) at a scan angle of 90° (perpendicular
to shaft direction). The scanning speed is 1 um s~ ', whereas
the feed-back gain is set to a value of 15. After scratching, topo-
graphic scans are recorded in the tapping mode on an area of
5 x 5 um?, encompassing the scratched 2 x 2 um? surface area
in the center of the micrograph.

Simulations

As the Fe'-centers are essentially +2 charged ions, and the
counter-ions are 1 charged molecules, placed in proximity to
the Fe-centers, the simplest estimate of the electrostatic inter-
actions, taking only the leading contributions into account, is
achieved by representing the positively charged Fe-centers simply
by point charges (with charge +2) same as the corresponding
counter-ions (with charge 1).



We use periodic box vectors in xy-plane, extracted from
atomistic calculations (ref. 9, see ESIt for the details on MCO
structure simulations) and transformed into reduced unit cell
vectors, given as

vy = (1.211 nm, 0.0, 0.0)
and

v; = (0.074 nm, 1.075 nm, 0.0)

The shift between neighboring Fe-centers, caused by inter-
digitating of the metal centers by the 46.6° tilt angle of the
oligomer chains towards the z-axis,” where an Fe"-center within
one oligomer chain would fit in-between the Fe'-centers of
the neighboring oligomers, was extracted from the atomistic
structure as

v,’ =( 1.1076 nm, 0.0279 nm, 1.0478 nm),

which translates into a reduced unit cell vector of

v, = (0.8300 nm, 0.737 nm, 1.0475 nm)

For each redox center, two counter-ions were placed at a
shift of 0.5 x v, and 0.5 x v; from the Fe" position, which is in
the middle between the Fe™-ions of two neighboring oligomers
under the assumption of periodic boundary conditions in
the xy-plane.

To account for Pauli repulsion, a weak Lennard-Jones
potential was included with ¢ = 5 A and & = 0.25 kJ mol ™.
Periodic boundary conditions were then applied in the xy-plane
with unit cell vectors v, and v, (periodic boundary conditions
along the z-direction were suppressed by setting the box size
to 100 nm in z-direction).

The calculation of the TPT-dimer in the gas phase, as shown
in Fig. 1, is done at the PBE theory level*® employing a double
numerical basis set including polarization functions (DNP) as
implemented in Dmol® (Accelrys, San Diego).
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