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Cyclophane with eclipsed pyrene units enables
construction of spin interfaces with chemical
accuracyf
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Advanced functionality in molecular electronics and spintronics is orchestrated by exact molecular
arrangements at metal surfaces, but the strategies for constructing such arrangements remain limited.
Here, we report the synthesis and surface hybridization of a cyclophane that comprises two pyrene
groups fastened together by two ferrocene pillars. Crystallographic structure analysis revealed pyrene
planes separated by ~352 pm and stacked in an eclipsed geometry that approximates the rare
configuration of AA-stacked bilayer graphene. We deposited this cyclophane onto surfaces of Cu(111)
and Co(111) at submonolayer coverage and studied the resulting hybrid entities with scanning tunnelling
microscopy (STM). We found distinct characteristics of this cyclophane on each metal surface: on non-
magnetic Cu(111), physisorption occurred and the two pyrene groups remained electronically coupled to
each other; on ferromagnetic Co(111) nanoislands, chemisorption occurred and the two pyrene groups
became electronically decoupled. Spin-polarized STM measurements revealed that the ferrocene groups

Received 21st February 2021 . o ) . . .
Accepted 13th May 2021 had spin polarization opposite to that of the surrounding Co metal, while the pyrene stack had no spin
polarization. Comparisons to the non-stacked analogue comprising only one pyrene group bolster our

DO 10.1039/d1sc01036k interpretation of the cyclophane's STM features. The design strategy presented herein can be extended
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Introduction

To design the electronic properties of nanoscale interfaces
demands the precise arrangement of their structures. Magne-
toresistance arises at interfaces between ferromagnetic elec-
trodes and organic compounds if chemisorbed proximal
molecules and subsequent layers are precisely aligned.'”® The
charge transport efficiencies of organic semiconductors are
linked to the spatial overlap and orientation of adjacent -
orbitals.’®** Superconductivity arises in a duplex of two
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to realize versatile, three-dimensional platforms in single-molecule electronics and spintronics.

graphene sheets if one is twisted by a “magic angle” (~1.1°) with
respect to the other.*** These uncommon electronic properties
arise because atoms at interfaces have been arranged in precise
configurations that are challenging to achieve.

It is difficult to arrange two polyaromatic hydrocarbon (PAH)
groups or continuous graphene sheets at their van der Waals
(vdw) distance such that all carbon atoms of the upper sheet lie
atop those of the bottom one. In such a fully eclipsed arrange-
ment (AA-stacked), the frontier orbitals of the sheets overlap
constructively and electronic repulsion is maximized (Fig. 1).">**
The other limiting case is the half-eclipsed (AB-stacked)
arrangement that is native to graphite.'® AA-stacked bilayer
graphene has been a subject of theoretical interest,"””*° but it
has been observed only in limited cases in which it could be
characterized sparingly.'”**® We hypothesized that such an AA-
packed graphene bilayer would exhibit interfacial magnetore-
sistance when placed in contact with a ferromagnetic electrode,
as has been found at boundaries between zinc methyl phena-
lenyl molecules and cobalt.® Chemisorption of the lower
aromatic group would form a hybrid molecular magnet, while
the upper ring would act as a spin analyser because it retains
sharp states with spin-polarization induced by - interac-
tions.>>?” Such spin interface effects have yet to be demon-
strated at the level of a single molecule.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Dependence of the energy gap that separates the two highest
occupied molecular orbitals (HOMO and HOMO-1) upon the lateral
offset between pyrene molecules in a face-to-face dimer. Two opti-
mized structures of pyrene were positioned in space with 352 pm
vertical separation, and the lateral offset was varied from perfectly
eclipsed (the configuration of AA graphene) along the coordinate
through semi-eclipsed (the configuration of AB graphene) by incre-
ments of ~28 pm. At each position we report the energy gap Eqomo —
Eviomo-1. Which is proportional to the electronic coupling between the
pyrene groups,*® determined by single-point calculations using density
functional theory, B3LYP functional, 6-311G(2d) basis set. We plotted
+0.04 (e bohr—3)¥2 isodensity surfaces of the HOMOs at the indicated
offsets.

Here, we show how ferrocene (Fc) pillars can be used to
construct a cyclophane whose undistorted planar aromatic
groups are aligned at their vdW distance with a configuration
very close to AA-stacked (red point in Fig. 1). Single-crystal X-ray
crystallographic analysis of this compound provides the most
precise measure to date of the vdW distance between two
undistorted AA-stacked graphene fragments. Previously
described bilayer molecules with shorter or contorted spacers
have aromatic planes that are bent or rotated with respect to
each other,”*?* and structures with longer spacers relax into AB-
stacked arrangements that are typical for intermolecular
contacts between PAHs.>*3%35738

We deposited a cyclophane onto a ferromagnetic metal
surface, nanoscale Co(111) islands, and onto non-magnetic
Cu(111). We evaluated the electron transport across the
hybrid (molecule-metal) entity by spin-polarized scanning
tunnelling microscopy and spectroscopy (SP-STM/STS) under
ultrahigh vacuum conditions at low temperatures (~4 K). Our
design provides an approach that can be generalized to craft
well-defined AA-stacked graphene bilayers, a first step to
building hybrid entities with precise arrangements of their
atoms in three dimensions. Incidentally, we show that
a pendant pyrene group can force face-on hybridization of Fc
cyclopentadienyl rings onto a reactive Co surface, giving an
entity with spin polarization that is inverted with respect to the
bulk Co.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Cyclophane design, synthesis, and structure

Our cyclophane design uses pyrene as an aromatic core that
balances size, chemical processability, and vapor pressure.****
Pyrene chemisorbs onto metal surfaces with a face-on geom-
etry,” and its electronic states are influenced minimally by
substituents at the 2- and 7-positions because the relevant
frontier orbitals are bisected by a nodal plane (Fig. 1 and
8131‘).43'“

Using the advances that have been made in Suzuki-Miyaura
cross-couplings, we avoided the multistep approaches that have
often been used to synthesize cyclophanes.*® 2,7-Bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene ([Bpin],pyrene),
readily produced via direct Ir-catalyzed borylation,***® was cross-
coupled with 1,1'-diiodoferrocene*” utilizing [1,1-bis(di-tert-
butylphosphino)ferrocene]dichloropalladium(u) (PdCl,(dtbpf))*
as catalyst in N,N-dimethylformamide (DMF) (Scheme 1).

We obtained the target cyclophane 2 in <1% yield after
purifying it by gradient sublimation (Fig. S17). Several oligo-
mers and larger macrocycles were also obtained. We synthe-
sized 2,7-diferrocenylpyrene 1 under similar catalytic
conditions with a yield of 65%, compared with the 2% yield
obtained by Preuf} et al. using Negishi coupling, illustrating the
advantage of our optimized procedure.* We confirmed the
identities of 1 and 2 by matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS, Fig. S3 and S4f),
elemental analysis, nuclear magnetic resonance (NMR, Fig. S2
(1)) and Fourier-transform infrared (FT-IR) spectroscopy
(Fig. S67).

X-ray diffraction of a single crystal of 2 that we obtained from
gradient sublimation confirms the resemblance of the pyrene
groups to AA-stacked graphene bilayers (Fig. 2). The space group
of cyclophane 2 is the same (P2,/c) as reported for 1,* with
intermolecular C-H---1t contacts that resemble the dimeric
herringbone packing of pyrene (Fig. S7 and S8%).*° The intra-
molecular spacing between the consensus planes of the pyrene
groups is 351.64(15) pm, and these planes have bending
angles® of just 3.8(4)°. The pyrene groups are offset by only ~50
pm from perfectly eclipsed. The vdW contact distance between
two AB-stacked graphene sheets is ~335 pm;'**® the spacing of
the AA arrangement has not previously been measured with the
accuracy of our X-ray diffraction, but a distance of 355 pm has

Bpin iodoferrocene ! Fo
2 60 °C, 64 h ! !
O : D <<
PdCl,(dtbpf) 1
h— 0,
K3PO,, DMF 65%
7 1,1'-diiodoferrocene ! !
Bpin 80 °C, 64 h i <> i
’ (@ <
[Bpin]zpyrene ~ GQ =
2

<1%

Scheme 1 Synthesis of 1 and 2 via Suzuki—Miyaura cross-coupling.
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Fig. 2 Crystal structure of cyclophane 2 represented with thermal
ellipsoids (50% probability); important structural features are indicated
in grey with standard uncertainties given in parenthesis.

been estimated.” The distance of ~352 pm between pyrene
groups in 2 appears to be the closest that two PAHs can be
forced with the AA arrangement without distortion. The
distance between cyclopentadienyl centroids in 2 is 330.10(18)
pm, only marginally larger than the 329.6 pm of ferrocene;>' the
pyrene groups are neither stretching nor contracting these
pillars and are thus at the vdW distance for the AA
configuration.

In other PAH-containing cyclophanes,* the conflict between
shorter bridge groups and repulsive interactions bends the
aromatic planes dramatically (e.g. by ~37.9° in ethyl*®* or
~16.9° in propyl*?"** bridged cyclophanes). For discrete
aromatic bilayers linked by longer bridges (e.g. butylene* or
—-CH,CH,OCH,CH,-*°) lesser bending and large lateral offset
values were reported that are similar to the values observed in
natural graphite (AB-stacking). The two Fc bridges in 2 gently
force the two pyrene planes into an eclipsed arrangement at
a threshold distance that prevents both bending and relaxation
into an AB-stacked arrangement.

STM measurements of cyclophane 2 and reference
compound 1

We performed STM measurements at ~4 K of 1 and 2 that were
deposited at submonolayer coverages atop nanoscale Co(111)
islands on a Cu(111) surface. Triangle-shaped, double-layered
Co(111) islands (5-25 nm across) on Cu(111) have out-of-plane
magnetization,”** and the Cu(111) regions are nonmagnetic.
The interactions of aromatic adsorbates with transition metal
surfaces have been the subject of extensive theoretical and
experimental investigations.' Co has 3d bands that are narrow,
spin-split, close to the Fermi level, and partly filled, leading to
strong chemisorption. This may be understood to result from
Co d-orbitals that protrude at the positions of the Co surface
atoms normal to the surface and interact with m-orbitals of
pyrene. The broad 3d bands of Cu are fully occupied with
energies well below the Fermi level, thus fostering weaker
molecule-metal interactions than Co, i.e. physisorption.*

A topographic constant-current STM plot (Fig. 3a) imaged
intact molecules of 2 as protrusions of length and symmetry
consistent with our crystallographic measurements on both Cu
(dashed red ellipse) and Co (dashed green ellipse). We noted
other fragments (dashed blue ellipse) that appeared after
surface deposition. In pristine areas of Co(111), cyclophane 2
adsorbed with the longitudinal axis perpendicular to one of the

8432 | Chem. Sci, 2021, 12, 8430-8437
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island edges, which run along the crystallographic [101], [110]
or [011] axis. Wang et al. previously showed that pyrene adsor-
bed to Cu(111) with its four ring centroids occupying bridge
sites upon the metal,** since the spacings of these centroids
(~244 pm) are only slightly mismatched from the Cu lattice
constant (ac, = 256 pm). A similar geometry of adsorption for 2
on Co(111) (ac, = 251 pm)** is consistent with our data; we
propose such an arrangement in Fig. 4. This excellent match of
the benzenoid repeat units with the Co(111) surface lattice
favours strong hybridization of out-of-plane d-orbitals to
molecular r-orbitals.

Cyclophane 2 adsorbed to Co(111) more strongly than to
Cu(111). On Cu(111), the profile of the apparent height traced
along the main axis of 2 (red plot in Fig. 3c) is flat and
featureless. The corresponding profile of 2 on Co(111) (green
plot in Fig. 3c) clearly differs, with a pronounced dip at the
centre. The ~300 pm maxima of both of these apparent height
profiles are similar to previous reports of Fc adsorbed with
a face-on configuration,® and the symmetries and lengths of the
profiles agree with the adsorption scheme in Fig. 4. Cyclophane
2 tended to form aggregates on Cu(111) (white dashed ellipse in
Fig. 3a), and was often found at the edges of islands, indications
that its interactions with this metal were weak and phys-
isorptive in character. On the Co islands, we found many iso-
lated molecules of 2, suggesting that lateral diffusion was
restricted and that 2 chemisorbs to Co(111).

Reference compound 1 preferentially adsorbed on both
metals with a face-on geometry, and bound to Cu(111) even
more weakly than did 2 (Fig. 3b). We observed no aggregates,
and few isolated molecules of 1 that were static on Cu(111). In
fact, measuring the profile of the apparent height for 1 atop
Cu(111) proved difficult, and the only plots we obtained (red in
Fig. 3d) have lower maxima than we expect for intact molecules.
We do not know the reason for this discrepancy but suspect that
the only molecules of 1 that remained sufficiently static for this
measurement were pinned at defect sites of the substrate or had
been chemically modified in a way analogous to that which we
induced using tip manipulation (vide infra). There are no indi-
cations that 1 diffused across Co(111), which corroborates its
chemisorption to this metal, and its Fc groups gave apparent
heights of the expected ~300 pm.*

Hybridization of cyclophane 2 to Co(111) suppresses
conductance through the pyrene stack

We investigated the role of the upper pyrene group on the
electronic structure of cyclophane 2 by comparing the profile of
its apparent height with that of 1 under similar imaging
conditions. The apparent height at the centre of the profile of 2
is ~245 pm, while for 1 it is ~205 pm (Fig. 3). We might have
expected the difference between these values to be larger based
upon the crystallographic structures of 1 and 2, but the
apparent height measured by STM in the constant-current
mode convolutes the local topography with the local conduc-
tance between the surface and the tip. The lack of infinite
sharpness of the STM tip hindered our plumbing of the depth of
the crevice between Fc groups in 1, but the apparent height at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of topographic constant-current STM images showing (a) cyclophane molecules 2 (V, = 500 mV, Iy = 0.5 nA) and (b) non-
stacked molecules 1 (V,, = 100 mV, Iy = 0.1 nA) on Cu(111) substrates (e.g. red ellipses), and intact symmetric (e.g. green ellipses) as well as
modified asymmetric (e.g. black ellipses) molecules on Co(111) nanoislands. The white ellipse highlights aggregated molecules 2 on Cu(111) and
the blue ellipse molecular fragments. (c and d) Show representative cross-sections of apparent height surfaces along the longitudinal molecular
axes of several molecules of (c) cyclophane 2 and (d) non-stacked molecule 1 on Cu (red) and Co (green) as well as for modified molecules on Co
(black). Depths of the dips measured for 1 and 2 and peak height differences Ah of the double-peak profiles measured for modified molecules are

indicated.

the centre may be inflated by the strong chemisorption of pyr-
ene to Co(111), providing a channel of conducting states
between the tip and the substrate.

The apparent dip of ~55 pm at the centre of cyclophane 2
reflects the lesser tunnelling conductance of the stacked pyrene
groups when compared with the Fc groups, a signal that the
upper pyrene group of 2 is electronically decoupled from the
lower one after it has chemisorbed to Co(111). This dip is
unlikely to reflect a topographic depression because the upper
pyrene group is suspended at a level that is even with the upper
cyclopentadienyl rings. In contrast, on Cu(111) the upper pyr-
ene of cyclophane 2 has an apparent height equal to those of the
Fc groups.

Our observations suggest that the electronic coupling
between the pyrene groups of 2 is stronger when the cyclophane

© 2021 The Author(s). Published by the Royal Society of Chemistry

is physisorbed to Cu(111) than when it is chemisorbed to
Co(111). The coupling between group orbitals is proportional to
their spatial overlap and inversely proportional to the difference
in their energies when the groups are isolated. The reduced
coupling between pyrene groups in 2 after chemisorption on
Co(111) is likely to be caused by a reduced - overlap or a shift
of the energies of the lower pyrene orbitals induced by hybrid-
ization with the metal.*”**”* On Cu(111), hybridization of the
lower pyrene group to the metal is weaker, this energetic shift as
well as the impact on the orbital overlap are smaller, and the
pyrene groups remain strongly coupled. Due to the wide
HOMO-LUMO gap of pyrene (Fig. S147), the isolated pyrene
group of 2 contributes little to the density of states between this
bias voltage of 500 mV and the Fermi level. Similar observations
were made for naphthalenediimide (NDI) cyclophanes with

Chem. Sci., 2021, 12, 8430-8437 | 8433
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Fig. 4 Proposed adsorption geometry for 1 and 2 on the topmost
atomic layer of Co nanoislands on Cu(111). The border of the hexag-
onal Co lattice with the lattice constant aco, = 251 pm (ref. 62) indicates
the directions of the energetically most favourable islands edges. The
longitudinal axis of the molecule (red arrow) points along the [211]
direction. Rotation by £60° yields symmetry-equivalent, energetically
degenerate adsorption geometries for which the longitudinal axes of
the molecule point in [121] and [112] directions.

large interplanar distances adsorbed to Au(111) or Ag(111). The
NDIs are electronically decoupled, and the photophysical
properties of the upper NDIs are partially preserved and could
be exploited in photonics.*%%7>

Our efforts to directly probe the states of the upper pyrene
group of cyclophane 2 by STM were hindered because the
molecules were not stable to measurements at larger bias volt-
ages. This instability manifests itself in the occurrence of
molecules with asymmetric appearance (black ellipse in
Fig. 3a). Molecules of 2 were readily modified by placing the
STM tip over a pristine area of a Co island, applying a bias
voltage V}, = 1.5 V at a setpoint current I, = 50 pA, and moving
the tip over a molecule (Fig. S91). The tip retracted by ~350 pm,
the apparent height of 2 at V;, = 1.5 V, and then irreversibly
advanced by more than 100 pm after ~3 s. We subsequently
collected topographic maps over the area in constant-current
mode to find that the Fc portion of the molecule subjected to
this treatment had been truncated (Fig. S9b¥). This is consistent
with other reports of the partial decomposition of Fc groups
into cyclopentadienyl (Cp) and FeCp fragments on Au,” Pt’™*”
and Cu’”” surfaces, and with the reported modification by an
STM tip of a tetradecylene-bridged di-ferrocene molecule on
Cu(110).”* We also applied this modification procedure to the
reference molecule 1, with results that were generally similar
(Fig. S10%). For a more detailed discussion see ESL ¥

Spin-polarized STM of cyclophane 2 on Co(111) islands

We mapped the spin-polarized conductance of cyclophane 2 on
Co(111) islands using an antiferromagnetic Cr tip at a low bias
voltage of V;, = —0.5 V (I, = 1.0 nA, +1 T). Under these

8434 | Chem. Sci, 2021, 12, 8430-8437
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conditions, the molecules were sufficiently stable for us to
measure SP-STM conductance maps with acquisition times of
up to 6 h. Spin asymmetry maps were obtained from the
difference of conductance maps measured at the same bias
voltage V;, but for parallel and antiparallel alignment of tip and
sample magnetizations. Spin asymmetry maps reflect spatial
variations of the spin polarization of the sample's density of
states at the energy |e|V},.”*”® Further details on spin asymmetry
and our acquisition methods can be found in the ESIL{

We found positive spin asymmetry over the pristine Co(111)
and inverted spin asymmetry over the Fc groups, while the spin
asymmetry returned to zero as the tip passed over the pyrene
stack (see traces along the lengths of two molecules of cyclo-
phane 2 in Fig. 5). Theoretical calculations®”” indicate that the
upper plane of a discrete aromatic bilayer structure that is
chemisorbed to a ferromagnetic metal retains sharp but spin-
polarized electronic states. This polarization is induced by
coupling between aromatic layers and may lead to resistive spin
filter functionality. We did not observe spin polarization at the
pyrene site of 2 after chemisorption to Co. One possible expla-
nation is that the bias voltage we applied may have been too low
to observe spin asymmetry at this site, since the upper pyrene

(b)+20§ 20onCo
— 2onCo
S 0-
< 3 Cu(111)

_205'””""l‘”"”"I'"””"I””””‘I”"””'I"””'”

0 1 2 3 4 B 6
Lateral distance [nm]

Fig. 5 (a) Spin asymmetry map of cyclophane 2 chemisorbed to a Co
nanoisland, generated from two spin-polarized conductance maps
(Fig. S11}) recorded at V,, = —0.5 V and /; = 1.0 nA while applying an
external magnetic field of +1 T, respectively, perpendicular to the
surface. The definition and sign convention for the spin asymmetry A is
given in egn (S1) of the ESLT (b) Spin asymmetry profiles along the
longitudinal molecular axes of two molecules 2 (red and black) and for
comparison on the bare Cu(111) surface (green). According to the
discussion of eqn (S2) in the ESI, T the profiles show no spin polarization
on Cu(111), inverted hybridization-induced spin polarization over the
Fc sites nearly equal in magnitude to that on Co(111), and no significant
spin polarization over the upper pyrene sites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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group contributed so little to the density of states in this energy
range. Another possibility is that weak coupling between the
pyrene groups of 2 is responsible for the lack of spin asymmetry.
These two explanations could both be supported with our
measurements of the profiles of apparent height, which sug-
gested that the coupling between pyrene groups was weak when
cyclophane 2 was chemisorbed onto Co(111). Our data here do
not allow us to distinguish between these possibilities but point
to several possible extensions that may be explored in future
work.

Chemisorption of 2 to Co(111) leads to inverted spin asym-
metry at the Fc sites. Ormaza et al. reported depositing a single
Fc molecule atop a Co adatom on Cu(111) to give a magnetic
entity, with ferromagnetic coupling between individual Fe and
Co atoms.* In their case, magnetic polarization of Fc was
accompanied by zero-bias conductance, a manifestation of the
Kondo effect. In our case, there is no reactive adatom bonded to
Fc, and the negative spin asymmetry at the Fc site of 2 on
Co(111) results from spin-dependent hybridization of the
ferromagnetic metal surface with chemisorbed molecules, an
effect that has been encountered in films (e.g. aluminium-tris(8-
hydroxyquinolin) (Algs)*") or individual molecules (e.g. phtha-
locyanine® or 2,4,6-triphenyl-1,3,5-triazine (TPT)”), and theo-
retically explained in detail.*®>¢%#"8>

Conclusions

We designed and synthesized a cyclophane in which ferrocene
pillars hold two pyrene groups at their vdW distance in an
eclipsed arrangement. The aromatic planes are virtually
undistorted with a bending angle of just ~3.8° and are dis-
placed laterally from a fully-eclipsed alignment by only ~50 pm.
X-ray diffraction showed that the pyrene groups of this cyclo-
phane are separated by 351.64(15) pm, the most precise
measure to date of the vdW distance in AA-stacked graphene
bilayers.

The organization of molecules at metal surfaces determines
the characteristics of devices in molecular electronics and
spintronics. The synthesis of 1 and cyclophane 2, compounds
amenable to deposition by evaporation, allowed us to investi-
gate and compare spin interfaces at single- and double-layered
hybrid entities with chemical accuracy. Using STM, we deter-
mined that cyclophane 2 physisorbs onto nonmagnetic Cu(111)
with a face-on geometry, low barrier to lateral migration, and
a maximum of the apparent height profile of ~300 pm. On
Co(111), 2 chemisorbs with a face-on geometry, no evidence of
lateral migration, and an apparent height of ~245 pm over the
pyrene stack. We conclude that hybridization of the lower pyr-
ene group to Co realigns the energy levels of the m-orbitals and
reduces their overlap to weaken the electronic coupling between
pyrene groups. This interlayer decoupling is consistent with our
spin-polarized STM measurements that showed no spin polar-
ization above the chemisorbed pyrene stacks. Further investi-
gations at higher bias voltages were hindered by partial
fragmentation of 2 that we confirmed with controlled manipu-
lations using the STM tip.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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We expect that the cyclophane design presented in this study
can be extended to craft well-defined structures with variable
aromatic stacking patterns and sizes. Over the Fc units of 2 on
Co(111), we measured spin polarization of comparable
strength, but opposite direction, to that of the pristine Co
surface. This shows the efficiency with which Fc transmits spin
polarization by the spin-dependent hybridization mechanism,
and that covalent extension of Fc is an approach to enforce face-
on hybridization of Fc groups to ferromagnetic surfaces. This
opens a path to metallocene nanopatterning and the
construction of more complicated systems. The chemisorption
of such structures to ferromagnetic metal surfaces is an
important step toward engineering spin interfaces by precise
orientation of their constituents in three dimensions.
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