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Spin Manipulation by Creation of Single-Molecule Radical Cations
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All-trans-retinoic acid (ReA), a closed-shell organic molecule comprising only C, H, and O atoms, is
investigated on a Au(111) substrate using scanning tunneling microscopy and spectroscopy. In dense arrays
single ReA molecules are switched to a number of states, three of which carry a localized spin as evidenced
by conductance spectroscopy in high magnetic fields. The spin of a single molecule may be reversibly
switched on and off without affecting its neighbors. We suggest that ReA on Au is readily converted to a

radical by the abstraction of an electron.
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Tunable spins in adsorbed molecules are of interest for
molecular spintronics applications [1]. Transition metal
complexes have often been used in this context [2], as their
metal centers provide localized spins that may be protected
by the surrounding organic framework. Chemical modifi-
cations to their ligand shells [3—6] were then found to be
effective in manipulating the spins of adsorbed molecules.

Here, we report scanning tunneling microscopy (STM)
results for the biological molecule retinoic acid (ReA)
[Fig. 1(a)] physisorbed to the inert Au(l111) surface.
Surprisingly, adsorbed ReA molecules may reversibly be
converted among several states, some of which carry a
localized spin as evidenced by conductance spectroscopy in
high magnetic fields. A weakly bound adsorbate on a metal
surface, such as ReA on Au(111), does a priori not suggest
the presence of such spin effects. Previously, localized
adsorbate spin and associated Kondo resonances have been
found for adatoms [7,8], adsorbates comprising a metal
center [9-11], open-shell radical molecules [12], and
systems in which significant charge transfer between the
adsorbate and substrate occurs in the ground state [13].
Such a ground-state charge transfer would not be expected
for ReA. ReA also neither comprises a metal center, nor is it
a radical. It is simply a closed-shell organic molecule.
Nevertheless, single molecules in dense arrays may be
switched to display a Kondo resonance without affecting
their neighbors. We suggest that in these switched states the
molecules are converted to a radical state by the removal
of an electron from the endocyclic double bond of ReA.
Indeed, stable radicals may preserve their spins upon
adsorption on surfaces [12,14-16]. ReA and its derivatives
exhibit great structural flexibility that living organisms use
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for signal transduction [17]. We propose that this structural
flexibility facilitates stabilization of the spin impurity upon
switching.

Experiments were performed in ultrahigh vacuum with
three scanning tunneling microscopes operated at ~5, ~4.3,
and ~0.5 K. Au(111) single-crystal surfaces and etched
tungsten tips were prepared by Ar ion bombardment and
annealing cycles. ReA was sublimated onto Au(111) at
ambient temperature in ultrahigh vacuum and imaged at
~0.5-5 K. Images are displayed as illuminated three-
dimensional surfaces. For detection of the differential
conductance d/dV we applied standard lock-in techniques.
Calculations were carried out using dispersion-corrected
density-functional tight binding as implemented in Hotbit
[18] and dispersion-corrected GGA-Perdew-Burke-
Ernzerhof (PBE) [19] density-functional theory (DFT) as
implemented in FHI-AIMS [20], both in combination with
the ASE package [21]. Dispersion interactions were sup-
plied by the vdW** method [22]. Charge resonant excited
states were calculated using the 1eASCF approach [23] as
implemented in a local version of CASTEP 6.0.1 [24]. More
details are available in the Supplemental Material [25].

Close to monolayer coverage, ReA forms a dense pattern
that covers large areas of the Au(111) surface (see Fig. S1
in the Supplemental Material [25]) [26]. Figure 1(b) shows
a detailed image revealing that ReA molecules arrange
themselves in parallel dimers. The highest protrusions
correspond to the bulky 1,3,3-trimethylcyclohexene groups
(henceforth denoted as head groups) and appear ~60 pm
higher than the rest of the molecules (3,7-dimethylnona-
2,4,6,8-tetranoic acid, henceforth denoted as polyene).
Slight variations in contrast among molecules within the
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FIG. 1. (a) Schematic of ReA. (b) STM image (9.7 x 4.3 nm?)
of striped pattern comprising ReA dimers on Au(111), acquired at
~5 K. The molecules are in their pristine form as deposited.
(c) STM image of the same area after manipulating selected
molecules at a sample voltage V = —2.5 V. Only the manipu-
lated molecules are indicated with red arrows. The different states
obtained are labeled A—D (d),(e) Further manipulation steps.
Only those molecules that have been modified compared to the
previous image are labeled. All images were acquired with
V = -5 mV at a constant current / = 100 pA. The color scale
covers a range of 0.3 nm. The image contrasts were essentially
unchanged within the range -2 <V <2 V.

array are likely due to variations of the adsorption site on the
atomic lattice of Au(111). Such an incommensurability is
not surprising because the selective and directionally
defined H bonds mediated by the carboxylic groups may
prevail over interfacial van der Waals interactions in attain-
ing the eventual structure. No preferred orientation of the
molecular patterns on the substrate was observed, which is
an indication of a limited corrugation of the substrate
potential. This finding is furthermore supported by DFTB
calculations of the adsorbed molecule (cf. Sec. 2.3 in the
Supplemental Material [25]), where no strong energetic
preference for a specific adsorption site was found.

ReA molecules in arrays can be switched selectively
among different states by placing the tip over the neck of
the bulky heads and lowering the sample voltage to —2.5 V
with current feedback disabled. The process was effected
by monitoring the current through the molecular junction,
which switched back and forth among well-defined levels,
and increasing the voltage (to values closer to 0 V) when

the current corresponding to a desired state was detected.
Figure 1(c) shows an intermediate upshot. Three distinct
shapes of the manipulated states, denoted by A, B, and C
[Fig. 1(c)], surrounded by pristine molecules, are discern-
ible. While the head group in state A appears as an elliptical
protrusion, a rounded Reuleaux triangular shape is viewed
in state B. State C displays an extended protrusion along
with a kink in the polyene chain at the back of the neck of
the bulky head. Switching was found to lead to some
further states, the most common one of which is labeled D
in Fig. 1(c).

The manipulated states were found to be stable over
periods as long as days at the temperature of the experi-
ments (5 K). Spontaneous conversion was never observed
so long as nondestructive currents and voltages (usually
|[V| <2 V) were used for imaging. The degree of selectivity
in attaining a particular state is further illustrated in
Figs. 1(d) and 1(e). First, different states were prepared
in Fig. 1(d) [keeping only two manipulated molecules of
Fig. 1(c) unchanged]; next, most manipulated molecules
have been converted to state B in Fig. 1(e). The differences
in apparent heights among different states is clearly visible
in the pseudo-three-dimensional images and line profiles
taken along the bulky heads of manipulated molecules
(Fig S2 in the Supplemental Material [25]). The head
groups of states A, B, and C appear higher (~20, ~60, and
~140 pm, respectively) relative to pristine molecules [47].
This substantial increase in apparent heights indicates
either a strong conformational change of the molecule or
a redistribution of the local density of states or a combi-
nation thereof. In contrast, the tails of the polyene chains
remain essentially unchanged.

To 1identify possible geometric arrangements we
employed an extensive density-functional tight-binding
and DFT + vdW*"" [22] screening approach (see
Sec. 2.1 of the Supplemental Material [25] for details).
We found four distinct groups of stable adsorption geom-
etries, for which we also simulated corresponding STM
images (Fig. 2). Taking into account relative adsorption
energies and comparing simulated and measured STM data,
we conclude that in its unswitched ground state ReA
adsorbs in an all-frans configuration. Consistent with the
geometrical interpretation of the experimentally observed
switched states, the other three conformational groups
identified (designated as cis, methyl, and dimethyl in
Fig. 2) all exhibit an uplifted and tilted head group; i.e.,
the carboxy group anchors the molecule to the substrate,
whereas the remaining molecule (especially the ring
system) is lifted away from the surface facet and stabilized
due to a tripodal arrangement of methyl-substituent groups
and the conjugated chain. Differing in the orientation of the
ring system, the three conformers yield simulated Tersoff-
Hamann STM images with either elliptical or round
protrusions, reminiscent of the different appearances of
the switched states in the experiment. We correspondingly
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FIG. 2. Left: top and side views of the geometries of the
DFT + vdwsut optimized conformers, denoted by all trans, cis,
dimethyl, and methyl. Right: corresponding Tersoff-Hamann
simulated STM topographs (—2.5 V) and relative decrease in
adsorption energy with respect to the most stable all-trans
configuration. The color scale covers apparent heights from
0.5 to 10.4 nm (dark to bright). The conformational character-
istics (e.g., the uplifted head group in the dimethyl group) are
reflected in the topographic images.

conclude that the experimentally observed topographic
changes are not only rooted in a change in electronic
structure, but also arise from profound changes in geometry
caused by the electronic stimuli.

The electronic properties of all five states of the molecule
mentioned above are embodied in the differential conduct-
ance (dI/dV) spectra shown in Fig. 3(a). The featureless
spectrum (bottom curve) was recorded from a pristine
molecule. Other spectra taken over the center of the bulky
heads of the manipulated states surprisingly show a zero-
bias resonance (except for state D), similar to the Kondo
fingerprint reported from atoms and molecules on surfaces
[7-11,48-50]. As the tip is moved sideways along the
polyene chain, the resonance vanishes [Fig. 3(b)].

To determine the origin of the zero bias anomaly, the
evolution of dI/dV spectra was examined in the presence
of a variable magnetic field. Figure 3(c) shows a series of
spectra from the head group in state A. As expected for a
Kondo resonance, the zero-bias peak splits as the field
strength is increased. Similar results were obtained for state
B [Fig. 3(d)]. In state C (Fig. S3 in the Supplemental
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FIG. 3. (a) dI/dV spectra recorded over the center of the bulky
heads of pristine ReA (bottom spectrum) and different manip-
ulated states (labeled A—D). Before opening the current feedback
for spectroscopy, the STM was operated at V =—10 mV,
I =100 pA, and T = 0.5 K. Vertical offsets are used for clarity.
Red curves represent fits of Frota functions to the spectra (see
Sec. 1.6 in the Supplemental Material [25] for details). (b) Spatial
evolution of dI/dV spectra along the polyene chain of state A.
Colored dots in the inset indicate the positions at which the
spectra were recorded. For clarity, the spectra are shifted
vertically. Similar results were obtained for other manipulated
states. (¢),(d) dI/dV spectra of states A and B in magnetic fields
at 7 = 0.5 K. The field strengths are indicated in the figure.
Splitting of the Kondo resonance of state A is observed at all field
strengths. State B displays some splitting at approximately 4 T.

Material [25]) no splitting was achieved at the maximum
field available at the time of the experiment. However, the
involvement of the molecular spin is evident from the
broadening at 6 T. These data exclude the possibility that
the feature at the Fermi level E is due to the excitation of
low energy vibrations [51,52]. Information on the Kondo
temperatures and the fitting procedures is provided in
Sec. 1.6 in the Supplemental Material [25]. We note that
multistability was previously reported from tetracyano-
ethylene on Cu(111) with one state displaying several
low-energy excitations [53]. An excitation around Ej has
been attributed to a Kondo resonance, but no field depend-
ence was reported.

The Kondo resonance indicates the presence of a
majority spin located at the head group of the molecule,
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which is only observed after the manipulation of the
pristine all-frans configuration. At neither the semilocal
(PBE [19]) nor the hybrid (PBEO [44]) DFT level of theory
do we find any significant localization of excess spin for the
different ReA isomers in the gas phase. The localized spin
giving rise to a Kondo feature must therefore be a direct
result of the adsorbate-substrate interaction. In light of the
experimental observations we therefore suggest that the
STM manipulation converts the molecular adsorbate to a
charged radical. As switching to states that exhibit a Kondo
resonance was only observed at negative sample voltages,
this is specifically the formation of a positively charged
radical (ReA*™). This interpretation is consistent with the
findings for solvated ReA, where the addition of an electron
leads to dissociation via deprotonation [41], whereas
electron removal leads to a stable radical cation under
acidic and alkaline conditions [42].

The change in the molecular structure observed in the
STM images is likely important in stabilizing the charged
molecule, similar to the case of charged metal atoms on
insulating films [54-56]. In a similar way, the geometrical
distortion of ReA upon electron withdrawal is likely to
dissipate excess energy into the substrate, thereby effec-
tively trapping the metastable ionic state. The fact that the
strongest Kondo feature is observed at the cyclohexene
group suggests that the charge is localized close to the
alkene carbon atoms, far away from the carboxy group that
anchors the molecule to the metal substrate. Stable charged
states were indeed previously reported from a monolayer of
charge-transfer complexes on Au(111) [13]. Furthermore, it
has been shown that carotenoid cations in solution are
stable over 6 h at 250 K [57]. The formation of a long-lived
cationic state on the surface thus appears to be a viable
proposition.

We experimentally also investigated ReA on Ag(111),
Cu(111), and Pb(111) surfaces (Sec. 1.5 in the
Supplemental Material [25]). On none of these substrates
could ReA be switched to display a Kondo effect. On the
other hand, for 13-cis-retinoic acid, an isomer of ReA, we
succeeded in preparing spin-carrying states similar to ReA
on Au(111) (Sec. 1.4 in the Supplemental Material [25]).
Apparently, the weak coupling of ReA to the inert Au(111)
substrate is required to enable structural flexibility and
radical formation.

Semilocal DFT-PBE calculations of the adsorbed ReA
conformers did not exhibit any degree of spin localization
on the molecule. This is likely a consequence of the
electron delocalization problem at this level of theory
[58]. Adequately capturing both the molecular frontier
orbitals and the metal band structure presumably requires
screened-exchange DFT functionals, which are presently
untractable for system sizes like ReA at Au(111). To
nevertheless further explore the charged states, we gen-
erated excited states of the four optimized conformers on
the surface by selectively removing [adding] an electron

from the highest occupied molecular orbital [into the lowest
unoccupied molecular orbital (LUMO)]. Rather indepen-
dent of the actual molecular conformation, the energy to
remove an electron from the adsorbed molecule is obtained
as ~0.8 eV, and therewith is approximately half the energy
needed to add an electron to the LUMO (see Table S2 in the
Supplemental Material [25]). This suggests that formation
of a cationic state is indeed feasible at the bias voltages used
in the experiments to induce switching (—2.5 V). More
importantly, the addition energy is close to its analogue in
the gas phase, the electron affinity. In contrast, the
electrostatic interaction between the molecular charge
and its image charge strongly reduces the electron removal
energy of the adsorbed molecule compared to the ionization
potential in the gas phase (~6.7 eV). This further supports
that the formation of a cationic radical is specifically
facilitated at the surface.

In summary, retinoic acid molecules on gold may be
converted to states that carry a localized spin. This suggests
that a corresponding spin localization is not restricted to
molecules containing metal centers, but instead extends to
biostable and initially nonmagnetic molecules. We propose
that a radical cation is created by the removal of an electron
from the endocyclic double bond. A possible ramification
of this work is to use arrays of ReA and related molecules
to create arbitrary patterns of spins. While the direct
interaction of these spins may be small the underlying
metal surface may mediate long-range interactions.
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