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Spin in aC losed-Shell Organic Molecule on aMetal Substrate Generated by aS igmatropic Reaction

Marie-Laure Bocquet,* Nicolas Lorente,R ichardB erndt, and Manuel Gruber Abstract: Inert metal surfaces present more chances of hosting organic intact radicals than other substrates,but large amounts of delocalized electronic states favor charge transfer and thus spin quenching. Lowering the molecule-substrate interaction is ausual strategy to stabilizeradicals on surfaces.Insome works, thin insulating layers were introduced to provideacontrollable degree of electronic decoupling.R ecently,r etinoid molecules adsorbed on gold have been manipulated with as canning tunneling microscope (STM) to exhibit al ocalized spin, but calculations failed to find ar adical derivative of the molecule on the surface.Now the formation of aneutral radical spatially localized in at ilted and lifted cyclic end of the molecule is presented. An allene moiety provokes ap erpendicular tilt of the cyclic end relative to the rest of the conjugated chain, thus localizing the spin of the dehydrogenated allene in its lifted subpart. DFT calculations and STM manipulations give support to the proposed mechanism.

Itisdesirable to design sustainable pure organic magnets to replace metals.P otential candidates are spin 1 = 2 molecular radicals. [1,2] Despite recent advances [2,3] in depositing multilayers of these species,t he open-shell structure of radicals renders them difficult to work with. To date af ew classical radicals,such as nitric oxide, [START_REF] Requist | Proc.N atl. Acad. Sci[END_REF][START_REF] Zhang | [END_REF] 1,3,5-triphenyl-6-oxoverdazyl (TOV), [6] polychloro triphenyl methyl, [3,[7][8][9] and bis-diphenylene-phenyl allyl (BDPA) [10] radicals have been reported to be stable on metal surfaces.T ypically,i ntact radicals can be deposited on metals that show low reactivity,s uch as the relatively inert Au(111) surface. [11,12] Besides depositing the radicals,detecting them requires spin-polarized spectroscopy techniques.Photon-emission techniques are well adapted for the study of overlayers of radical molecules. [2] Furthermore, creating local spins with eventual patterning for application is of great interest for the study of the inorganic-organic spinterface. [13,14] To this end, scanning probes can locally produce molecular radicals.

Recently,t he closed-shell molecule retinoic acid (ReA, see Scheme 1) was deposited onto ac rystalline gold(111) surface and then subjected to current pulses at negative sample voltage of approximately 2.5 V. [15,16] This procedure reproducibly led to intriguing changes of the molecule.T he apparent height of the cyclic end of ReA (denoted "head" below) increased by 140 pm and the head group appeared laterally shifted while the rest of the molecule (denoted "tail") remained virtually unaltered. Surprisingly,t his contrast modification of the head part also led to as patially localized Kondo feature in tunneling spectra. As expected for al ocalized spin, this feature could be tuned by an external magnetic field. These results suggest that it may be possible to bottom-up assemble arrays of switchable spins on surfaces. TheD FT calculations [15] were unable to find ar adical on the surface that could explain the experimental data. Herein, we provide for the first time an explanation of the requirements and mechanisms leading to astable radical after STM manipulation.

We present ar eaction pathway (not reported on surface chemistry) that leads to spin localization in ReA on am etal substrate as observed in the STM experiments.T he final reaction product is an eutral radical. It is formed by loss of ahydrogen atom from an allene intermediate that is produced by ac oncerted hydrogen sigmatropic rearrangement of the ReA molecule.T he proposed mechanism is corroborated by DFT calculations and STM contact measurements allowing reversible switching.Our findings show how organic radicals may be stabilized on metallic surfaces without resorting to insulating layers,w hich tend to weakly bind organic species.

Theh igh current densities and electrical field strength present in aS TM junction have been widely used to induce chemical processes on surfaces with molecular precision. In particular,i ntramolecular hydrogen transfers and dehydrogenations have been already reported from NÀHo rC ÀH bonds of porphyrinic molecules, [17][18][19][20][21][22][23][24] melamine, [25] and nanographene-like molecules. [26,27] Theproposed two-step process depicted in Scheme 1( right) is motivated by the general concept of hydrogen lability in conjugated molecules but selects ap athway associated to am ajor topological change (left). First in asigmatropic reaction, ahydrogen atom (red in Scheme 1) migrates along an allyl fragment between C1 and C3 of the endocyclic bond connecting C1 and C2. [28] Interestingly the migrating hydrogen atom resides in an allylic position with respect to the constrained endocyclic double bond. As ar esult of the cyclic constraint, the endocyclic double bond is lifted away from the linear conjugated chain putting the allylic hydrogen in the chain close to af avorable anti configuration as required in such sigmatropic reactions. After the [1,3] hydrogen shift, an allene or acumulative diene is formed imposing adrastic conformational tilt of 908 8 on the cyclic end. In asecond step,aradical is produced at the cyclic end by abstraction of the labile hydrogen atom (red in Scheme 1). This two-step process involves a9 0 8 8 rotation of the cyclic head part and also disrupts the p system between the head and the tail imposed by the allene structure.Such an allenic rearrangement has previously been suggested for retinoid molecules. [29] Notably the reaction involves four p electrons (one electron of the labile Ha tom and one electron per carbon atom of the allyl C1 to C3 fragment) and is therefore not thermally activated according to the Woodward-Hoffman rules.I tr ather requires an electronic excitation to provoke the hydrogen migration and the current pulses in the STM experiments serve this purpose.

We used ab initio calculations to test and validate our chemical hypothesis in terms of adsorption structures and the stability,m agnitude and spatial distribution of the resulting magnetism (see the Methods Section and Supporting Information, Figure S1).

Theintermediate AL and the product ALRAD adsorbed on Au(111) have been investigated within the DFT framework. Their optimized geometries and associated enthalpy barriers are shown in Figure 1. Both steps are endothermic. Thes igmatropic reaction of one hydrogen is less costly (0.84 eV) than the dissociation of one C À Hb ond (1.29 eV), which is lower than the gas-phase dissociation energy because the dissociated Hi sa dsorbed to the surface,r educing the dissociation barrier.T hese thermodynamic barriers are compatible with the excitation energy of 2.5 eV provided by the current/voltage pulse.T he adsorbed ALRAD possess 0.55 Bohr magneton (less than one unpaired electron) showing ap artial quenching of magnetization upon adsorption. This is clearly illustrated in the Supporting Information, Figure S1 by the projected density of states on the spinpolarized carbon atoms whose integration until the Fermi energy is the partial occupation. This is away to estimate the molecular interaction with the substrate.T he residual magnetism is spatially localized in the perpendicular p system resembling the SOMO of aC1-to-C3 conjugated radical at the cyclic side of the allene molecule.T his is shown in the spin density in Figure 1e.C learly,t he spin density is lifted away from the surface explaining the spin partial preservation in proximity to the metallic surface.

How compatible is this scenario with the STM-data?T he first step involves the migration of an allylic hydrogen atom with respect to the endocyclicd ouble bond and requires electronic excitation. Remarkably there are two more allylic hydrogen atoms in the cycle (belonging to the CH 2 )that could migrate and lead to additional states of the molecule.Indeed, several switched states were observed in the experiments. [15] In these cases no allene is formed and no large conformational change should occur, which again is in qualitative agreement with the experimental observations.Furthermore, we cannot exclude as imilar migration of one methyl substituent in allylic and axial positions with respect to the endocyclic double bond. Hence,i ti si mpossible to unambiguously identify all final products that may be experimentally accessible.H owever, it is clear that the invoked sigmatropic reactions are versatile enough to account for the observed diversity of switched molecular states.

As described above,a llene formation involves ar otation of the cyclic head part, which increases the height of this part of the molecule.T his matches the experimental observations (Figure 2) [15] that the apparent height of molecules in the Kondo state is much higher than in their pristine state.

At first glance,amechanism based on Ha bstraction seems to be inconsistent with the reported reversibility of the switching of ReA. In the experiments,t he transition from pristine ReA to as tate displaying aK ondo effect (step 1) is easily achieved by applying suitable voltage/current pulses. Returning to as tate without Kondo signature (step 2) is possible but more complicated. This is illustrated in Figure 2. Attempts to switch ReA molecules back to their pristine state via voltage pulses are usually inefficient as shown in Figures 2a-c. Upon av oltage pulse of af ew seconds (ca. À1V;4nA) on the molecule indicated by the arrow,t he image of the molecule is changed and resembles that of pristine reference molecules.H owever,t he differential conductance spectrum of the switched molecule (indicated by an arrow in Figure 2b)s till exhibits aK ondo resonance (blue curve in Figure 2c). In other words,t he attempt to induce back-switching did result in achange of conformation but did not significantly modify the electronic structure of the molecule near the Fermi level. Closely related observations were often made.T he change of the STM contrast of the molecules is consistent with 1) either ac hange of adsorption geometry of the molecule or ad ifferent arrangement of the allylic hydrogens within the molecule and 2) the absence of H transfer to the molecule,the latter being required to return to the pristine non-magnetic state.

Actually,Htransfer to the molecule is most probably limiting the efficiency of the back-switching. While H 2 is the most abundant residual gas in ultra-high vacuum systems and therefore present on surfaces at 5K [30,31] the hydrogen molecule needs to be dissociated and transferred to the adsorbed ReA during back-switching. This may be the reason underlying the low-success rate of the reverse switch via voltage pulses.N onetheless,t here is clear indication of H being present at the STM tip,w hich allows,f or instance,H transfer from the tip to single Fe atoms on Au(111) during contact formation. [32] In the present case,w eu sed as imilar approach, that is,w ec ontacted the molecules to transfer H more efficiently.T he process is illustrated in Figures 2d-f. Four molecules were successively gently contacted with the STM tip.T he subsequent topograph (Figure 2e)s hows that images of the initially switched molecules have been converted to the typical shape and height of the pristine molecule. In addition, this method of reverse-switching is considered as complete,a st he contacted molecules do no longer exhibit aK ondo resonance (Figure 2f).

Theproduced radicals are stable on the surface over hours (Supporting Information, Figure S2). Only after contacting the radical species was ac onversion to the original nonradical state observed. We emphasize here the need of an inert substrate such as Au(111). On more reactive surfaces such as on Ag and Cu (Supporting Information) we could not find radicals after manipulation with the STM tip.

In conclusion, DFT calculations show that ReA on aA u surface may be converted into along-lived organic radical by an STM-induced reaction. When the molecule is activated through suitable voltage/current pulses,allylic hydrogen from the endocyclic bond is likely to migrate and eventually dissociate,l eading to as table radical with the spin entirely localized to the cyclohexene group.The proposed mechanism is consistent with all experimental observations.I nr ecent STM manipulation experiments,cholesterol, amolecule with ac yclohexene group embedded into several cyclohexane groups,h as likewise been switched into as tate displaying aK ondo effect. [33] On some other molecules with ac yclohexene unit like shikimic acid [34] related attempts remained without success.W es peculate that ak eto-enol tautomerism involving the endocyclic bond may be ac ompeting reaction path in the unsuccessful cases.Asearch for further molecules that may be switched on surfaces to as tate with al ocalized spin is in progress.The use of local probes to induce reactions on organic layers allows us to achieve an enhanced control of charges and spins at the interface between am olecular layer and asolid substrate.The conversion of asingle molecule into as table radical in an otherwise closed-shell molecular layer, provides new possibilities to create hierarchical structures in as pinterface that combine radicals and closed shell molecules.

Methods

DFT calculations were performed for aperiodic slab geometry as implemented in the VA SP code. [35] Exchange and correlationw ere treated with the PBE form of the generalized gradient approximation. [36] Dispersion interactions were modeled with the method by Tkatchenko and Scheffler. [37] Theatomic positions of the two topmost Au layers from the six-layer Au slab and the molecules in the (7 3) Au(111) supercell (17.26 9.97 25.85 )w ere relaxed until forces were smaller than 50 meV À1 .

TheS TM measurements were performed in ac ommercial (Createc)S TM operated in ultra-high vacuum at 5K.A ll STM topographs were acquired in constant-current mode.T he dI/dV spectra were acquired with al ock-in amplifier using av oltage modulationof2.8 mV amplitude.
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 1 Scheme 1. Two-step chemical reaction of retinoic acid ReA (top) leading to the magnetic product molecule ALRAD (bottom). The reactant ReA consists of ah ead (substituted cyclohexene) and atail (linear conjugated chain). Left:sketches of the topologicalchanges of ReA, modelled by aball (head) and astick (tail), to the neutral intermediateA L(middle) and to the radical ALRAD, for which the ball and the stick are perpendicular to each other.R ight:c orresponding mechanisms where the labile (moving and removed) hydrogen atom is marked in red. Three carbon atoms labeled in blue are discussedi n the text.
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 1 Figure 1. a) Enthalpy profile in eV of the two-step mechanism of ReA on Au(111) calculated with DFT.T he first step is the formation of the allene (AL) with an enthalpy 0.84 eV above the reactant. In the second step, the migrating hydrogen atom is detached and adsorbed to the substrate (Hads) costing only 1.29 eV.T his leaves behind aradical species (ALRAD) at atotal enthalpy cost of 2.13 eV.b )-d) Snapshots of the DFT optimized structures of ReA, AL, and ALRAD respectively. e) Side view of the spin density map of ALRAD. The spin density of 0.05 eV À3 is represented by alight green contour.

Figure 2 .

 2 Figure 2. STM topographs of double rows of ReA molecules on Au-(111) a) before and b) after areverse-switching attempt via voltage pulse (ca. À1V;4nA). Note both (a) and (b) display pristine and switched ReA molecules. c) Differential-conductancespectra of the switched molecule (blue line, molecule indicated by an arrow in (b) and of apristine reference molecule (dashed black). STM topographs d) before and e) after gently contactingmolecules with the STM tip. f) dI/dV spectra of the molecule indicated by an arrow in (d) and (e) before (blue) and after (black) contact. The black curve is vertically shifted by 1nSfor clarity.
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