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1 Additional information concerning the simulations

Structural optimization of bipyridine on free-standing graphene

To address the various adsorption configurations of bipyridine on pristine, free-standing graphene
(FSG) we extended to this molecule our previous investigation of pyridine and related radicals on
graphene[1]. Accordingly, we make use of the ab initio density functional theory (DFT) simulation
platform Quantum Espresso [2] that uses pseudopotentials and plane-wave basis set. The system

is setup within Generalized Gradient Approximation using Perdew-Burke-Ernzerholf (PBE) ex-
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change correlational functional [3, 4] and the Grimme correction is used to take into account non-
local van der Waals interaction [5]. Bipyridine is adsorbed on a 5x7 graphene supercell periodic
in the xy plane and a vacuum separation of 15 A of periodically repeated systems in the z direc-
tion. The plane wave kinetic energy cut-off is 42 Ry and the convergence on the energy and force
are 10~* a.u. and 1073 a.u., respectively. The surface Brillouin zone is sampled using a 15x 14
I'-centered k grid for calculating the system energy and a 18 x 12 I centered grid for the density
of states (DOS) calculations (the latter corresponding to a 90 x 84 grid in the 1x1 unit cell). We
considered the configurations shown in Fig. S1, whose energies and structural parameters are sum-
marized in Table 1. The CT-armchair configuration was found to be the most stable, although a
mild dependence of the adsorption energy points to high molecular diffusivity and possible coexis-
tence of different adsorption sites. The optimized coordinates of CT-armchair have been chosen as
the starting point for the later SIESTA/TranSIESTA structural optimizations and the calculations of
the DOS, that instead adopt a localized basis sets (see the main text). We checked the equivalence
of the computed DOS of BP/FSG in the ground and excited states by the two approaches.
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Figure S1: The configurations of bipyridine on graphene which were studied are (a) TT-ArmChair
: where the nitrogen atoms of the molecule are on top of the carbon atoms of the graphene ring
and the in-plane axis connecting these nitrogen atoms pass above armchair graphene. (b) CC-
ZigZag: the nitrogen atoms of the molecule are on the center of a graphene ring with the in-plane
axis passing above zigzag graphene. (c) CT-ArmChair: where the nitrogen atoms are on top of a
graphene atom and in the center of the graphene ring.



Configuration | E,qq (meV) | agp.g A | Torsional angle (6°)
TT-ArmChair | -679 3.34 9.7
CC-ZigZag =752 3.23 9.5
CT-ArmChair | -782 3.09 9.2

Table 1: The adsorption energies (E,qs ), Bipyridine-graphene equilibrium bond distance (agp.g)
and Bipyridine torsional angle (0) after adsorption is tabulated for these configurations with
Grimme correction. Gas phase bipyridine torsional angle is reported to be 37°[6].

Molecular break junction setup

The now describe the break junction setup employed for our calculations of molecules adsorbed on
a semi-infinite substrate. We model a semi-infinite substrate to better describe a bulk continuum as
shown in Fig. S2. We utilize the Green’s function formalism within DFT to deal with such systems.
The system is setup as a 6 x 6 surface supercell with two semi infinite electrode regions and a central
scattering one. The electrodes are composed of three Ni layers on either side. The central scattering
region consists of bipyridine adsorbed on epitaxial graphene/nickel and bilayer graphene/nickel
substrates as shown in Fig. 1(b) and (c) of the main article. With respect to our previous work and
in order to reduce the number of atoms involved in the calculation, an asymmetric break-junction
setup is used at variance than in our previous calculations [7, 8]. The system is periodic in the xy
direction and a vacuum separation of 35 A is used along the transport direction z to ensure minimal
interaction between the periodic images and an almost constant electrostatic potential between the
asymmetric leads.

The density of states py(E) projected on the molecular orbital ¢ of interest (PDOS) is then
fitted by a Lorentzian function to extract the linewidth. Since we are interested in the resonant
lifetime for an initially localized state, rather than for one with definite momentum, the evaluation
of py includes an integral over the surface Brillouin zone [7]. However, we could check that in this
specific case (LUMO of BP in BP/EG/Ni and BP/BLG/Ni) the contributions to the PDOS at zone
center and zone boundary superimpose, so the BZ sampling could be restricted to a coarser mesh

(equivalent to a 12 x 12 one for clean Ni(111)) than for the self-consistent calculations.
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Figure S2: The break junction setup shows three layers of Ni as electrodes on either sides which are
coupled to bulk continuum by self energy operators. The central scattering region is asymmetric
with the molecule adsorbed on one side and the two regions are decoupled by a large vacuum
separation of 35 A.

Gas phase molecular orbitals of bipyridine

Frontier gas phase molecular orbitals of bipyridine are plotted for reference in Fig. S3. We recall
that our analysis focuses on the LUMO so that the relative alignment of the other orbitals (espe-
cially of ¢ with respect to T states, given they suffer differently from self-interaction errors[9]) is
not relevant for our results. We mention on this respect that by an additional calculation with an

hybrid functional (PBEO)[10] we reproduced the same ordering as reported here.

Density of states for ground state and core-excited adsorbed bipyridine

We report here a detailed decomposition of the DOS for the three systems we have studied.
Figure S4 summarizes the DOS of BP/EG/Ni. The total DOS, and its projections on the top

and bottom layers of graphene are shown. Details regarding the DOS are discussed in detail in the

main text. We also repeat for convenience the projections onto the molecular orbitals of bipyridine

in the ground and core excited state.
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Figure S3: Gas phase molecular orbitals of bipyridine.

Figure S5 summarizes the same quantities for BP/BLG/Ni. Here in addition to the total DOS,
its projections on the top and bottom layers of graphene are shown separately.

We also plot the ground and core excited state DOS of BP/FSG as shown in Fig. S6.

Resonant coupling for spin-minority LUMO* states

We now detail the procedure employed to evaluate the charge transfer time for the spin-minority
LUMO?. In our spin-collinear electronic structure relaxation, the valence electronic density in the
two spin populations is determined self-consistently without any constraint. This resulted in the
spin-majority bipyridine state being populated upon the excitation, which represents the electronic
ground state (with a N1s atom). In the experiments, resonant core-excitation to the LUMO™ state
could however equally involve a spin-minority electron. To model this case, that could be though as
an inversion of the molecular spin density also given that the electrostatic interaction with the core
is the main perturbation to the energy levels of the free molecule, we therefore need to consider a

spin-minority LUMO* at about the same energy below the Fermi level, as the spin-majority one
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Figure S4: The total DOS of BP/EG/Ni, and its projections on the graphene layer are shown. The
projections onto the molecular orbitals in the ground state (GS) and in the core excited one (FCH)
are also plotted.

computed self-consistently. This is achieved here by applying as a post-self-consistent correction
a shift of the Hamiltonian matrix elements belonging to the molecule, a procedure implemented

and tested in our previous work:[7]

Huka = Hyka +SpkaA£, u,v € molecule. (1)

In the above, S is the overlap operator and u, v, k| stand for the localized basis set indexes and the
surface wavevector. By a shift of Ae = —0.5 eV we effectively align the spin-minority LUMO*
peak position in the DOS (for example in BP/EG/Ni) to the desired value below the Fermi energy,
as shown in Fig. S4 and Fig. S5 for BP/EG/Ni(111) and BP/BLG/Ni(111), respectively. Then we

evaluate its resonant fwhm as a result of coupling with spin-minority Ni states.



Work function for EG/Ni(111) and BLG/Ni(111)

The adsorption of graphene on Ni(111) modifies the electrostatic dipole and hence the work func-
tion of the substrate, ®@. Our calculations performed for the (1 x 1) unit cell of EG/Ni(111) (without
adsorbed molecules) produced a decrease of @ by 1.0 eV with respect to the one of clean Ni(111),
in agreement to the literature[11] (see Fig. S7). In the case of BLG/Ni(111), ® is instead reduced
by only 0.3 eV, so that the addition of a second layer of graphene over EG/Ni(111) produces an
increase of @ by 0.7 eV. (We notice that an even larger increase of the work function when passing
from single to bilayer graphene, 1.0 eV, has been found for a Ru(0001) substrate[12].) This vari-
ation is consistent with a similar shift away from the Fermi energy, when passing from BP/EG/Ni

to BP/BLG/Ni, that can be appreciated for the BP molecular orbitals in Fig. 2 of the main text.
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Figure S5: The total DOS of BP/BLG/Ni, and its projections on the bottom and on the top graphene
layer are shown. The projections onto the molecular orbitals in the ground state (GS) and in the
core excited one (FCH) are also plotted.
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Figure S6: The total DOS of BP/FSG/Ni, its projections onto the molecular orbitals in (a) the
ground state and (b) the core excited state are shown.
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Figure S7: Electrostatic potentials for clean Ni(111), EG/Ni(111), and BLG/Ni(111). Results are
averaged over planes parallel to the surface and shown with reference to the Fermi energy.



2 Additional information concerning the experiments

Synthesis of EG and BLG phases of graphene

The synthesis of EG and BLG phases on Ni(111) has been performed in-situ, by ethylene adsorp-
tion in 10~® mbar atmosphere on Ni(111) held at 400°C (650°C). The quality of the EG (BLG)
phase was monitored by UV photoemission with 40.8 eV photon energy where characteristic ©
band at I" at 10.5 eV (8.5 eV) binding energy was evidenced accompanied by adequate attenuation
of the Ni3d band features, in agreement with preparation procedures reported by Patera et al.[13].
For both phases EG and BLG, carbon 1s XPS was regularly checked with characteristic peaks
detected at 285 eV (284.5 eV) binding energy.

NEXAFS measurements

Experimental observations of the molecular geometry are studied using Nitrogen 1s Near Edge
X-ray Absorption Fine Structure (NEXAFS) which is shown in Fig. S8. The NEXAFS for both
the systems show a very similar electronic structure the empty bipyridine orbitals. The main peak
corresponds to the N1s —LUMO transition. The LUMO of BP has a © character with the nodal
plane coinciding with the molecular aromatic ring. The NEXAFS spectra were recorded with
photon electric field € aligned along the substrate normal (p-pol) and with € lying in the surface
plane (s-pol). For BP multilayer the intensity of the LUMO excitation is independent of the electric
field polarization, as can be expected for a randomly oriented molecular film. BP/EG/Ni and
BP/BLG/Ni monolayer films, on the contrary, display a very strong and almost identical linear
dichroism which suggests an almost flat lying adsorption geometry of the molecule. From the
peak intensity analysis we find BP molecular long axis almost parallel to the substrate with average
inclination of the BP phenyl rings of 16° and 20° £ 3°, for BP/EG/Ni and BP/BLG/Ni, respectively

which are in close agreement with theoretically calculated angles.
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Figure S8: NEXAFS spectra in p-polarization (line with markers) and s-polarization (dashed lines)
for BP/EG/Ni (red color, lower panel) and BP/BLG/Ni (blue color, upper panel). The direction of
the photon field in the two polarizations is depicted in the inset.

Valence band photoemission

UV valence band photoemission experiments were performed at HASPES /ALOISA beamline
with He discharge source using of 40.8 eV from He II line. Angle resolved spectra were collected
with a 150 mm hemispherical electron analyzer with 2° acceptance angle, by rotating the sample
polar angle in steps of 2° . The overall energy resolution was 0.1 eV. The Ni(111) and EG phase the
surface orientation was aligned by rotating sample azimuthal orientation (around surface normal)
which allowed us to collect angle resolved spectra along I'K and I'M surface directions. For BLG
phase there was no azimuthal dependence in the spectra due to polydispersion of azimuthally

equivalent domains.
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Figure S9: (a) EG phase ARUPS with photon energy of 40.8 eV (He II line) along I'M and I'K
surface direction, showing the GR 7 band dispersion with band bottom at I" reaching —10.5 eV. (b)
BLG phase ARUPS with GR band bottom at I" reaching —8.5 eV, consistent with the electronic
structure of poorly interacting topmost GR layer. Some residual of the EG layer beneath may also
be observed in the spectrum.

Model for bi-directional electron transfer

In the main text we worked with the assumption that the excited orbital LUMO™ lies fully below
the Fermi energy. In this section we apply a more elaborate model that we detailed previously[14],
which allows for only part of the LUMO* resonance to be aligned below the Fermi level. We
recall that in this case charge transfer can be bi-directional: from the substrate to the LUMO*,
upon the excitation N1s —free-energy continuum, but also from the LUMO* to the substrate for
the on-resonance excitation N1s —-LUMO*. Here, two additional variables are introduced leaving
with three unknowns: backward/forward transfer times (Tgt and Tt for the two cases indicated
above, respectively) and the fraction of LUMO™ aligning below the Fermi energy. By determining

the superparticipator/participator intensity ratio in the system of interest (Isp/Ip), and with the
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single additional information provided by measuring the uncoupled system (i.e., the multilayer)
participator intensity /9, a third condition must be given and we have chosen to fix Tgt = Tct. This
assumption matches time reversal symmetry of the fundamental process within a model description
for the transferred electron, treated as an independent particle on a time-independent potential.
Within this model, Equation (2) in the main text can be used with spectra reported in the main
text and repeated in Fig. S10. For BP/EG/Ni, with Ip / 119 ~ 0.8 and Isp/Ip ~ 0.4, we evaluate a trans-
fer time of T}, ; ~ 3.3 fs similar to the previously reported value of 4 + 1 fs [15]. For BP/BLG/Ni,
having Ip/I(P) ~ 0.8 also in this case and Isp/Ip ~ 0.13 we obtain T;BLG ~ 10 fs, ~ 3 times slower
than for BP/EG/Ni. We remark that the determination of Ip /I3, originating from measurements on
different sample, requires further assumptions; our estimate of Isp/Ip ~ 0.8 includes a normaliza-
tion of the intensities by the NEXAFS matrix element for the differently oriented molecules in the

multilayer and on graphene.
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Figure S10: Resonant (on LUMO) and off resonant (above IP) photoemission spectra for BP multi-
layer (left), monolayer BP/BLG/Ni (middle) and monolayer BP/EG/Ni (right). For charge transfer
time analysis we use participator peak (Ip) intensities at N1s —LUMO* excitation (Ey =~ 394 eV),
superparticipator peak (/sp) intensities at N1s —free electron continuum above IP (hv ~ 404 eV),
and reference participator intensity (18) from the BP multilayer.
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