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Controlling the spatial arrangement of organic magnetic anions ad-
sorbed on epitaxial graphene on Ru(0001)"
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Achieving control over the self-organization of functional molecules on graphene is critical for the development of graphene
technology in organic electronic and spintronic. Here, by using a scanning tunneling microscope (STM), we show that the elec-
tron acceptor molecule 7,7’,8,8'-tetracyano-p-quinodimethane (TCNQ) and its fluorinated derivative 2,3,5,6-tetrafluoro-7,7',8,8'-
tetracyano-p-quinodimethane (F4-TCNQ), co-deposited on the surface of epitaxial graphene on Ru(0001), transform sponta-
neously into their corresponding magnetic anions and self-organize in two remarkably different structures. TCNQ forms densely
packed linear magnetic arrays, while F4-TCNQ molecules remain as isolated non interacting magnets. With the help of density
functional theory (DFT) calculations, we trace back the origin of this behavior in the competition between the intermolecular
repulsion experienced by the individual charged anions, which tends to separate the molecules, and the delocalization of the
electrons transferred from the surface to the molecules, which promotes the formation of molecular oligomers. Our results
demonstrate that it is possible to control the spatial arrangement of organic magnetic anions co-adsorbed on a surface by means
of chemical substitution, paving the way for the design of two-dimensional fully organic magnetic structures on graphene and on
other surfaces.

1 Introduction

Molecular functionalization =12 is a promising approach to in-

troduce new advanced functionalities in graphene 3. Among
them, organic-based magnetism'# stands out because of its
potential use in spintronic applications for cost-effective and
flexible semiconductor technology >~!8. Driven by these
perspectives, the covalent functionalization of graphene by
atomic'® and molecular?® precursors has been successfully
used to create purely organic graphene structures exhibit-
ing stable magnetism?!?> even at room temperature32°,

t Electronic Supplementary Information (ESI) available: 2D PES of the neu-
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Nevertheless, obtaining spatially ordered 2D adlayers of
such magnetic interfaces still constitutes a problem, due to
the high reactivity of the radical species that must be em-
ployed to functionalize the graphene monolayer?’2%. Con-
sequently, the control that can be exerted during the synthe-
sis remains limited, and the degree of long-range order in
these functionalized graphene structures varies considerably
depending on the precise experimental conditions?*33. A
feasible alternative is the non-covalent functionalization of
graphene3*33. In this respect, we have recently shown that
the deposition of the molecular electron acceptor 7,7',8,8'-
tetracyano-p-quinodimethane (TCNQ) on epitaxial graphene
on Ru(0001)36-4% (gr./Ru(0001) for short) achieved in earlier
work provides a viable route to obtain 2D ordered magnetic

molecule/graphene interfaces*!.

In an attempt to clarify the factors governing molecu-
lar self-organization of these non-covalent interfaces, several
works have investigated the structure of self-organized molec-
ular layers physisorbed on epitaxial 2D substrates*?, such
as graphene*~*° and hexagonal boron nitride (h-BN)>%-2,
The present understanding is that, on these surfaces, m-7
stacking interactions are mainly responsible for molecular
adsorption, whereas molecular self-organization is the result
of intermolecular interactions*’. 1In the presence of elec-

tronic and structural inhomogeneities, the substrate can also
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play an important role as a template*3*44749 " More im-

portantly, on strongly interacting graphene-metal substrates,
such as on gr./Ru(0001)37-3933-36 3 spontaneous charging of
the molecule may occur upon adsorption. In this case, the
graphene also acts as a buffer layer, decoupling efficiently the
molecular electronic states from those of the underlying metal.
As a consequence, the magnetic properties of the charged
molecules deposited on the surface are preserved, thus lead-
ing to the creation of organic magnets directly on the graphene
surface starting from non-magnetic precursors®!.

Here, we highlight the profound impact of chemical compo-
sition on the self-organization of two molecules, TCNQ and its
fluorinated derivative 2,3,5,6-tetrafluoro-7,7',8,8-tetracyano-
p-quinodimethane (F4-TCNQ). The structures formed by the
two species can be readily discriminated by using scanning
tunneling microscopy (STM). TCNQ molecules form densely
packed linear oligomers, whereas F4-TCNQ molecules re-
main isolated, arranging in a sparse pattern over the low ar-
eas of the graphene moiré. This behavior remains unaltered
upon co-adsorption of both species. Density functional the-
ory (DFT) calculations are used to rationalize the experimen-
tal observations, showing that (i) the two adsorbed molecules
share similar charge transfer and magnetic properties, and that
(ii) the intermolecular delocalization of the transferred elec-
trons is the key factor determining the self-organization be-
havior observed experimentally. Due to the favorable overlap
between the electronic clouds of the neighboring molecules,
electron delocalization stabilizes energetically the charged
TCNQ oligomers on the surface, whereas a much less favor-
able overlap in the case of the charged F4-TCNQ molecules
prevents an efficient electronic delocalization, so that inter-
molecular repulsion prevails.

2 Experimental methods

The experiments have been carried out in an ultra-high vac-
uum (UHV) chamber with a base pressure of 1x10~!'! mbar,
equipped with standard facilities for surface preparation and
characterization, low energy electron diffraction (LEED) and a
low temperature scanning tunneling microscope (STM) work-
ing at 4.6K. Ultra-perfect gr./Ru(0001) substrates have been
grown by thermal decomposition of ethylene on Ru(0001) as
described in Ref. 37. The molecules have been deposited
at room temperature and subsequently the sample has been
cooled down to 4.6 K to achieve stable STM imaging.

3 Computational methods

Theoretical calculations have been performed using density
functional theory (DFT). The electronic exchange-correlation
energy has been described using the generalized gradient ap-

proximation (GGA) and the Perdew-Burke-Hernzerhof (PBE)
functional®’, employing the DFT+D2 semi-empirical cor-
rection of Grimme>® to account for van der Waals interac-
tions. In the case of the isolated monomers adsorbed on
the gr./Ru(0001) surface and for the calculations of the po-
tential energy surfaces (PESs) of the molecular dimers, cal-
culations have been performed using VASP>. The ionic
cores have been described by using the projector augmented
waves (PAW) method®. The kinetic energy cutoff for the
plane-waves expansion has been set to 400 eV and the Bril-
louin zone has been sampled at I'-point. A Methfessel-Paxton
smearing®! of 0.1 eV and a Gaussian smearing of 0.1 eV
have been used during the calculation of the monomers ad-
sorbed on gr./Ru(0001) and of the PESs of the dimers, re-
spectively. The surface of gr./Ru(0001) has been described
using a model formed by 11x11 graphene unit cells matched
to a three-layer metallic slab formed by 10x10 Ru(0001)
unit cells®®, with a vacuum gap between the periodically
repeated images in the z direction of 10.2 A. This struc-
ture has been shown to reproduce correctly most of the
features observed experimentally on this surface using the
STM33_ The structure of the isolated monomers on the
surface has been optimized using a convergence threshold for
the forces of 2.5x 1072 eV/A. During the geometry optimiza-
tion, the molecular degrees of freedom have been allowed
to relax, whereas the atoms of the surface have been kept
fixed. Spin-polarized DFT calculations have been performed
on the DFT optimized structures. STM topographs have
been simulated using the Tersoff-Hamman approximation 5,
The electronic density redistribution Ap(r) due to the adsorp-
tion of each molecule on gr./Ru(0001) has been calculated
as Ap(r) = Prol 4gr./Ru(0001) (T) — [pmol. (Y) + Pgr./Ru(0001) (P)],
where 0,7, +¢r./Ru(0001) (T) s the ground state electronic den-
sity of the adsorbed molecule, and Py, (r) and pg;. /gu(0001) (T)
are the electronic densities of the two non-interacting frag-
ments - i.e., the molecule and the gr./Ru(0001) substrate with
their respective geometries kept frozen at those of the ground
state of the combined system.

The PES of the molecular dimers in the gas phase has been
sampled by varying the radial coordinate d (i.e., the distance
between the centers of mass of the molecules) and azimuthal
angle O, (i.e., the angle formed between the vectors connect-
ing the two centers of mass and the x axis), using regular steps
Ad =0.2 A and A® = 2°, with the molecules placed in a 40 A
x 40 A x 10 A box, lying on the same plane and having the
long (short) axis oriented along the y (x) axis.

Additional calculations for the neutral, singly charged and
doubly charged monomers and dimers in the gas-phase have
been carried out with Gaussian09%3, using the PBE functional
and a 6-311G++(d,p) basis set. Tests performed on the gas-
phase monomers and dimers using the hybrid B3LYP®* func-
tional lead to results almost identical to the PBE ones (see
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Fig. 1 (a) STM topography (10x 10 nm?) of TCNQ and F4-TCNQ co-adsorbed on gr./Ru(0001). Parameters: Vi, = -1.7 V, I; = 10 pA. (b)
Same as (a) but at positive bias voltages. Parameters: Vy, =+1.0 V, I = 10 pA. (¢) LUMO of the neutral TCNQ molecule calculated in the
gas-phase. The wave function is colored according to its negative (red) and positive (blue) sign. (e) High resolution STM topographies (3x3
nm?) of an individual TCNQ molecule adsorbed on gr./Ru(0001), taken at negative bias voltage (Parameters: Vy, =-0.3 V, I; = 50 pA). (g)
Simulated STM image of an isolated TCNQ molecule adsorbed on gr./Ru(0001) at negative bias voltage (Integration range: -0.3 eV < E-Ep <
0.0 eV). (d,f,h) Same as (c,e,g), but for F4A-TCNQ. Carbon, nitrogen, fluorine and hydrogen atoms are shown in cyan, blue, green and white,

respectively.

Table S1 in the Supplementary Information).

4 Results and discussion

Gr./Ru(0001) presents a moiré superstructure with a periodic-
ity of ~30 A, due to the mismatch between the lattice constant

of graphene (ag;. = 2.46 A) and that of Ru(0001) (aru(0001) =

2.7 A)3637:4054.65.66 " These periodic variations create a geo-

metric buckling of the surface and a modulated potential en-
ergy landscape®73%%, which has been shown to be respon-
sible for inducing selective molecular adsorption on defined
regions of the graphene moiré*!43-4648 = A STM topography
of TCNQ and F4-TCNQ co-adsorbed on gr./Ru(0001) is pre-
sented in Fig. 1(a), showing that the molecules adsorb exclu-
sively over the low regions of the moiré, where the surface
potential is ~0.25 eV lower®”. The molecular arrangement is
strikingly different for TCNQ and F4-TCNQ: while the TCNQ
molecules assemble in dense linear chains across the low re-
gions of the moiré, the F4-TCNQ molecules remain isolated,
and arrange in a sparse configuration in which every molecule
lies approximatively at the center of each low region.

Figures 1(c) and 1(d) show the lowest unoccupied molecu-

lar orbital (LUMO) of the two neutral monomers in the gas-
phase. A common feature is the presence of a central node
along the short axis of both molecules, which is not present in
the highest occupied molecular orbitals (HOMO) (see Figure
S2 in the Supplementary Information). Due to the presence
of a much larger number of nodes in the F4-TCNQ frontier
molecular orbitals compared to that of TCNQ, the two differ-
ent species can be simply recognized by comparing the high
resolution STM topographs measured over individual TCNQ
(Fig. 1(e)) and F4-TCNQ (Fig. 1(f)) monomers%®. The corre-
sponding STM simulations using the optimized structures of
the isolated molecules on gr./Ru(0001) resulting from elabo-
rate DFT calculations (Fig. 1(g,h)) are in excellent agreement
with the experiment, thereby excluding that this difference is
an artifact due to the limited experimental resolution. Even
in the large-scale STM image presented in Fig. 1(a), these
topographical features can still be recognized. This indicates
that the graphene acts as an efficient buffer layer for both the
TCNQ and the F4-TCNQ adsorbates.

The topographs shown in Fig. 1(e-h) resemble closely the
LUMO of the two neutral monomers in the gas-phase (see Fig.
1(c,d)). At the same time, they differ considerably from the
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Fig. 2 Plot of In /; as a function of the tip displacement Z. Black
and red data points are relative to the spectra measured at the Low
and High regions of the clean gr./Ru(0001) moiré, respectively.
Green and blue data points are relative to the spectra measured
above the adsorbed TCNQ and F4-TCNQ molecules, respectively.

rest of the orbitals lying close in energy to the LUMO, i.e. the
LUMO+1 and the HOMO (see Figure S2 in the Supplemen-
tary Information). However, the STM experiments and the
corresponding simulations are probing the occupied electronic
structure of the sample at Vs < 0 V, which suggests that
in both molecules the LUMO has been occupied by electrons
upon adsorption on the surface. Furthermore, topographs with
similar features are observed also at Vipias > 0 V (see Figure
1(b)), indicating that the LUMO is only partially occupied. In
the case of TCNQ, this picture has been confirmed by scan-
ning tunneling spectroscopy (STS) and DFT calculations, and
XPS measurements ®®, which have shown that one entire elec-
tron is transferred from the surface to the LUMO of the neutral
molecule upon adsorption on gr./Ru(0001)*!. In the present
case, the existence of electron transfer has been confirmed us-
ing STS. dI/dZ measurements indicate that the local potential,
calculated from the slope of the In [, vs. Z curves (see Fig. 2),
is -5.03 eV and -5.16 eV at the low and at the high regions of
the clean gr./Ru(0001) moiré, respectively. This variation is in
line with the difference in local potential obtained by photo-
emission of adsorbed Xenon®’. However, in the vicinity of
each molecule, the local potential is -6.51 eV (TCNQ) and
-6.48 eV (F4-TCNQ). This marked change in the local poten-
tial, with respect to that of the clean surface, is due to the pres-
ence of a local dipole normal to the surface, which develops as
a consequence of the electron transfer from the surface to the

Table 1 Adsorption energy (E,q4s.), adsorption distance (z,qs.),
Charge state (Q) and integrated spin density (S) of the individual
TCNQ and F4-TCNQ molecules adsorbed on the Hep-Top, Fcc-Top
and Bridge (i.e., in between Hep-Top and Fcc-Top) low areas of
gr./Ru(0001).

Page 4 of 9

TCNQ F4-TCNQ
0° 30° 0° 30°
Hcp-Top
E.gs. (V) -2.48 -2.53 -3.10 -3.09
Zags, (A) 3.07 3.05 3.07 3.04
Q(nr.e™) 1.02 1.02 1.22 1.24
S (uB) 0.09 0.26 0.23 0.27
Bridge
E.gs. (eV) -2.45 -2.47 -3.05 -3.05
Zads. (A) 3.06 3.04 3.06 3.06
Q(nr.e™) 0.99 0.98 1.20 1.20
S (uB) 0.36 0.38 0.43 0.29
Fcce-Top
Eags. (€V) -2.38 -2.37 -2.97 -2.96
Zadgs, (A) 3.06 3.04 3.07 3.04
Q(nr.e™) 0.96 0.98 1.21 1.18
S (us) 0.86 0.97 0.62 0.69

molecule. The present results indicate that the charge trans-
fer characteristics of F4-TCNQ adsorbed on gr./Ru(0001) are
likely to be similar to those of TCNQ.

Indeed, according to our DFT calculations, the F4-TCNQ
monomer adsorbed on gr./Ru(0001) behaves similarly to
TCNQ (see Table 1). Both molecules lie almost flat on the sur-
face, at a distance z,qs ~ 3 A, indicative of a weak molecule-
substrate interaction. This agrees with the fact that, in the
STM experiments, they can be easily displaced from their
equilibrium position, if electronic currents of the order of I;
~ 0.3 nA are applied. Furthermore, albeit the calculated av-
erage adsorption energy (E,qs.) for F4-TCNQ is about 0.5 eV
larger than for TCNQ, the difference in E,qs, within each low
area of the graphene moiré is very small (AEygs, < 20 meV)
for both molecules, confirming that TCNQ*! and F4-TCNQ
show no preference for a particular adsorption configuration
on gr./Ru(0001). An analysis of the electronic density based
on the quantum theory of atoms in molecules’>’? (QTAIM)
shows that each F4-TCNQ molecule receives on average 1.21
electrons (e™) from the substrate, a value that is only a slightly
larger than that calculated for the TCNQ molecule, 0.99 e™.
For the latter, it has been shown that the charge transfer leads
to the appearance of a sizable magnetic moment localized on

4| Journal Name, 2010, [vol]1-9
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Fig. 3 (a) Differential conductance, dI/dV, spectra measured with a
lock-in technique (Vog=14 mV RMS and v=703 Hz) and the STM
tip positioned above the high region of gr./Ru(0001) (black curve),
and above the cyano group of a TCNQ molecule (blue curve) and of
a F4-TCNQ molecule (red curve) co-adsorbed on the surface. The
dashed black lines superimposed to each curve are the
corresponding fits using a Fano line shape”°, (q+€)2/(1 +£2),
where q is the asymmetry parameter and € = (Vy, — Vyes) / (I'/2),
with I being the resonance width, Vy, the bias voltage and V¢ the
bias voltage at which the resonance has its maximum. Fitting
parameters: q=-10,I'=4 mV , Vs =3 mV (TCNQ) and q =40, I
=8mV, Vies = 0.5 mV (F4-TCNQ). (b) Topographic STM image
(5%5 nm?, Parameters: V}, = -0.2 V, I; = 50 pA) of the TCNQ and of
the F4-TCNQ molecules co-adsorbed on gr./Ru(0001). The dots
superimposed to the image indicate the position where the spectra
shown in (a) have been measured.

the molecule*!. The present spin-polarized DFT calculations
predict a similar behavior for F4-TCNQ (see Table 1). There-
fore, DFT predicts that both TCNQ and F4-TCNQ behave as
magnetic anions when they are adsorbed on the surface of
gr./Ru(0001).

For individual TCNQ and F4-TCNQ species deposited on
gr./Ru(0001), the appearance of a magnetic moment on the
molecule, due to a charge transfer upon adsorption, has been
confirmed experimentally by scanning tunneling spectroscopy
(STS) measurements. The latter have revealed the presence
of a sharp feature at Vs = 0 V, associated with the forma-
tion of a Kondo state between the unpaired electron residing
on the negatively charged molecule, and the conduction elec-
trons of the metallic surface underneath*'-74. A similar picture

@ 7
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Z

EAg4_tong'- (9as-phase)

E'Evacuum (eV)
&

DPq /Ru(0001) EArona (gas-phase)—_
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™" mol. plane (zq)

4 6 8 10 12 14 16 18 20

(b)

Fig. 4 (a) Change in the 1% electron affinity (EA) of TCNQ (solid
blue line), TCNQ®*~ (dashed blue line), F4-TCNQ (solid red line)
and F4-TCNQ®~ (dashed red line), due to the image charge effect. z
= 0.0 A indicates the surface plane of gr./Ru(0001). zg = 3.0 A
indicates the molecular plane of the adsorbed molecules. The image
plane is set at z = 1.0 A7!. The arrows on the left side of the image
indicate the values of EA for the molecules in the gas phase (i.e., z
— o). The energy E on the Y axis is scaled with respect to the
vacuum level Eyacyum- (b,c) Top view of the isosurface (isovalue =
1.0x10~* e~ /A3) indicating the electronic density redistribution Ap
upon the adsorption of TCNQ (b) and F4-TCNQ (c) on
gr./Ru(0001). Blue and red colors indicate electron accumulation
(Ap > 0.0 e~/A3) and electron depletion (Ap < 0.0 e~ /A3),
respectively.

also persists when the two molecules are co-adsorbed on the
surface. Figure 3 (a) shows STS spectra measured on the co-
adsorbed molecular layer in a narrow range around Vi, = 0
V. While the spectrum measured over the clean gr./Ru(0001)
is essentially featureless, those measured over both molecules
show the presence of a sharp Kondo peak at Vpjs ~ 0 V.
By fitting the peaks with a Fano line shape” we obtain q =
-10 (TCNQ) and q = 40 (F4-TCNQ). These large values of q
suggest that the molecule-surface coupling is weak*!'. From
the width I' of the fitted data we estimate the Kondo tem-
perature to be Tgx = 58 K and Tk = 70 K for the adsorbed
TCNQ and F4-TCNQ molecules, respectively. The value of
Tk obtained for TCNQ is similar to that obtained for the same
molecule adsorbed, either isolated or at 0.5 ML coverage, on

This journal is © The Royal Society of Chemistry [year]
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gr./Ru(0001) in the absence of F4-TCNQ*!"74. These results
confirm that the magnetic character of both TCNQ and F4-
TCNQ is preserved upon co-adsorption of the two molecules
on gr./Ru(0001).

Using simple qualitative arguments, it is possible to under-
stand why charge transfer due to adsorption on gr./Ru(0001)
is similar for TCNQ and F4-TCNQ, despite the presence of
strongly electron-withdrawing fluorine atoms in the latter. In
the gas-phase, the addition of an electron to either TCNQ or
F4-TCNQ is a favorable process, as their 1 electron affinity
(EA), calculated as the difference between the total energies
of the neutral molecule and of the singly charged anion’, is
-3.67 eV’ and -4.01 eV, respectively. Conversely, the for-
mation of the doubly charged anions is unfavorable, as indi-
cated by the calculated EAs of the two singly charged anions,
0.48 eV and 0.04 eV, respectively. The EAs of the neutral
species in the vacuum thus lie close to the work function of
gr./Ru(0001), Dy, /ru(o001) = -3-9 eV>>¢7, whereas the EAs of
the two radical anions are very far in energy from Py, /ry(0001)-
As the molecules approach gr./Ru(0001), the mutual polar-
ization between the electronic clouds of the molecule and
of the surface shifts the EAs to more negative values. In
the limit of a weak molecule-substrate interaction, the lead-
ing correction term to such change can be estimated using a
classical image charge model, i.e. by considering the interac-
tion of a point-like charge with a flat conducting surface’!-”,
Eimage = —1/4(z— z0), where z and zq are the position of the
molecular center of mass and of the image plane with respect
to the surface, respectively. Already at relatively large val-
ues of z, the proximity of the surface leads to a large drop
in the EAs of the two neutral species, so that they both fall
below Py /ru(001) (see Fig. 4(a)). Atz =3.0 A, which cor-
responds approximatively to the calculated values of 7,45 , the
Fermi energy of the metal lies well above the EAs of the neu-
tral molecules, and a spontaneous electron transfer from the
surface to the molecule occurs, resulting in a singly-charged
molecular anion. The shift induced by the image charge in
the latter anions is not sufficient to bring the EAs of TCNQ®*~
and F4-TCNQ®~ below @, /ry(0001), thus hindering the full
occupation of the LUMO of the neutral molecules.

A more detailed insight into the charge transfer process
outlined above can be obtained by considering the electronic
density redistribution Ap(r) due to the adsorption of each
molecule on gr./Ru(0001). For both molecules, an analysis
of the spatial distribution of Ap(r) shows that the electronic
density accumulated on the molecule comes from the sur-
face underneath (see Fig. 4(b,c)). The number and position
of the nodes in the region of Ap(r) > 0.0 e /A?, which is
completely localized on the molecule, match those of the LU-
MOs of TCNQ and F4-TCNQ, further supporting the idea that
the electronic charge that has been removed from the surface
goes into the LUMO of the neutral molecules. A closer in-
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Fig. 52D potential energy surfaces (PESs) of [TCNQ]%f (a) and
[TCNQ]%f -Ug (b), as a function of the distance d and the
intermolecular angle ® between the center of mass of the two
molecules - see inset in (a). The separation between each isodensity
curve is 5.0x 102 eV. The inset in (b) shows the LUMO of
[TCNQJ; -Ug atd =8.0 A and ® = 34°. (c,d) Same as (a,b), but for
[F4-TCNQI3~ and [F4-TCNQJ3 ™~ -Ug. Carbon, nitrogen, fluorine
and hydrogen atoms are shown in cyan, blue, green and white,
respectively. In the inset in (b,d) the wavefunction is colored
according to its negative (red) and positive (blue) sign.

spection also reveals that the position of the nodes coincides
with regions located close to the molecular skeleton at which
Ap(r) < 0.0 e7/A3, indicating that a smaller fraction of elec-
tronic density is also depleted from the molecular & system.
Overall, the shape of Ap(r) is indicative of a donation mech-
anism reminiscent of that observed for TCNQ on Cu(100)78
and F4-TCNQ on Cu(111)7°, although in the present case the
amount of charge transfer is smaller, due to the weaker bond-
ing of the molecule with the surface.

The isolated monomers of TCNQ and F4-TCNQ adsor-
bates thus behave very similarly on gr./Ru(0001). However,
as shown in the following, the interaction between the charged
anions adsorbed on the surface is considerably different and
can be regarded as the driving force for the formation of
the self-organized structures observed experimentally. For
this purpose, we have performed DFT calculations for the
doubly-charged [TCNQJ5™ and [F4—TCNQ]%’ dimers in the
gas-phase®. Fig. 5(a,c) shows the corresponding 2D poten-
tial energy surfaces (PESs). As expected, the two PESs are
completely repulsive. This implies that, in the gas-phase, the
individual monomers of [F4-TCNQ]%_, as well as those of
[TCNQ]%*, will move away one from each other due to the
strong intermolecular repulsion, in contrast to the experimen-
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tal observations for the molecules adsorbed on gr./Ru(0001).
Including explicitly the presence of the substrate in the eval-
uation of the PESs is thus crucial to realistically describe the
behavior of the anions upon adsorption. In particular, one can
expect the conductive gr./Ru(0001) surface to screen the ex-
tra charge present on the charged monomers, thus diminishing
the intermolecular electrostatic repulsion and favoring aggre-
gation. To estimate this effect, we have considered the limit
case in which the classical electrostatic energy Ug(d) due to
the interaction between two identical point charges Q sepa-
rated by a distance d, Ug(d) = Q*/(4meod), is removed from
the calculated gas-phase PESs.

As can be seen, removing this electrostatic repulsion has
dramatic consequences on the qualitative behavior of the
two PESs (see Fig. 5(b,d)): the new PES for the screened
[TCNQ]%‘, hereafter called [TCNQJ;™ -Ug, exhibits a well
defined minimum at d ~ 8 A and ® ~ 34°, whereas that for
the screened [F4—TCNQ]§*, hereafter called [F4-TCNQ];™ -
Ug, does not present any minimum around that region. The
corrected PESs are very similar to those for the corresponding
neutral dimers (see Supplementary Information). The results
of this simple model are compatible with the experimental ob-
servations: while F4-TCNQ molecules tend to separate from
each other even in the absence of any repulsive Coulomb inter-
action between them, TCNQ molecules prefer staying close to
each other at a distance d and angle ® similar to those found
in the experiment or the full calculation*'. The remarkable
differences between the PESs of the [TCNQ]5™-Ug and [F4-
TCNQ]?-UE systems are a direct consequence of the pres-
ence of the F atoms, which have electron pairs that repel when
confronted in the dimer with N or other F atoms. At small
values of d, where Pauli repulsion is expected to determine
the differences between the two PESs, this effect should lead
to a larger intermolecular repulsion for [F4—TCNQ]%* than for
[TCNQ]%‘. This is indeed the behavior that can be observed
by comparing Figure 5(a) and Figure 5(c) around the relevant
values of d and ®. Furthermore, this influences the nodal
structure of the frontier orbitals of the two anions. In fact,
the HOMO of [TCNQ]5™ -Ug, calculated at the position of the
minimum, is completely node-less in the region in between the
two TCNQ™ monomers (see the inset in Fig. 5(b)), whereas
the HOMO of [F4-TCNQ]§*-UE, calculated at the same val-
ues of d and O, exhibits a number of nodes in the same region
(see the inset in Fig. 5(d)). Consequently, electrons occupy-
ing the HOMO of [TCNQ]%‘-UE are more efficiently delocal-
ized over the two molecules than those occupying the HOMO
of [F4-TCNQJ; -Ug. This makes the PES of [TCNQ]?-UE
more attractive than that of [F4-TCNQJ;™ -Ug. The same ef-
fect explains the self-organization behavior of TCNQ and F4-
TCNQ co-adsorbed on gr./Ru(0001). For TCNQ, the overlap
between the frontier orbitals of the neighboring molecules is
sufficient to promote the delocalization of the electrons trans-

ferred from the surface over the whole oligomers, thus dimin-
ishing the intermolecular repulsion between the charged frag-
ments and favoring their aggregation in the low regions of the
gr./Ru(0001) moiré. Conversely, for F4-TCNQ, this condition
is not achieved, so that the charged anions tend to minimize
the intermolecular repulsion by separating from each other as
much as possible, thus forming the sparse pattern observed in
the STM experiments.

5 Conclusions

In conclusion, scanning tunneling microscopy (STM) experi-
ments have been employed to show that co-deposition of the
organic electron acceptor TCNQ and its fluorinated derivative
F4-TCNQ on the surface of epitaxial graphene on Ru(0001)
results in the formation of two distinct self-organized struc-
tures, characterized by a dense (sparse) arrangement of the
TCNQ (F4-TCNQ) molecules. Density functional theory
(DFT) calculations show that, as confirmed by scanning tun-
neling spectroscopy (STS) measurements, F4-TCNQ, simi-
larly to TCNQ*!, develops a finite magnetic moment upon
co-adsorption due to electron transfer from the surface, and
reveal that the organization behavior observed experimentally
for the two molecules is due to the high (low) efficiency with
which these extra electrons are delocalized across neighboring
TCNQ (F4-TCNQ) molecules. Controlling electron delocal-
ization by means of chemical substitution thus allows one to
engineer the spatial arrangement of 2D heteromolecular struc-
tures of organic nanomagnets deposited on the surface of epi-
taxial 2D systems.
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