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We study the electronic mechanisms underlying the induction and propagation of chirality in achiral
molecules deposited on surfaces. Combined scanning tunneling microscopy and ab initio electronic
structure calculations of Cu-phthalocyanines adsorbed on Ag(100) reveal the formation of chiral
molecular orbitals in structurally undistorted molecules. This effect shows that chirality can be manifest
exclusively at the electronic level due to asymmetric charge transfer between molecules and substrate.

Single molecule chirality correlates with attractive van der Waals interactions, leading to the propagation

of chirality at the supramolecular level. Ostwald ripening provides an efficient pathway for complete
symmetry breaking and self-assembly of homochiral supramolecular layers.
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Chirality plays a fundamental role in molecular recog-
nition processes, providing selectivity to many life-
regulating chemical reactions. Chiral molecules exist in
two nonsuperposable mirror-image forms, called en-
antiomers, that display dramatically different activity in
important classes of compounds such as pharmaceuti-
cals and crop-protection chemicals [1]. To improve the
production of enantiomerically pure compounds,
chirally modified metal surfaces have been intensively
studied in the last two decades as heterogeneous catalysts
[2,3]. Recently, chiral surfaces have assumed central im-
portance to a diverse range of investigations, including the
amplification of nonlinear optical properties [4] and the
asymmetric scattering of spin-polarized electrons [5,6].
Common to these fields, is the problem of how to confer
chiral properties to otherwise achiral metal substrates.

A particularly efficient way of bestowing chirality to
surfaces relies on the deposition of organic molecular films
[7,8]. In such systems, chirality can be expressed at differ-
ent levels: local (single molecule) [9], organizational
(supramolecular) [10,11], or both [2,12]. It is well known
that the adsorption of chiral molecules leads to the expres-
sion of both types of chirality. However, naturally occur-
ring achiral molecules may also become chiral upon
deposition on single-crystal surfaces, adding handedness
to a vast library of chemical functions. This has been
observed for specific (prochiral) molecular geometries ow-
ing to confinement in two dimensions [13,14] as well as
molecules that undergo conformational changes upon ad-
sorption [15,16]. Highly symmetric molecules locked to a
substrate with dissimilar point-group symmetry have also
been shown to develop chiral ordering through asymmetric
intermolecular interactions [17,18]. Although a significant
effort has been directed towards the structural character-
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ization of adsorbed molecules and supramolecular do-
mains in relation to chirality, little is known about their
electronic properties and substrate-molecule interactions
that ultimately lead to chirally modified surfaces.

In this Letter, we address the mechanisms of chiral
induction and propagation of achiral molecules deposited
on a metallic substrate. We present the case of square-
planar Cu-phthalocyanines (CuPc) adsorbed on Ag(100) as
a model system where the individual symmetry of adsor-
bate and substrate does not necessarily lead to chirality.
Scanning tunneling microscopy (STM) measurements and
density functional theory (DFT) calculations reveal the
formation of chiral molecular orbitals in a structurally
undistorted molecule, showing that substrate-induced
enantiomerism can be of purely electronic nature and
escape structural investigations. Attractive intermolecular
interactions lead to the formation of supramolecular clus-
ters with organizational chirality correlated to the handed-
ness of the individual molecules. We further show that
spontaneous symmetry breaking occurs thanks to the am-
plification of small inequalities in the initial distribution of
supramolecular enantiomers and reversible single mole-
cule chirality, leading to the self-assembly of electronically
and structurally enantiopure layers over mesoscopic
dimensions.

Figure 1(a) shows the adsorption geometry of CuPc
monomers on Ag(100), deposited in ultrahigh vacuum by
organic molecular beam epitaxy with the sample at room
temperature. STM measurements were carried out in sifu at
5 K. Similarly to previous investigations on low-index
metal surfaces [19,20], CuPc molecules adsorb parallel to
the substrate plane. We observe two different azimuthal
orientations corresponding to molecules rotated by *30°
(%£2°) relative to the [011] surface direction, with the
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FIG. 1 (color online). STM images of CuPc adsorbed on
Ag(100). (a) Molecules rotated by +/ — 30° with respect to
the [011] crystallographic direction (inset) show r// chirality at
bias voltage V,, = —0.3 V. (b) STM image of r-CuPc obtained
at V, = —1V and (¢) V,, = +0.3 V compared to the corre-
sponding (d) and (e) STM images calculated using DFT.

Cu ion on Ag hollow sites in both cases. STM images
reveal strong and opposite chiral contrast for the two
molecular orientations, denoted as r and [, respectively,
which are mirror-symmetric with respect to the [011] axis.
Enantiomorphism in a symmetry-matched molecule-
substrate system represents a limiting case where point-
group symmetry constraints alone cannot explain chiral
induction [11,17,18]. Remarkably, chiral contrast in the
STM images is strong at negative bias and progressively
disappears at positive bias voltage, as shown in Figs. 1(b)
and 1(c). This behavior suggests that chirality in this
system is mainly of electronic origin, i.e., not related to
the molecule conformation.

To unravel the complex electronic interactions that give
rise to enantiomorphism in CuPc, we have performed an
extensive set of ab initio calculations using the VASP im-
plementation of DFT in the projected augmented plane
wave scheme and the local density approximation (LDA)
[22]. Results obtained with the generalized gradients
(GGA) approximation differ only quantitatively, with
LDA producing a stronger molecule-surface interaction
that leads to a shorter adsorption distance and larger charge
transfer. The calculated slab included 5 Ag atomic layers
intercalated by 8 vacuum layers, and a 7 X 7 lateral super-
cell, relaxed until forces were smaller than 0.04 eV/A
[23]. In agreement with STM, we find that the preferred

location of the Cu ion is the Ag hollow site, with a 0.14 eV
energy gain over the next stable configuration. With re-
spect to top sites, the Cu-surface distance decreases from
2.7 to 2.4 A, leading to larger charge transfer from the
substrate and stronger stabilization of the molecule. The
minimum-energy azimuthal orientation corresponds to a
32° deviation of the Cu-ligand axis from the [011] direc-
tion of the surface. The driving force underlying such a
rotation is the N-Ag bond that forms between the
sp? orbitals localized on the aza-N atoms and the near-
est Ag atoms of the top layer. In order to minimize the
N-Ag distance, the molecule rotates as shown in Figs. 2(a)
and 2(b).

The optimized CuPc configuration shows a remarkable
net transfer of 0.85 electrons into the molecule, obtained
using the Bader charge analysis [24], distributed mainly
into the doubly-degenerate lowest unoccupied molecular
orbital (LUMO) and, to a lesser extent, into the unoccupied
counterpart of the singly occupied molecular orbital
(SOMO). This is reflected in the projected density of states
(PDOS) shown in Fig. 2(c), where both LUMO and minor-
ity spin SOMO resonances partially cross the Fermi level,
shifting down by about 0.5 and 0.2 eV, respectively, with
respect to LDA calculations of gas-phase CuPc [25].
The differential charge density of the CuPc/Ag(100) com-
plex relative to CuPc and Ag(100) is reported in Figs. 2(a)
and 2(b). The excess charge partly localizes on the
Cu atom, as expected from the SOMO downshift, and,
more importantly, on the N atoms and benzyne groups,
reproducing the charge contour of the frontier orbitals [25].
Specifically, as the sp? states of the aza-N atoms have
considerable weight in the LUMO, charge transfer largely
involves the N-Ag bonds. These results show that the
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FIG. 2 (color online). (a) Top- and (b) diagonal side view of
the differential charge density induced by molecular bonding to
the substrate. The contour value is +3.8 X 1073 e¢/A3. The
excess (depletion) of charge is shown in yellow (red).
(¢) Calculated DOS of r-CuPc/Ag(100) projected onto the
unperturbed CuPc molecular orbitals. Positive (negative) units
refer to spin up (down) states; a Gaussian broadening of 0.25 eV
has been employed. (d),(e) Theoretical conductance maps at the
peak position of the (d) HOMO and (e) LUMO.
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adsorption of CuPc on Ag(100) implies a considerable
degree of chemical bonding and that the molecular con-
figuration is determined by N-specific interactions with the
substrate. Importantly, the calculations disclose no signifi-
cant distortion of the molecule, which remains planar as
depicted in Fig. 2(b), showing no geometrical chirality due
to adsorption.

The above findings explain the achiral topography of
CuPc observed by STM at positive bias [Fig. 1(c)], and
allow us to elucidate the electronic origin of chirality in the
adsorbed molecules observed at negative bias [Figs. 1(a)
and 1(b)]. The main source of chirality is the distortion of
the highest occupied molecular orbital (HOMO) caused by
direct interaction of the benzyne groups with the substrate
atoms. This can be best observed by plotting the conduc-
tance maps obtained from the simulations at the HOMO/
LUMO resonances [Figs. 2(d) and 2(e)], where the asym-
metry between the two lobes located at the benzyne ring
position is significantly more pronounced in the HOMO
compared to the LUMO. Considering that the SOMO gives
a negligible contribution to the tunneling current due to its
de_ 2 character [20,21], the chiral contrast observed in the
experimental and simulated STM images of Fig. 1, tuned to
the HOMO/LUMO energy levels at —1.0 and 0.3 eV,
respectively, reflect the different asymmetry of each orbi-
tal. The point chirality of CuPc molecules is therefore
attributed to an electronic effect, which induces orbital-
selective enantiomorphism of the molecular electron states
in a well-defined energy range near the Fermi level.

A key question then is whether the chirality of the CuPc
electron states can be transferred to extended two-
dimensional layers. Chirality in adsorbed molecular arrays
requires stereospecific molecular interactions, which are
usually provided through either hydrogen bonds [13,14] or
correlation of azimuthal molecular orientations with lateral
van der Waals (VAW) forces [17,18]. Macrocyclic mole-
cules such as phthalocyanines [19,20,26] and porphyrins
[27,28] are known to assemble into ordered compact layers
at surfaces, where spontaneous formation of organizational
chiral domains occurs as a result of lattice-matching con-
straints and weak VdW attraction. In the absence of local
enantiomorphism, however, the chirality expression is lim-
ited to the structure of the arrays. Further, there is no reason
for one type of domain to prevail upon the other, and the
coexistence of both type of organizational domains in the
same molecular layer is observed [26-28]. The self-
assembly of CuPc on Ag(100) significantly differs from
such behavior, since the electronic chirality of each mole-
cule is carried over to extended layers and correlated to
organizational chirality. Moreover, spontaneous symmetry
breaking occurs, leading to the formation of CuPc films
with complete chiral purity over mesoscopic dimensions.

Figures 3(a) and 3(b) are representative of mirror-
symmetric enantiopure CuPc domains. We observe single
handedness of the molecular arrangement for each enan-
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FIG. 3 (color online). Chiral self-assembly of CuPc. (a) 7R and
(b) IL homochiral domains recorded with V,, = +0.52 V and
—0.10 V respectively. (c) rR and rL dimers shown together with
the relative probability of each configuration (d) Homochiral rR
domain extending over a terrace and crossing a screw disloca-
tion. Image size 77.3 X 77.3 nm.

tiomer, with the two domains corresponding to commen-
surate superlattices with 5 X 5 periodicity, rotated by
+37° with respect to the [011] direction. The superlattice
chirality is designated as R (L) for the 5 X 5 R — (+)37°
structure. The univocal relation between molecular and
array chirality results in the preferential assembly of rR
and /L domains, although a similar hollow site adsorption
and CuPc close-packing fraction would be obtained for rL
and /R configurations having 5 X 5 RO° periodicity [23].
Figure 3(c) shows that this chiral propagation process is
already active between isolated CuPc enantiomers, as the
relative abundance of rR/rL, and IL/IR dimers in the
earliest stages of aggregation is strongly asymmetric. To
understand the mechanism of chiral recognition, we car-
ried out calculations of both /L and [R phases (rR and rL
being equivalent by symmetry) using SIESTA [29], and a
new DFT functional explicitly designed to include VdW
interactions [30,31]. The calculations show that the orien-
tation of CuPc with respect to the substrate is the same for
the two phases, so the structure of the monolayer is mainly
determined by the CuPc-Ag interaction. However, the
distances between adjacent phenyl groups in the /L phase
are slightly smaller compared to /R, leading to a stabiliza-
tion of the former due to attractive VAW interactions. The
total energy difference between the two phases is of the
order of 40 meV, which is reduced below the relative
accuracy of the calculations (~10 meV) by removing the
nonlocal VAW correlation [23]. We note that substrate-
mediated enantiospecific interactions [32] may also lead to
chiral recognition. Indeed, we find that the charge transfer
between Ag and CuPc induces chiral asymmetry to the
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substrate metal states in the proximity of each molecule,
but the resulting electrostatic potential energy difference
between the /L and /R dimer configurations cancels out
after integration over the whole area occupied by neighbor
molecules [23].

Our data show that a racemic mixture of rR and /L
domains is present on each terrace in the initial stages of
growth (Fig. S4 in Ref. [23]), consistently with the fact that
they are energetically equivalent. As the CuPc coverage
approaches one monolayer; however, we observe that the
symmetric population spontaneously breaks into a single
homochiral phase, the extension of which is limited only
by substrate steps [Fig. 3(d)]. This phenomenon is quite
unusual since spontaneous organizational chiral resolution
is not reported for similar systems [26-28]. Even for
crystallization reactions in solution, achieving complete
chiral purity is very rare when both enantiomers are present
since the beginning [33]. However, mechanisms that en-
hance any initial imbalance in chirality and catalyze the
production of one enantiomer while suppressing its mirror-
image are important as they provide clues to spontaneous
chiral symmetry breaking in nature. In the present case,
chiral resolution occurs through two-dimensional Ostwald
ripening, which allows for the exchange of molecules
between supramolecular clusters of opposite handedness
during the nucleation and growth process at room tempera-
ture [23]. Note that complete chiral purity can be reached
only because both rR and /L domains can independently
feed the growth of the majority phase. This is due to the
intrinsic achiral nature of the molecules, which allows for
switching of the surface-induced point-group chirality dur-
ing molecular diffusion.

In conclusion, we have shown that surface-induced chi-
rality can arise as a purely electronic effect irrespective of
point-group symmetry arguments and propagate at the
organizational level through chiral recognition and sponta-
neous symmetry breaking. STM and DFT calculations
reveal that CuPc adsorbed on Ag(100) display orbital-
specific electronic chirality caused by molecule-substrate
asymmetric charge transfer, while the molecular confor-
mation remains achiral. The electronic chirality of individ-
ual molecules is retained in extended layers and univocally
transferred at the organizational level through lateral VdW
interactions. With increasing molecular density, an equal
mixture of supramolecular domains of opposite handed-
ness evolves into mesoscopic homochiral CuPc layers due
to spontaneous chiral symmetry breaking during self-
assembly. The ability to grow enantiopure supramolecular
layers and tune the chirality of distinct molecular orbitals
may lead to novel ways to control the electronic properties
and optical response of metal surfaces.
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1. Chiral structure of the supramolecular domains

STM images of CuPc adsorbed on Ag(100) reveal different levels of chiral
expression. At the single molecule level, point chirality induced by charge transfer gives rise
to two molecular enantiomers, r and I, which are energetically equivalent because they are
mirror symmetric with respect to the surface primitive vectors {1/A2 [011], 1/~2 [0-11]} In
the following, to simplify the notation, we consider only the | enantiomer and the related
superlattices. The measured angle between molecular and surface symmetry axes slightly
reduces from -30° to -27° in the superlattices (negative sign corresponds to counterclockwise,
I.e. left, rotation). A similar reduction of the azimuthal angle is also observed in the relaxed
structures obtained in the calculations.

At the organizational level, supramolecular chirality arises as the molecules self-
assemble into mirror symmetric domains, designated as R and L. The superlattice structure
that we observe for the | molecule, shown in Figure S1, is the IL, which is commensurate
with the surface with a 5x5 periodicity. In Wood’s notation, the IL superstructure is denoted
as 5x5R37°, whereas in matrix notation, using the basis of the surface unit cell, the same

structure is expressed as
4 +3
M, =
-3 4

The IL superlattice thus consists of a square unit cell, rotated by -26.1° with respect to the
molecular axis direction, i.e., by -27°-26.1° = -53.1° with respect to the surface primitive
vectors, as shown in Figure S1. Due to the 4-fold symmetry of the surface this is equivalent
to a -53.1°+90° = +36.9° rotation, which defines the proper rotation angle in the reference
frame of the surface. Due to the counterclockwise (left) rotation of the superlattice unit cell
with respect to the molecular axis, we use the letter L to denote its chirality.



FIGURE S1. STM image showing the IL superlattice configuration. The molecular axis
(MA) and superlattice unit cell directions (SA) and angles with respect to the [011] surface
direction are superposed.

The corresponding mirror symmetric superstructure would be rotated by +26.1° with
respect to the molecular axis, leading to a unit cell closely aligned (-27° + 26.1° = -0.9°) with
respect to the primitive vectors of the Ag(100) surface. The equivalent superlattice matrix is

. 5.001 +0.087
MR = )
[—0.087 5.001 )

Evidently, this structure is not commensurate with the surface. As the molecule-substrate
interaction dominates over intermolecular forces, the molecules accommodate to the surface
lattice, forming a slightly modified 5x5 superstructure. The closest commensurate
superlattice corresponds to a rotation of the unit cell by +27° with respect to the molecular
axis, 1.e., to a 5x5R0° structure or
Y (5 OJ
IR — 0 5 .

The superlattice structures corresponding to the r molecule are the 5x5R-37° for rR and
5x5R0Q° for rL. Note that the latter coincides with IR, although the molecule is rotated in the
opposite direction. The IR and rL configurations are observed by low energy electron
diffraction (LEED) at room temperature, coexisting with IL and rR (Figure S2). As the
mobility of the molecules decreases due to either a reduction of temperature or completion of
the first CuPc layer, only the IL and rR phases survive. DFT calculations (see Sect. 2) show
that the IR monolayer has a higher total energy compared to IL by about 40 meV, consistently
with the observed coexistence of IR/ rL and IL/rR at room temperature and preference for
IL/rR at low temperature.



FIGURE S2. LEED pattern recorded
at room temperature showing the
coexistence of rR (red), IL (blue),
and rL/IR domains (yellow square).

2. Ab-initio calculations of supramolecular CuPc chiral phases

The calculations of the energetics of CuPc monolayers on the Ag(001) surface have been
performed using the SIESTA code [1], with a double-{ polarized basis-set specifically
developed for noble metal surfaces [2]. The slabs used to simulate the surfaces included 5 Ag
atomic layers intercalated by 8 vacuum layers in the vertical direction. All the calculations
were carried out using fully relaxed structures (until residual forces were smaller than 0.04
eV/A), while keeping the three lower layers of the slab fixed to mimic the effect of the bulk
material. All energies were well converged with respect to the k-point sampling and the real
space mesh cutoff. The calculations (including the atomic relaxations) were performed using
two different DFT functionals:

1) The LDA functional of Perdew and Zunger [3]. This functional gives a good account of
chemically bonded systems, but it is questionable for the description of weakly bonded
systems. In particular, LDA fails completely in describing the dispersion interaction between
non-overlapping fragments, i.e. asymptotic Van der Waals (VdW) interactions. For VdwW
complexes, where the equilibrium geometry is in the intermediate overlapping regime, LDA
often produces distances and binding energies in reasonable agreement with experimental
ones due to an exchange residue [J. Harris, Phys. Rev. B 31, 1770, 1985], even if long range
correlation terms are not explicitly included in this approximation.

2) A new DFT functional (DSRLL) was designed to include explicitly the VdW interactions,
developed recently by the groups of D. Langreth and B. Lundqvist [4-6]. We have used the
implementation of this functional developed by G. Roméan-Pérez and J. M. Soler [7] that is
available in SIESTA. This functional is thought to provide a better description of the
molecule-surface and molecule-molecule interactions compared to LDA.



We have performed calculations for monolayers of CuPc on the Ag(100) surface adopting the
IL and IR configurations defined in Sect. 1, obtaining the relaxed structures and energies for
both configurations. The results of our calculations show that:

(i) The structure of the monolayer is mainly determined by the interaction between each
individual molecule and the Ag(100) surface. The angle between the molecular symmetry
axes and the substrate crystallographic directions in the relaxed structures is essentially the
same for Dboth structures (see surface axis directions in Figure S3), indicating that
intermolecular interactions in the monolayer are less important than molecule-surface
interactions. This is the case for both of the DFT functionals used.

(i) The contact distances between neighbouring molecules are different for the IL and IR
structures. This is due to the fact that the two assemblies display the same angle between
molecule and substrate axes and the same superlattice periodicity but different unit cell
vectors. As a consecuence, neighbours appear in different directions. The intermolecular
contacts are shorter for the monolayer in the IL phase, as shown in Figure S3, because the
relative orientation between neighbour molecules is such that two phenyl groups are closer in
this case.

(iii) The total energies computed for the relaxed structures show that the IL phase is more
stable by a few tenths of eV (see Table | for details), both for LDA and the VdW DRSLL
functionals.

The origin of the energy difference between the two structures, and the preference towards
the IL phase observed in the experiment, is attributed to the stronger VAW (attractive)
interaction between neighbour molecules that exist in this phase, due to the slightly closer

FIGURE S3. Scheme of the structure of the IL (left) and IR (right) monolayers (Ag atoms
are not shown for the sake of clarity), indicating the contact distances between neighbour
molecules. Results obtained with the DSRLL functional.



distances between the molecular endgroups. To show this, we have performed two separate
calculations.

First, we have computed the energy of both IL and IR phases, but without including the VdW
(non-local correlation) terms in the DRSLL functional. The results are shown in the last
column of Table I. We see that the energy difference between the two phases is now very
small, indicating that: (i) the energy of interaction between the molecule and the surface is
similar in both structures, due to the similarity in the angles discussed previously; (ii) the
molecules are sufficiently far so that the repulsive part of the interactions (which is present in
the calculation) is negligible, and (iii) the effect of the interaction between molecules through
the electronic states of the metal does not play an important role in the energy difference
between the phases. Substrate mediated interactions are discussed in Sect. 3.

A second calculation allows us to conclude that the main source of the energy difference
between both phases is the VdW interaction. We present in Table | the energy difference
computed taking into account only the atoms of the adsorbed molecular monolayer, removing
the metallic substrate but using the relaxed coordinates obtained for the whole system. We
find that again the IL phase has a lower energy compared to IR and that most of the energy
difference disappears when the VdW terms are excluded from the calculation.

It is interesting to note that the energy difference between both phases is smaller for the
monolayer over the metallic surface than for the free monolayer, by almost a factor of two.
This may be due to the fact that the metallic surface screens the VdW interactions [8], thus
reducing the effect on the total energies and the energy difference. We also note that the LDA
results show the same tendencies than those obtained with the DSRLL functional, although
with larger energy differences. This is also common, since LDA tends to overestimate the
binding at short distances in VdW complexes.

LDA DSRLL DSRLL
without VdW part
AE (ML on Ag(001)) |-0.069 -0.041 0.003
AE (free ML) -0.094 -0.074 0.016

TABLE I. Energy differences between the IL and the IR structures (AE = Ej-Eg, in eV),
computed with the different DFT functionals. Negative values indicate a preference for the IL
phase.



3. Role of substrate-mediated molecular interactions

The large charge transfer between molecules and substrate is found to imprint chiral
asymmetry not only in the molecular orbitals but also in the substrate metal states. To further
investigate this point, we have modeled the adsorption of individual CuPc molecules using
SIESTA and a 15x15 supercell to avoid possible periodic boundary effects. The analysis of
the induced charge on the Ag atoms that surround the molecule reveals a chiral perturbation
of the metal states and a consequent distortion of the electrostatic potential around the
molecule, shown in Figure S4. Previous theoretical investigations have shown this to occur
for molecules with proper gas-phase chiral conformation, i.e., tartaric acid adsorbed on
Ni(100) [9] and phenylglicine on Cu(110) [10]. It has also been proposed that substrate
mediated interactions may favor chiral recognition due to long-range Coulomb forces
combined with adsorption site constraints [10]. These findings suggest that substrate-
mediated enantiospecific interaction may play a role in the assembly of chiral domains.
However, the total energy calculations reported in Sect. 2, in particular those in the absence
of substrate, indicate that this is not the case for CuPc on Ag(100). To understand why it is
so, we integrated the electrostatic potential induced by one molecule at the position that
would be occupied by a second molecule in the IL and IR adsorption sites. The electrostatic
interaction energy of one molecule due to the presence of the other one is

Ey = [ Pt (1) Vi (r)dr
Where, piot represents the total charge density of the second molecule (sum of electronic and
nuclear charges), Vy is the electrostatic potential induced by the first molecule, and r = (x,y,z)
the spatial coordinate. Note that, for such large molecules, a full self-consistent calculation
where the two molecules are included in the computation of the potential is at present
prohibited by the supercell size limitations. We find that, even though the electrostatic
potential is anisotropic up to a distance of about 15 A from the Cu ion, larger than the Cu —
first benzyne ring neighbor (13 A), the energy difference AE, =E, (IR)-E, (IL) =3.5 meV
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FIGURE S4. Extended differential electron density (a) and electrostatic potential (b) of an
I-CuPc molecule adsorbed on a 15x15 supercell (only partially shown). The contours
correspond to values of +7x10™ e/A® and +0.07 eV for the density and potential,
respectively. Yellow (red) indicates positive (negative) values.



is negligible, after integration over the region occupied by the second molecule. AE, turns

out to be about one order of magnitude smaller compared to the substrate-induced interaction
estimated between opposite phenylglicine enantiomers and adenine on Cu(110) [10]. These
molecules, however, have a much smaller surface footprint relative to Pc, suggesting that the
effect of substrate-mediated interactions between enantiomers depend not only on charge
transfer but also on the size of the adsorbates.

4. Spontaneous chiral symmetry breaking during self-assembly

The STM images displayed in Figure S5 illustrate the evolution of organizational chirality
during the self-assembly process. The mechanisms behind each step are schematically
illustrated in Figure S6. At low coverage, CuPc dimers have all possible bonding
configurations, i.e., rR, rL, IL, IR, and even r-1 (Figure S5 a and b), although the population of
each combination differs, reflecting its relative energy stability. In dimers, the energy
difference between these configurations is due to a single bond and is not large enough to
suppress the formation of metastable structures. Such metastable configurations, however,
already disappear for tetramers and only a racemic mixture of rR and IL clusters is observed
for larger assemblies (Figure S5 b). At coverages above approximately 0.5 ML, large islands
of either rR or IL type develop on each terrace (Figure S5), growing at the expenses of the
smaller ones. Near monolayer completion, each terrace consists of one enantiopure single-

FIGURE S5: Coverage dependent evolution of organizational chirality. (a) At very low
coverages, small clusters nucleate owing to attractive intermolecular interactions. Dimers
are found in all possible bonding configurations. (b) At intermediate coverage, chiral
recognition occurs for larger clusters, leading to a racemic mixture of either rR or IL
structures. (c) Ostwald ripening favors the growth of one type of domain, leading to
spontaneous symmetry breaking. (d) At monolayer completion, chiral purity is achieved
on each terrace.



domain phase (Figure S5 d). Such an Ostwald ripening process occurs thanks to the
continuous exchange between molecular clusters and a two-dimensional “gas” of adsorbed
molecules, similarly to what is known to take place for metal systems [11], which amplifies
small initial fluctuations in the population of rR and IL enantiomers. Interestingly, the
necessary condition that leads to chiral “purification” through Ostwald ripening is the ability
of the molecules to switch chirality during diffusion by rotating over the surface plane. Such
a recycling mechanism is allowed by the intrinsic achiral nature of the molecules employed
in this study, but may be of general relevance for other systems where chirality is induced by
adsorption. The low energy barrier for chirality switch is reflected also in tip induced
diffusion experiments, where the molecule repeatedly switches the azimuthal adsorption
angle during the lateral diffusion.

Mechanisms that enhance any random imbalance in chirality during crystallization are
essential to understand chiral selection processes that take place in nature. Complete
spontaneous symmetry breaking is a rare process for molecules in solution [12,13]. On
surfaces, although the lower degree of freedom due to substrate-constrained growth has been
successfully exploited to induce spontaneous resolution, a homogenously distributed racemic
mixture of enantiomorphic domains is typically obtained. The crystallization of two -
dimensional enantiopure molecular layers has been seldom achieved and, similar to the three-
dimensional case, it has required an external driving force such as enantiomeric excess [12], a
chiral modifier [13], chiral solvent [14], or magnetic field [15]. In the present work,
symmetry breaking of chiral molecular layers occurs spontaneously, and is complete at the
single terrace level. The extension of the homochiral layers is thus limited only by the
morphology of the substrate, not by kinetic or thermodynamic effects.
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FIGURE S6. Schematics of the self-assembly mechanisms that induce homochirality on
the CuPc/Ag(100) surface. The combination of adsorbate-substrate matching and VdW
interactions is strong enough to induce chiral recognition (phase separation of r and |
molecules), and transfer the chirality from the single-molecule level to the organizational
level (r/l forming only rR/IL islands). Ostwald ripening combined with reversible single-
molecule chirality favors the homochiral growth of the largest cluster at the expense of
the smaller ones, leading to spontaneous 100 % enantiomeric excess on each terrace.



References

[1] J. M. Soler, E. Artacho, J. Gale, A. Garcia, J. Junquera, P. Ordejon, and D. Sanchez-
Portal, J. Phys.: Condens. Matter 14, 2745 (2002).

[2] S. Garcia-Gil, A. Garcia, N. Lorente, and P. Ordejon, Phys. Rev. B 79, 075441 (2009).

[3] J. P. Perdue and A. Zunger, Phys. Rev. B 23, 5048 (1981).

[4] M. Dion, H. Rydberg, E. Schroder, D. C. Langreth, and B. I. Lundqvist, Phys. Rev. Lett.
92, 246401 (2004).

[5] T. Thonhauser, , V. R. Cooper, S. Li, A. Puzder, P. Hyldgaard, and D. C. Langreth, Phys.
Rev. B 76, 125112 (2007).

[6] D. C. Langreth et al., J. Phys. Condens. Matter 21, 084203 (2009).

[7] G. Roméan-Pérez and J. M. Soler, Phys. Rev. Lett. 103, 096102 (2009).

[8] J. Mahanty, Phys. Rev. B 35, 4113 (1987).

[9] W. A. Hofer, V. Humblot, and R. Raval, Surf. Sci. 554, 141 (2004).

[10] S. Blankenburg and W. G. Schmidt, Phys. Rev. Lett. 99, 196107 (2007); Phys. Rev. B 78,
233411 (2008)

[11] H. Roder, E. Hahn, H. Brune, J.P. Bucher and K. Kern, Nature 366, 141 (1993).

[12] C. Viedma, Phys. Rev. Lett. 94, 065504 (2005).

[13] N. Petit-Garrado, J. Ignés-Mullol, J. Claret, and F. Sagués, Phys. Rev. Lett. 103, 237802
(2009).

[14] R. Fasel, M. Parschau, and K.-H. Ernst, Nature, 439, 449 (2006).

[15] M. Parschau, S. Romer, and K.-H. Ernst, J. Am. Chem. Soc., 126, 15398 (2004).

[16] N. Katsonis, H. Xu, R. M. Haak, T. Kubernac, Z. Tomovié, S. George, M. Van der
Auweraer, A. P. H. J. Shenning, E. W. Meijer, B. L. Feringa, and S. De Feyter, Angew.
Chem. Int. Ed., 47, 4997 (2008).

[17] A. M. Berg, D. L. Patrick, Angew. Chem. Int. Ed., 44, 1821 (2005).



