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Details on the Methodology and System Setup

All results reported in the main text have been obtained with the VASP code' and, if not
otherwise stated, with an energy convergence criterion for the SCF cycle of 10* eV and a A®
convergence criterion of 107 eV. Due to the large surface unit-cell, we employed a 2x1x1
Monkhorst-Pack? k-point grid. We used a Methfessel-Paxton occupation scheme (smearing: 0.2
eV).? The unit cell was 3D-periodically repeated, where we inserted a vacuum gap of ~20 A in
the z-direction that is perpendicular to the surface and, whenever necessary, used a counter-
dipole correction to prevent spurious interactions. In case of Ag(111)-CuPc-PTCDA, we
employed spin-polarized calculations owing to the odd number of electrons in the CuPc
molecule. In this context, it is interesting that the results for vertical bonding distances in the
fully optimized structure obtained in a spin-unpolarized optimization are similar (deviations
<0.05 A). The PBE+vdW™"™ method* results in screened Cs coefficients, vdwW radii and
polarizabilities, which in technical terms means that for the case of Ag(111)-PTCDA-CuPc the
free-atom vdW parameters® of silver are replaced by the screened ones.* The geometry
optimization was performed in internal coordinates using the GADGET code,® where we kept the
bottom two layers of Ag(111) fixed and relaxed the structure until all forces where below 0.01
eV/A. We note that for Ag(111)-PTCDA-CuPc, GADGET resulted in a ca. five-time speed up
compared to a damped molecular dynamics scheme.

For calculating the binding-energy curves and performing the full ionic relaxation, a CuPc
molecule was placed onto four PTCDA molecules in a surface unit-cell as shown in Fig. 1b in
the main text, which corresponds to the adsorption site denoted as “B” in Ref. ’. There, several
other simultaneous adsorption sites and a very large unit cell have been observed, whose
calculation is not yet computationally feasible. To test the impact of the adsorption site we also
placed the CuPc molecule in the middle of the surface unit-cell and obtained similar results
(deviations <0.05 A) for the adsorption distances.

To calculate the various binding-energy curves (cf., Fig. 2 and Fig. 3 in the main text), several
geometric parameters need to remain fixed:

(i) For obtaining the binding-energy curve between CuPc and Ag(111)-PTCDA (cf. Fig. 2 in the
main text), we used the fully relaxed Ag(111)-PTCDA geometry and optimized an isolated
planar CuPc layer. We then placed the CuPc layer on-top of Ag(111)-PTCDA and varied the
CuPc-PTCDA distance without allowing any further relaxation; as mentioned in the main text,
we report the distance between the average values of the carbon atoms inside CuPc and PTCDA
in order to compare the calculated to the experimental results.

(i) To obtain the binding-energy curves of the PTCDA single-layer and the CuPc-PTCDA
double-layer to the Ag(111) substrate (cf., Fig. 3 a & b in the main text), we first relaxed the
Ag(111) surface, the isolated PTCDA single-layer and the isolated CuPc-PTCDA double-layer.
In those relaxations, the coordinates of the bottom-two Ag(111) layers were kept fixed, the
isolated organic layers were forced to remain planar during the relaxations, and the CuPc-
PTCDA distance was set to be 3.22 A (the eventually obtained average equilibrium distance in
the full geometry optimization). We then varied the distance between the individually optimized
Ag(111) and PTCDA and between the Ag(111) and CuPc-PTCDA sub-systems, respectively,
again without further relaxations. Distances between the average values of the carbon atoms
inside PTCDA and the hypothetical unrelaxed Ag(111) surface are reported in order to be
consistent with the experimental procedure.



We note that the small reduction of the Ag(111)-PTCDA distance seen in experiment’ and in our
fully relaxed structure (see main text) is not reproduced by the binding-energy curve
calculations. This might arise from the fact that, as discussed above, in the binding-energy curves
many geometric parameters are kept fixed making them only a rough approximation to a full
geometry relaxation. Moreover, in the case of Ag(111)-PTCDA-CuPc, we find that the four
PTCDA molecules in the relaxed structure are at different vertical distances (up to 0.05 A) from
the underlying Ag(111) depending on whether they are covered by the CuPc layer or not,
supporting our interpretation that the CuPc layer “pushes” the PTCDA slightly down towards
Ag(111). This effect cannot be entangled in the binding-energy curve, as for its calculation we
assumed a flat PTCDA sheet (vide supra).

Discussion on the convergence of spin-polarized calculations

Obtaining the correct spin-polarized ground state (with a magnetic moment of 1ug) is rather
difficult as the large number of atoms in the unit cell promotes many different minima with
similar energies. For all calculations, we thus ensured that a spin-polarized ground state is
obtained and checked that the magnetic moment is largely located at the copper atom and the
surrounding nitrogen atoms bound to it. In case of the binding-energy curves, we performed two
subsequent calculations: (i) A spin-unpolarized calculation, and (ii) a spin-polarized calculation
with an initial magnetic moment of 1.5ug for the Cu atom (for all other atoms Oug) and the
charge density from (i) as starting guess. Despite these precautions, we still experienced
convergence issues when calculating the binding-energy curves, as can be seen, for example, in
Fig. 3b of the main text (at d = 2.53 A), where a deviation from a “smooth” curve is observed.
We performed several different test calculations to improve the data points, e.g., reduced the
smearing for the occupation scheme, increased the convergence criterion in the SCF procedure,
increased the number of k-points, made slight variations in the bonding distance, and tried
several different starting configurations for the spin-polarized calculations. By those measures
we could not improve the “smoothness” of the binding-energy curves. This indicates that the
reported energy differences for systems of the size discussed here approach the limits of the
numerical accuracy we could achieve with our approach. Nevertheless, throughout all tests
described above, the general conclusions presented in the manuscript remained valid.

Details on used VASP version and PAW potentials

For the present calculations release 5.2.11 of the VASP code has been used together with the
following PAW potentials:

Ag | PAW PBE Ag 06Sep2000
C PAW _PBE C_s 065ep2000
H PAW _PBE H 15Jun2001
0 PAW _PBE O_s 07Sep2000
C

N

u PAW_PBE Cu 05Jan2001
PAW PBE N_s 07Sep2000




Additional binding-energy curves
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FIGURE S1: PBE+vdW*™' binding-energy curves (a) of a PTCDA single-layer (black) and a
PTCDA-CuPc double-layer (grey), adsorbing on Ag(111) as a function of the Ag(111)-PTCDA
distance; dashed vertical lines indicate the experimental binding distances’ for PTCDA (black)
and PTCDA-CuPc (grey) on Ag(111). PBE (b) and vdW*™™ (c) energetic contributions to the
PBE+vdW* binding-energy curves in (a). These curves were used to calculate AEg in Fig. 3b in

the main text.



Tailing of charge density above the Ag(111) and Ag(111)-PTCDA surfaces
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Figure S2: Plane-integrated charge density above the Ag(111) substrate relevant for PTCDA
adsorption and the Ag(111)-PTCDA substrate relevant for CuPc adsorption. The reported values
correspond to an integration over the area assigned to one PTCDA molecule. The origin of the
horizontal axis is set in one case to the averaged positions of the atoms in the top Ag layer and in
the other case to the average positions of the C atoms in the PTCDA layer. e refers to the
(positive) elementary charge.

Impact of using soft PAW-potentials and the chosen convergence criteria

In test calculations on Ag(111)-PTCDA we experienced that replacing the “soft” PAW-
potentials with “normal” ones and correspondingly increasing the plane-wave cutoff-energy by
ca. 10 Ryd changes the vertical positions of the oxygen atoms within the PTCDA monolayer. As
the interaction between Ag(111) and PTCDA could be influenced by the distance of the silver
and carboxylic oxygen atoms, we have performed a non-spin-polarized optimization of Ag(111)-
PTCDA-CuPc using the “normal” PAW potentials. Doing such a calculation in a spin-polarized
manner appears computationally too demanding, but, as mentioned above, we found that spin-
polarization only weakly affected our results. While the average positions of the carbon atoms
reported in the main text change by only 0.01 A, the average position of the carboxylic oxygens
changes by 0.10 A from 2.63 A to 2.73 A when replacing “soft” with “normal” PAW potentials.
Interestingly, this does not impact the shift of the positions of the carboxylic oxygens induced by
CuPc adsorption: Both for “soft” and “normal” potentials, their distance to the Ag(111) surface
is increased by 0.05 A.



Regarding the impact of these structural changes on the electronic structure, we find a small shift
of the F-LUMO peak by 0.08 eV to lower binding energies when comparing “soft” and “normal”
geometries. Most notably, however, in both sets of geometries the calculated shift of the PTCDA
F-LUMO upon CuPc adsorption is only 0.01 eV. Thus, independent of the PAW-potential
applied, we cannot reproduce the small shift (0.12 eV) seen in Ref. 7.

As a consequence of exchanging “soft” with “normal” PAW-potentials affecting the vertical
positions of the carboxylic oxygens, the calculated work-function modification A® also slightly
changes: For both Ag(111)-PTCDA and Ag(111)-PTCDA-CuPc we observe a small lowering of
A® by 0.03 eV. As this effect is the same for both systems, it does not affect our conclusions
regarding the interfacial electronic structure and the bonding induced charge transfer discussed in
the main text.

As mentioned in the main text, the shear system size of Ag(111)-PTCDA-CuPc enforced us to
use a rather sparse k-point grid. We calculated the effect of increasing the numbers of k-points by
doubling the numbers of k-points in x- and y direction and, because of the small scale of the
effects we are interested in, simultaneously decreased the energy-convergence criterion in the
SCF cycle to 10° eV in a single-point calculation. As a consequence, both for Ag(111)-PTCDA
and Ag(111)-PTCDA-CuPc A® is reduced by the same, small value (0.04 eV), which again does
not impact our discussion and conclusions in the main text.

Discussion of the calculated density of states (DOS)

As shown in Fig. S2, the overall shape of the valence spectra reported in Ref. 7 is reasonably
well reproduced by the calculated DOS (within the well known shortcomings of Kohn-Sham
orbital positions caused by self-interaction®® and by the lack of derivative discontinuity™).
However, similar to Ref. 8, we cannot reliably disentangle the electronic structure of the two
inequivalent PTCDA molecules within the monolayer. Additionally, we do not observe a shift of
the PTCDA F-LUMO peak upon CuPc adsorption, while in experiments the apparent peak
maximum shifts by 0.12 eV at full CuPc coverage.’

Here it has to be kept in mind that the coverage we have considered is only ca. 40% of full
coverage in experiments, for which also in Ref. 7 a much smaller shift is observed. This and the
considerations involving the inequivalent PTCDA molecules described in the main manuscript
lead us to conclude that capturing the subtle shift observed in the experiments for the F-LUMO
and at the same time explaining why no shift of the position of the HOMO is seen would require
at least the consideration of the full experimental surface unit cell and an explicit calculation of
the photoionization cross-sections. Beyond that, also a much denser k-point grid and the use of
harder PAW potentials would be desirable (see preceding section). All that is well beyond the
scope of the present manuscript and most of it appears by no means feasible with today’s
computational resources.
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FIGURE S3: Density of states of Ag(111)-PTCDA-CuPc projected onto the PTCDA (yellow)
and CuPc (blue) layers in the combined CuPc-PTCDA-Ag(111)system; the Fermi level is set to
zero.
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