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1 Information on the employed basis functions 

The basis functions employed in the FHI-aims simulations have the format 

 Φሺ𝑟ሻ ൌ
௨ሺ௥ሻ

௥
∗ 𝑌௟௠ሺΘ,Φሻ (S1) 

in spherical coordinates (r, Θ,Φ) relative to a given atomic center. FHI-aims provides for every atomic 

species a preconstructed species_defaults file. The used tight basis sets were not further adjusted, 

because they afforded the required accuracy and efficiency. Note: If a higher tier for the basis set is 

used, i.e., when using tight settings, all lower basis functions must be included as well. 

 

Table S1. Basis functions that have been used for all calculations performed with FHI-aims1. 

The abbreviations read as follows1: X(nl, z), where X describes the type of basis function where 

H stands for hydrogen-like functions and ionic for a free-ion like radial function. The 

parameter n stands for the main/radial quantum number, l denotes the angular momentum 

quantum number (s, p, d, f, …), and z denotes an effective nuclear charge, which scales the 

radial function in the defining Coulomb potential for the hydrogen-like function. In the case 

of free-ion like radial functions, z specifies the onset radius of the confining potential. If auto 

is specified instead of a numerical value, the default onset is used.  

 H C N S Au 

Minimal valence(1s, 1.0) valence(2s, 2.0) 

valence(2p, 2.0) 

valence(2s, 2.0) 

valence(2p, 3.0) 

valence(3s, 2.0) 

valence(3p, 4.0) 

valence(6s, 1.0) 

valence(5p, 6.0) 

valence(5d, 10.0) 

valence(4f, 14.0) 

First tier H(2s, 2.1) 

H(2p, 3.5) 

H(2p, 1.7) 

H(3d, 6) 

H(2s, 4.9) 

H(2p, 1.8) 

H(3d, 6.8) 

H(3s, 5.8) 

ionic(3d, auto) 

H(2p, 1.8) 

H(4f, 7.0) 

Ionic(3s, auto) 

ionic(6p, auto) 

H(4f, 4.7) 

ionic(6s, auto)  

H(5g, 10.0) 

H(3d, 2.5) 

Second tier H(1s, 0.85) 

H(2p, 3.7) 

H(2s, 1.2) 

H(3d, 7.0) 

H(4f, 9.8) 

H(3p, 5.2) 

H(3s, 4.3) 

H(5g, 14.4) 

H(3d, 6.2) 

H(4f, 10.8) 

H(3p, 5.8) 

H(1s, 0.8) 

H(5g, 16.0) 

H(3d, 4.9) 

H(4d, 6.2) 

H(5g, 10.8) 

 

 
1 As described in the FHI-aims manual, version January 23, 2017.  



2 A posteriori screening via an image charge model 

To account for the screening of the highly polarizable metal substrate, the calculated orbital energies 

were corrected by the following screening contribution: 

 E஼ଵ௦,௦௖௥௘௘௡௘ௗሾ𝑒𝑉ሿ ൌ E஼ଵ௦ሾ𝑒𝑉ሿ ൅ 27.2114 ⋅ ଵ

ସ⋅஫⋅ଵ.଼଼ଽ଻ଵ଺⋅൫௭ሾÅሿି௭బሾÅሿ൯
 (S2) 

Here, ϵ is the dielectric constant of the SAM; in our case we chose ϵ ൌ  3.9 according to 

measurements on biphenyl SAMs.2 The constant 𝑧଴ is the position of the image plane of the Au(111) 

surface, which was set to 0.9 Å above the average z-position of the top Au layer.3,4 The z-position of 

the atom, to whose core level the screening is applied, is denoted as z. The two conversion factors, 

27.2114 and 1.889716, are there to convert Hartree to eV and Bohr to Å, respectively. In passing we 

note that this approach neglects direct screening effects within the SAM and also the fact that the 

SAM is only of finite thickness. The screening shifts the calculated core levels to more negative 

values, i.e. smaller binding energies, and, naturally, is most relevant for the ones closest to the 

substrate.  

3 The damping factor 

To account for the finite escape depth of the ejected electrons5, a damping factor depending on the 

kinetic energy of the incident photons was applied to scale the contributions of the individual C atoms 

to the XP spectra. It is given by: 

 𝑤௜ሺ𝑑ሻ ൌ 𝑤଴ ൉ 𝑒
ష೏
ಓ  (S3) 

Here 𝑤௜ሺ𝑑ሻ is the scaling factor of the i-th C1s orbital. It depends on the vertical distance d between 

the i-th atom and the topmost Carbon atom of the SAM, and a damping factor λ, which is defined as 

λ ൌ 0.3𝐸௄ூே
ஒ . Here, 𝐸௄ூேሾ𝑒𝑉ሿ is the kinetic energy of the escaping electron, i.e., the difference 

between the energy of the incident photons and the calculated core level orbital energy of the C1s 

electron (set to 580 eV for this study). β is an empirical attenuation factor, which was set to 0.5 in 

accordance with previous studies on similar systems.6 Finally, 𝑤଴ is a scaling constant, which does 

not change the shape of the spectrum. 



4 Flowchart describing the computational procedure 

 



5 Testing the hypothesis of vacuum level alignment for system VIa 

In the main manuscript, system VIa (a biphenyl monolayer moved from its equilibrium position by 

1 Å away from the substrate) is considered as the reference case for vacuum level alignment. This is 

backed by the negligible work function change of ~-0.1 eV induced by that layer. As a further test, 

we compared the XP spectra for that system and a system in which the biphenyl is shifted by 2 Å 

(system VIb). In case there was no interaction between adsorbate and substrate in VIa, there should 

be no change in the calculated spectra between VIa and VIb. This is indeed what we find, as shown 

in Figure S1. 

 

Figure S1. Calculated XP spectra of system VIa (blue, solid line) and VIb (orange, dotted line), 

where the biphenyl SAM is moved farther away by 1 Å and by 2 Å, respectively.  

6 Calculated core-level binding energies and XP spectra for all systems at 

full coverage 

For the sake of clarity, in Figure 3 of the main manuscript the core-level binding energies and XP 

spectra have been shown only for selected systems. A compilation of the results for all systems is 

contained in the following plot. 



  

Figure S2. (a) Simulated shifts of carbon 1s orbital energies, EC1s, as a function of the escape 

depth of the electrons for all investigated systems; (b) corresponding XP spectra generated 

from the calculated energy levels. The energies scale is chosen relative to the position of the 

peak in the XP spectrum for the vacuum-level aligned system VIa. The escape depth defined as 

the distance from the topmost carbon atom is chosen as the parameter on the x-axis considering 

that the highest atoms primarily determine the XP spectra. As the extent of the SAMs between 

the bottom ring and the metal substrate varies due to the different docking groups, this choice 

of the x-axis also largely aligns biphenyls in the different systems. Due to the different SAM 

thicknesses, we included vertical lines in panel (a), which designate the positions of the centers 

of the atoms of the topmost Au layer. The large number of data points for each system is a 

consequence of the two inequivalent molecules per unit cell. 

7 Single molecule limit 

To check to what degree the data for 1/16 coverage reported in the main manuscript already describe 

an isolated molecule on a surface, we simulated XP spectra for system I also for 1/24 and 1/30 

coverage (see Figure S3). The obtained spectra essentially coincide with that for 1/16 coverage, which 

suggests that the “isolated molecule” case is already achieved at that coverage.  



 

Figure S3. Calculated XP spectra of system I as a function of coverage (full coverage – blue, 

1/4 coverage – orange, 1/16 coverage – green, 1/24 coverage – red, 1/30 coverage - violet). 

The energy scale is aligned relative to the position of the peak for the non-interacting system 

VIa. 

8 Low coverage unit cells 

The low coverage unit cells where created by replicating the full coverage unit cell (containing two 

molecules) in x- and y-direction and removing all but one molecule from the Au(111)-substrate. For 

a coverage of 1/4 the unit cell was duplicated only in x-direction; for the 1/16 coverage system the 

initial unit cell was repeated four times in x-direction and twice in y-direction; for the 1/24 cell six 

times in x- and twice in y-direction, and for the 1/30 coverage, this was done five times in x- and 

three times in y-direction.  

 

Figure S4. Top views of the unit cells for full, 1/4, 1/16, and 1/30 coverage (from left to right). 



9 Top view of the unit cell 

To be able to visually compare the tilt of each molecule in the geometrically optimized unit cell, top 

views of the unit cells of all systems are shown in Figure S5. 

 

Figure S5. Top view of the investigated systems with different docking groups bonding to the 

Au(111) surface slab. The tilt of the molecules is similar all systems apart from system III, 

where the molecules are more upright-standing. 

  



10 Plane for potential plot 

To visualize the plane for which the electrostatic energy is shown in Figure 8, a top view of the 

(repeated) full coverage unit cell is shown in Figure S6 containing that plane. 

 

 

 

Figure S6. Top view of system II with a black line indicating the plane used for the 2D 

electrostatic energy plot in Figure 8. 
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