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I. Charge Redistribution Plots 

 

II. Molecular Orbitals 

  

 

Fig. S1: Isosurfaces (0.005 Å-3) of the differential charge density 𝜌$%$&' − 𝜌)%' − 𝜌*+,-.&/&$%)*	showing the charge redistribution for 
different complexes, where green denotes a gain and blue a depletion of electron density, respectively. Top view (upper row) 
reveals a gain of electron density in the LUMO and a depletion of electron density in the HOMO of phenazine. In the case of Ph 
adsorbed directly on a bare Cu(111) surface (left column) we observe substantial depletion of electron density beneath the molecule 
accompanied by an accumulation of electron density between the 1st and the 2nd layer of the copper substrate in the side views. 
This redistribution is driven by Pauli repulsion, which pushes back the tails of the surface electrons leaking towards the vacuum 
(pillow effect)[1,2]. 

 

Fig. S2: Frontier molecular orbitals and their energetic order (rising energy from bottom to top). (a) Frontier molecular orbitals of  
gas-phase phenazine obtained with different exchange correlation functionals GGA-PBE, HSE03. 
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III. Projected Densities of the Complexes 

 

IV. Projected Densities of the Frontier Copper Atom Directly Involved in the Binding 

 
  

 

Fig. S3: From left to right, the density of states of gas-phase phenazine, Ph on a bare Cu(111) surface and with one (CuPh) and two 
(Cu2Ph) Cu adatoms, respectively, is projected onto the states of the phenazine molecule (black), the adatom(s) (red) and the 
surface (blue). 

 

Fig. S4: Illustration of the change in the density of states projected to the copper atom directly involved in binding to one of the 
nitrogen atoms of the phenazine molecule. To illustrate that, this projected density of states is shown before and after binding to the 
phenazine molecule, for the case of binding to bare the copper substrate (two leftmost panels) and for the case of two adatoms (two 
rightmost panels). In addition, this projected density of states (black) is further decomposed into sp-like (red) and d-like (blue) 
contributions. While the d-like states remain almost unaltered, we observe a substantial modification of the sp-like states after the 
molecule adsorption. 
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V. Cluster Calculations in the Gas-Phase 

We analyzed the bonding of Cu atoms with phenazine molecules in the gas phase using post-Hartree-Fock 
wave-function-theory calculations. Geometries of CuPh and Cu2Ph were optimized at Møller-Plesset second 
order perturbation theory (MP2)[3,4] using the cc-pVTZ basis set[5]. The obtained minima were verified by analysis 
of vibrational frequencies. The binding energies were estimated using the spin-component scaling method 
SCS(1.2,0.33)-MP2/cc-pVTZ.[6] The Cu atom binds at a distance of 188.8 pm from the N atom of phenazine, at 
an angle of 21.2° with respect to the N-N axis (Figure S5a). The binding energy of CuPh (E(CuPh)-E(Cu)-E(Ph)) 
equals to -2.10 eV and agrees well with the binding energy of -2.05 eV estimated by the coupled-cluster method 
considering single and double excitations and perturbative triple excitations CCSD(T)/cc-pVTZ.[7] The natural 
bond analysis[8] identified a depletion of the Cu charge, which dropped by 0.361 e, namely due to depopulation of 
the 4s orbital of the Cu atom (as indicated by population analysis Cu: [core] 4s0.673d9.724p0.104d0.115p0.014f0.02). It is 
worth noting that the assessed change in zero-point vibration energy (ZPVE) is +2.38 eV indicating that Ph 
cannot form a stable complex with the Cu atom in the gas phase (for the sake of completeness the estimated 
DDG (at 300 K, 1 atm) is +2.67 eV, hence, DG = 0.57 eV).  

The binding energy of Cu2Ph (E(Cu2Ph)-2E(Cu)-E(Ph)) in the gas phase and singlet state (which is the 
ground state as the triplet state is 0.64 eV above) equals to -6.05 eV (-3.02 per Cu atom; the interaction energy at 
MP2/cc-pVTZ level equals to -7.07 eV, i.e., -3.53 eV per Cu atom) and the corresponding DZPVE is -0.03 eV 
(and DDG (at 300 K, 1 atm) = 0.62 eV) indicating on thermodynamically favorable formation of Cu2Ph in the gas 
phase. The Cu atoms are located out of the phenazine (which is bend to V-shape) in 181.2 pm distance from the 
nearest N atoms (Figure S5b). Both Cu atoms show a charge depletion of 0.715 e dominantly from the 4s orbital 
(Cu: [core] 4s0.343d9.724p0.084d0.115p0.014f0.02) as also indicated by the electron density difference map (Figure S5). 
The Wiberg Cu-N bond index of 0.422 indicates on rather strong binding between the Cu atoms and phenazine. 

We analyzed also binding of two Cu2+ ions to phenazine using the same method for comparison. The 
binding energy of Cu2Ph4+ in the gas phase and singlet state (which is the ground state as the triplet state is 0.61 
eV above) equals to -5.71 eV (-2.85 eV per Cu ion; the interaction energy at MP2/cc-pVTZ equals to -9.17 eV, 
i.e., -4.59 eV per Cu ion) and the corresponding DZPVE is 0.61 eV (and DDG (at 300 K, 1 atm) = 1.24 eV). The 
complex is planar and the Cu atoms are located in the phenazine plane and the Cu-N distance is 205.6 pm (Fig. 
S5c). The electron configuration of both Cu2+ ions (Cu: [core] 4s0.083d9.794p0.024d0.115p0.014f0.02) and their formal 
charge 0.965 e indicate on electron accumulation on both Cu atoms, i.e., classical coordination bonding between 
phenazine as electron donor and Cu2+ ions as electron acceptors.  
  

 
Fig. S5: MP2/cc-pVTZ optimized geometries of CuPh (a), Cu2Ph (b) and (c) Cu2Ph4+ complexes in gas phase (C grey, H white, N 
blue, and Cu red). Lower parts of panels (b and c) shows differential density maps of Cu2Ph(b)/ Cu2Ph4+(c) and noninteracting Cu 
atoms (b)/Cu2+ ions and Ph. In case of Cu2Ph the map documents the increase of electron density (in blue) on N-Cu bond and the 
decrease (in cyan) on the Cu atoms, while in the case of Cu2Ph4+ the differential density map shows electron density accumulation 
on Cu atoms due to charge transfer from phenazine. 
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VI. Molecular Orbitals of Cu2Ph (Cluster) 

 

VII. Geometries used for Calculations 

  

 

Fig. S6: Comparison of molecular orbitals and PDOS of a phenazine molecule in the gas-phase (left) and cluster made of phenazine 
and two Cu atoms (right). The lone pair orbital (which is being part of HOMO-1 of the free molecule) is only slightly modified upon 
bonding to the two Cu atoms. In contrast, one can see that the hybridization of HOMO and LUMO with Cu states dramatically 
changes their appearance and energies.   

 

Fig. S7: Different additional geometries used for calculations and simulations of CuPh (a-f) and Ph (g-m) on three layers of Cu. 
Different bridge-positions were used for (a-c) and (d-f). In (k-m) the nitrogen atoms are above hollow-sites. 



SUPPORTING INFORMATION          

S6 
 

VIII. Experimental Constant Height STM-Images 

 

IX. Experimental dI/dV-Spectra 

  

 

Fig. S8: Constant-height STM images acquired with a CO-terminated tip at various bias-voltages of Ph (a-d), CuPh (e-h), and Cu2Ph 
(j-m). First column is recorded at Ubias = -100 mV, second at Ubias = +1 mV, third at Ubias = +100 mV and fourth at Ubias = +500 mV. 
The z-offsets are as indicated with respect to a constant-current set-point of 2 pA, 100 mV. 

 

Fig. S9: Experimental dI/dV-spectra with a metal tip on clean Cu(111) (a), Ph/Cu(111) (b), CuPh/Cu(111) (c), and Cu2Ph/Cu(111) (d). 
The feature at around -400 mV is present also for the clean Cu. The molecular structures show an additional feature around 0 mV, 
which is strongest for Cu2Ph and attributed to the former LUMO being partially occupied and pinned to the Fermi level. Further, the 
molecular structures show an increase in dI/dV above +500 mV. However, this increase does not culminate in a maximum at higher 
biases, as confirmed from spectra of up to +2.7 V (not shown). Set-point 2 pA, 100 mV; z-offset 0 Å; lock-in frequency 185 Hz, 
amplitude 25 mV. 
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X. Structure Formation upon Annealing 

 
  

 

Fig. S10: Experimental STM-images of a dimer (a) and a short chain with some disorder (b), acquired with a metal tip after annealing 
to 200 K and 250 K, respectively. See also reference [9] for comparison. Scalebar 10 Å. 



SUPPORTING INFORMATION          

S8 
 

XI. References 

[1] P. S. Bagus, V. Staemmler, C. Wöll, Phys. Rev. Lett. 2002, 89, 1–4. 

[2] H. Vázquez, Y. J. Dappe, J. Ortega, F. Flores, J. Chem. Phys. 2007, 126, 144703. 

[3] C. Møller, M. S. Plesset, Phys. Rev. 1934, 46, 618–622. 

[4] M. J. Frisch, M. Head-Gordon, J. A. Pople, Chem. Phys. Lett. 1990, 166, 275–280. 

[5] T. H. Dunning, J. Chem. Phys. 1989, 90, 1007–1023. 

[6] S. Grimme, J. Chem. Phys. 2003, 118, 9095–9102. 

[7] G. D. Purvis, R. J. Bartlett, J. Chem. Phys. 1982, 76, 1910–1918. 

[8] J. P. Foster, F. Weinhold, J. Am. Chem. Soc. 1980, 102, 7211–7218. 

[9] F. Albrecht, M. Neu, C. Quest, I. Swart, J. Repp, J. Am. Chem. Soc. 2013, 135, 13–16. 

 


