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Supplementary Figures

Supplementary Figure 1. Deposition of 1 before annealing. STM images of monomer deposition
onto (a) Au(111) and (b) Ag(111) held close to room temperature show unreacted monomeric species,
most of which participate in noncolavent interactions (dotted green and dashed red circles; see also
Supplementary Figures 4 and 5). The STM image in (b) additionally shows the formation of an island
of monomers at the step edge. While oligomerization can occur in the crucible during the evaporation
procedure (similar to what we observed for the solid state reaction), these experiments show that the
coupled species are not deposited onto the surfaces at the applied evaporation parameters.



Supplementary Figure 2. Tip-induced switching between two conformers of a dimer on Au(111). (a)
Constant-height AFM image of a covalently coupled dimer. The bright (more repulsive) contrast in

the image is caused by upwards-bending of the phenylene ring marked with a red arrow in (a). (b)
During the AFM scan a change of the contrast associated with this phenylene ring is observed. (¢) The
adsorption geometry of the dimer has changed. A darker (less repulsive) contrast (red arrow) indicates
that the phenylene ring is now bending downwards, i.e. towards the surface. (d) Structural models of
two conformers with dihedral angles between the monomers of +30.71° and -31.46° based on gas
phase DFT calculations. The two gas-phase conformers are isoenergetic with an energy barrier of 0.32
eV between them (calculated at the B3LYP-D3/def2-TZVP level). Similarly, experiments show
significant quantities of both conformers directly after deposition onto Au(111). Scan parameters: Vs
=0V, Aosc = 80 pm, constant height. Slow scan direction: bottom to top. Frequency shift ranges: (a)
-13.5t0 -7.1 Hz, (b) -13.1 to -6.8 Hz, (c) -13.3 to 7.8 Hz.



Supplementary Figure 3. Calculated electronic structure of a positively charged dimer on Au(111).
Simulated STM images of a dimer adsorbed on Au(111) for sample biases of (a) Vs =-0.5 V and (b)
Vs = 0.5 V. In agreement with experiment, the simulations show increased LDOS between the
molecular subunits due to the formation of covalent bonds. (¢) Bader charge analysis of the positively
charged system shows that all the positive charge of 1 e remains localized in the molecular adsorbate.
The nitrogen atoms of the unreacted and the reacted phenanthridinium moieties carry positive charges
of 0.16 and 0.14 e, respectively. The surface atoms have been omitted for clarity. Furthermore,
calculations of an electronically neutral system (not shown) indicate charge transfer of 0.76 ¢ from
the molecule to the substrate, similarly resulting in a positively charged adsorbate.



Supplementary Figure 4. Metal-organic coordination on Au(111) via interaction of terminal cyano
groups with adatoms. (a) STM image shows terminal —-CN groups of two monomers and one dimer
pointing towards a common center — presumably a Au adatom.'™'* (b)-(f) Series of bond-resolved
AFM images (with a CO-functionalized tip) at different heights. The tip-sample distance was
decreased by 20 pm after each scan. A bright protrusion, which is likely associated with a Au adatom
or relaxed surface atom, becomes apparent at smaller tip-sample distances. Scan parameters: (a) Vs =
20 mV, I = 5pA; (b)-(f) Vs =0V, Aosc = 40 pm, constant height. Frequency shift ranges: (b) -10.0 to
3.1 Hz; (c) -10.2 to 6.7 Hz; (d) -9.8 to 11.2 Hz; (e) -9.3 to 16.7 Hz; (f) -9.8 to 21.7 Hz.



Supplementary Figure 5. Noncovalent interaction of monomers via their cyano groups on Au(111).
(a) STM image of two monomers in an antiparallel alignment. (b) Bond-resolved AFM image
showing noncovalently interacting molecules with antiparallel alignment of their cyano groups. (c)
Chemical structure model of the two monomers. The structure suggests stabilization by hydrogen
bonding, as well as dipole-dipole interactions.' ™! Scan parameters: (a) Vs = 20 mV, 1 = 5 pA;
(b) Vs =0V, Aosc = 40 pm, constant height. Frequency shift range: (b) -10.2 to 1.5 Hz.



Supplementary Figure 6. Tip-induced switching between two conformers of a oligomer chain on h-
BN/Cu(111). (a) Close-up STM image of a chemically coupled oligomeric chain. (b) Application of a
voltage pulse (Vs = 3.6V, I = 50pA, few seconds) at the position marked with a yellow cross in (a)
changes the local STM contrast (marked with a red dashed circle), which indicates an altered
adsorption geometry — likely due to out-of-plane bending of the respective phenylene ring. Such
geometry changes have also been observed on the Au(111) surface (see Supplementary Figure 2 for
more details). The images were taken after post-annealing to 630 K. Scan parameters: Vs = 1.4V, [
=50 pA.



Supplementary Figure 7. Head-to-side coupling on Au(111). (a)-(c) Series of bond-resolved AFM
scans with a CO-functionalized tip at different tip-sample distances shows head-to-side coupling of
monomers. The tip height was decreased by 20 pm after each scan. The bright contrast in the AFM
images (marked with a red arrow in (a)) is due to a geometric distortion of the molecule, i.e. upwards-
bending of the phenylene ring. (d) The tentative chemical structure model of the product as derived
from the AFM scans suggests a ring rearrangement.”? Scan parameters: Vs = 0 V, Aosc = 40 pm,
constant height. Frequency shift ranges: (a) -9.8 to 4.2 Hz, (b) -9.1 to 2.7 Hz, (c¢) -9.0 to 3.1 Hz.



Au(111) Ag(111) h-BN/Cu(111)
after 640 K aftew700 K . after 720K

Supplementary Figure 8. Annealing of oligomer chains on Au(111), Ag(111) and h-BN/Cu(111). (a)
STM image after deposition of 1 onto Au(111) and heating to 640 K shows coupled agglomerates via
head-to-side and other (unidentified) motifs. (b) Deposition of 1 onto Ag(111) and annealing to 700 K
induced cyclodehydrogenation of the chains upon formation of flattened nanoribbon-like structures
(dashed yellow ellipses). The AFM image in the inset shows a chain of four coupled units on the top
and a nanoribbon-like structure on the bottom. The nanoribbon was formed by intramolecular
cyclodehydrogenation of a chain that consisted of three coupled units. In contrast to the oligomer
chain, the nanoribbon is a planar structure as indicated by its rather uniform contrast in AFM. (c)
STM image after deposition of 1 onto h-BN/Cu(111) and annealing to 720 K shows no evidence for
cyclodehydrogenated and flattened products. However, an increased number of side reactions was
observed leading to the formation of branched structures. Scan parameters: (a) Vs = 0.02 V, [ =5 pA;
(b) Vs =0.2 V,1=20 pA; inset in (b) Vs =0 V, Aosc = 80 pm, constant height. (¢) Vs =12 V, =50
pA. Frequency shift range: inset in (b) -5.4 to 0.5 Hz.
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Supplementary Discussion

The HR-MALDI-ToF measurement exhibits distinct peak groups in a distance of m/z = 290. The
distance of m/z = 290 can be assigned to a dibenzoazaullazine motif. The main peaks for the dimers,
trimers and tetramers are shown in Supplementary Figures 9-14, along with the corresponding

tentative structures and the simulated mass spectra.
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Supplementary Figure 9. (a) HR-MALDI-TOF measurement of Dimer-Me (black line) agrees with

the expected isotopic distribution pattern (red line). (b) Proposed structure of Dimer-Me.
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Supplementary Figure 10. (a) HR-MALDI-TOF measurement of Dimer-COOH (black line) is in

agreement with the expected isotopic distribution pattern (red line). (b) Proposed structure of Dimer-

COOH.
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Supplementary Figure 11. (a) HR-MALDI-TOF measurement of Trimer-Me (black line) agrees

with the expected isotopic distribution pattern (red line). (b) Proposed structure of Trimer-Me.
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Supplementary Figure 12. (a) HR-MALDI-TOF measurement of Trimer-COOH (black line) agrees
with the expected isotopic distribution pattern (red line). (b) Proposed structure of Trimer-COOH.
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Supplementary Figure 13. (a) HR-MALDI-TOF measurement of Tetramer-Me (black line) is in

agreement with the expected isotopic distribution pattern (red line). (b) Proposed structure of

Tetramer-Me.
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Supplementary Figure 14. (a) HR-MALDI-TOF measurement of Tetramer-COOH (black line) is in

agreement with the expected isotopic distribution pattern (red line). (b) Proposed structure of
Tetramer-COOH.
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Supplementary Figure 15. Proposed hydrolysis mechanism of the CN-tail of a dimer towards a —
COOH group.?’ Indications of —COOH groups were seen in the MALDI spectra after the solid state

reaction. No indication of -COOH groups was found for the UHV experiments.
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Supplementary Figure 16. MALDI-ToF spectrum after the reaction of a multilayer of 1 at 720 K
under 1 mbar Argon carrier gas, shows the formation of oligomer chains with lengths beyond 20
coupled units. (a) Spectrum up to m/z=3000 showing a 2893 m/z signal assigned to a 10-mer (the
calculated mass for C2Hi3N(C20NHoCN)s peaks at 2879.86). (b) Spectrum for the high m/z range
from m/z=3000 to m/z=8000 showing up to a 7816 m/z signal assigned to a 27-mer (the calculated
mass for C20Hi3N(C20NH10CN)y6 peaks at 7815.31).
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Supplementary Methods

All slab calculations used the PBE exchange-correlation functional.”®

Since we are dealing
with physisorbed molecules, we included van der Waals (vdW) corrections via the Grimme's D3
method.”*** We investigated the adsorption of dimer (of chemical formula C4,H»;Ny, see Fig. 2h in the

main text) on Au(111) surfaces and on h-BN sheets.

The Au(111) surface was modeled with the coordinates derived from the experimental lattice
constant of 4.0782 A. The low adsorbate coverage limit was investigated using 9x9x4 slabs (324 Au
atoms, 81 atoms per monolayer) that feature lateral adsorbate separations of almost 26 A between the
centers of masses. The computational unit cell was [(25.9535,0.0,0.0), (12.9768,22.4764,0.0),
(0.0,0.0,30.0)] A. The mean vertical separation between adsorbate and Au top layer was 3.40 A. The
Ag(111) surface was modeled with a 9x9x4 frozen slab with the coordinates derived from the
experimental lattice constant of silver (4.0853 angstroms).

We also investigated the physisorption on h-BN sheets. To this end, we generated a 10x10 h-
BN sheet (B1ooNi0o) using the experimental B-N distance of 1.445685 A. The computational unit cell
was [(12.52,21.6853,0.0), (-12.52,21.6853,0.0), (0.0,0.0,21.6832)] A. The mean vertical separation
between adsorbate and h-BN was 3.19 A. All atoms were relaxed for the adsorbate on the h-BN sheet,
whereas only the adsorbate and top Au layer were allowed to relax for adsorption on the Au(111).
Geometry relaxations were stopped once all ionic forces fell below 0.025 eV/A. Surface dipole
corrections and over 15 A of vacuum were used to decouple the images along the non-periodic
direction.

For slab calculations, we used the Quickstep (QS) module®® of the CP2K code?’ [version 3.0,
revision number: 16458]. QS solves the electronic problem using a hybrid basis set approach that
combines Gaussian and plane wave basis sets. The valence Kohn-Sham orbitals were expanded in a
double-zeta basis sets DZVP-MOLOPT-GTH (MOLOPT-DZVP-SR-GTH for Au atoms), which is
specifically optimized for its use with the GTH pseudopotentials.”®*’ The valence electronic density
was expanded using a plane wave cutoff of 600 Ry. All CP2K calculations were carried out at the
Gamma K point. Additionally, we checked our CP2K slab calculations with the projector augmented
wave pseudo-potential method (PAW)* as implemented in the VASP code’™* (version: 5.4.1,
05Feb16). The convergence threshold of the electronic cycle was set to 10° eV and a Gaussian
smearing of 0.1 eV was used. The kinetic energy cutoff was 400 eV and a 5x5x1 K point mesh was
used. All gas phase calculations were done at the B3LYP/def2-TZVP35% level of theory,
supplemented with the D3BJ Grimme’s vdW corrections using the ORCA code®® (version 4.0.0.2).
The charge transfers were computed via the Bader analysis code by Henkelman et al. *"°

STM images were simulated under the Tersoff-Hamann S-wave tip approximation®’ as
implemented in the VASP and CP2K codes. Also, the ASE*' together with GPAW** code were
used. AFM simulations were performed with the "Probe Particle Model" of Hapala et al.*** using a
quadrupole dz* tip model, 0.5 N/m bending stiffness, effective charge of -0.25 e, and amplitude of 1.0
A. These simulation parameters were similar to Ref. *°.

The DFT reaction energies for the dimerization from 1a to 2a were calculated by subtracting
the dimer 2a energies from the monomer 1a energies on frozen metal surfaces and on a relaxed h-BN
sheet (see Fig. 7 in the main text): AEdimerizaton = E2a,ads T Eempty stab — 2*E1aads
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