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S.1 Instruments and measurements

Experiments were carried out in ultrahigh vacuum with a STM cooled to ≈ 4.6 K. The

Ag(111) substrate was prepared by cycles of Ar+ sputtering (1.5 keV) and annealing to

500 ◦C. Biphenyl-TOTA molecules were sublimated from a heated crucible (≈ 180 ◦C) onto

the substrate at ≈ 25 ◦C. The deposition was followed by annealing at 80 ◦C for 5 minutes.

STM tips were electrochemically etched from W wire and annealing in vacuo. STM imaging

at constant current was performed at 4.6 K.

S.2 Calculations

DFT calculations of an isolated molecule and biphenyl-TOTA dimers on the Ag surface were

performed using the CP2K code1 by means of AiiDAlab apps2 based on AiiDA.3 We used

the PBE parameterization of the exchange-correlation functional4 together with the DFT-D3

van der Waals scheme proposed by Grimme5 and norm-conserving GTH pseudopotentials.6

A TZV2P MOLOPT basis set7 was used for O, C, and H species and a DZVP MOLOPT

basis set for the Ag atoms together with a cutoff of 600 Ry for the plane wave basis set. The

surface/adsorbate systems were modeled within the repeated slab scheme. The biphenyl-

TOTA molecule and the dimer were placed on four-layer 23.23×25.15 Å2 and 40.65×30.18 Å2

slabs of Ag(111) corresponding to 320 and 672 surface unit cells, respectively. A layer of

hydrogen atoms was added at the bottom of Ag(111) slab to passivate the other side of

the Ag slab to suppress the surface state. A vacuum layer of 48 Å thickness was added to

decouple the system from its periodic replicas in the direction perpendicular to the surface.

The adsorption geometry was optimized by keeping the positions of the two bottom Ag

layers and the hydrogen layer fixed to the ideal bulk coordinates, while all other atoms were

relaxed until forces were lower than 5 meV/Å. Scanning tunneling microscopy (STM) images

were simulated within the Tersoff-Hamann approximation8 using Kohn-Sham orbitals. The

orbitals were extrapolated to the vacuum region to correct for the error induced by the

localized basis set used.9
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The calculations of gas-phase structures were carried on a revPBE10/def2-SVP11 level of

theory using ORCA.12 The resolution of identity approximation (RI) was used in combination

with the auxiliary basis set def2/J13 and Grimme’s D3 dispersion correction.14

S.3 Energy cost for tilting

We used a models of a biphenyl-TOTA dimer to calculate the bending angles of the biphenyl

moieties and their total energy compared to the initial model. Figure S1 shows that the

energy required to bend the biphenyl groups in a dimer configurations is less than 10 meV

for bending angles smaller than 3◦, and reaches ≈ 39 meV for a bending angle of 8◦.

We also try to add the substrate for the calculations. To match the proposed STM

image it was deemed necessary to fix the upper phenyl ring in a tilted position with respect

to the Ag surface (see Figure S2, green phenyl subunit). Tilt angles of 0◦ and 8.7◦ were

used to account for the minimum and maximum strain observed. Figure S2 (a) shows a

schematic representation of the unstrained biphenyl-TOTA, while (b) shows a tilted and

therefore strained structure.

To achieve the needed rotational and translational freedom while fixing the angle of the

upper phenyl plane we constructed a system of dummy atoms in addition to the frozen Ag

monolayer. (See Figure S3)

Angle constraints were imposed on X1–X4 to construct a plane parallel to the Ag surface,

which retains a flexibility in the z-direction. Y1–Y3 were fixed to the X-plane but retain xy

movement. To avoid a 180◦ bond angle the angle ̸ Y1Y2Y3 was not fixed directly. A fixed

angle was rather achieved by introducing two dihedral angles which include one Z-atom, two

Y-atoms and the C4 atom of the upper phenyl instead. (For more detail see input below.)

Z-atoms were fixed perpendicular to the X-plane below Y1 and Y2. A combination of a

biphenyl-TOTA and the dummy system shown in Figure S4.

The imposed constraints lead to a translational freedom for the dummy system and the

upper phenyl in the x, y and z directions within the limits of the Ag surface and allow for a
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Figure S1: Bending angle of the biphenyl subunit in a biphenyl-TOTA dimer in gas phase.
The initial configuration of the dimer was optimized on a four-layer Ag(111) slab, in which
the two biphenyl groups are vertical to the corresponding TOTA platform with a distance
of 1.06 nm. In this gas phase calculation, the Ag slab was then removed and the TOTA
platforms were fixed during the relaxation. (a) The bending angles of the biphenyl groups in
the biphenyl-TOTA dimer were tuned by changing the separation of the top H atoms. (b)
The optimized dimer exhibits bending angles of 8.6◦ and 7.7◦, which fits to the experimental
values. (c) Evolution of the average energy as a function of the bending angle in each biphenyl
group. The bending angle of each biphenyl group is defined as the angle of biphenyl with
respect to the z-axis shown in (b) (dashed line). The energy of the initial configuration with
the bending angle of 0.3 (L) and −0.66◦ (R) is set to 0.
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Figure S2: Schematic representation of a biphenyl-TOTA on a monolayer of Ag atoms. (a)
Unstrained biphenyl-TOTA with a tilt angle of 0◦. (b) Top phenyl plane tilted with respect
to the Ag surface (p-orbital perpendicular to phenyl plane) imposing strain to the system.
To achieve a set angle for the p-orbital at the top, the rotation around the C1–C4 axis of the
upper phenyl must be suppressed.

Figure S3: System of dummy atoms above the Ag monolayer. X1–X4 define a plane parallel
to the Ag surface. Y1–Y3 were fixed to the X-plane. Z-atoms were fixed perpendicular to
the X-plane below Y1 and Y2.
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Figure S4: System of dummy atoms with a schematic representation of the biphenyl-TOTA.
(a) For 0◦ tilt angle the angles ̸ C1C4Z1, ̸ Z1C4Y2, ̸ C1C4Z2 and ̸ Z2C4Y2 are fixed to 90◦.
(b) ̸ C1C4Z1 and ̸ C1C4Z2 are fixed to 90◦ while α ( ̸ Z1C4Y2) was adjusted to 81.3◦ and
̸ Z2C4Y2 was fixed to 98.7◦. To avoid rotation of the upper phenyl around the C1–C4 axis
two dihedral angles (Z1C4C1C2 and Z2C4C1C6) were introduced.

precession around the Y2C4 axis as shown in Figure S5.

As expected for a system with many constraints the energy started to oscillate and the

predefined angles exhibited minor variations. The optimization was stopped at this point

and the dummy system as adjusted to match the specifications above once again, the angle of

the upper phenyl was adjusted in the same way and the optimization was restarted. Several

iterations of this procedure were necessary to achieve convergence. The energy to tilt one

biphenyl-TOTA by 8.7◦ was calculated to be 1.32 kcal/mol (57 meV).

S.4 Phenyl-Phenyl interaction: Sandwich structure

To verify the method used and to quantify the phenyl-phenyl interaction we studied the

interaction of two benzenes for different tilt angles. The scans were carried out as a set of

single point calculations generated from an optimized benzene monomer with TmoleX 18.15

The distance scan for the benzene sandwich dimer yields a distinct minimum at 0.37 nm

and a binding energy of −3.09 kcal/mol (134 meV). As expected for the small basis set the
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Figure S5: Schematic representation of the allowed translational and precession motions after
imposing constraints to the system. The lower part of the molecule (blue) is not affected by
the constraints except for the position of C1.

Figure S6: Distance scan for a benzene dimer in sandwich configuration.
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minimum is slightly shifted to a smaller distance when compared to the QCISD(T)/aug-

cc-pVTZ calculations by Janowski and Pulay (0.39 nm),16 while the binding energy for

revPBE/def2-SVP is nearly twice as high as the binding energy predicted by Janowski et

al. (−1.65 kcal/mol = 72 meV).15 The calculations show the expected behavior. Basis set

superposition errors (BSSEs) are more prominent for smaller basis sets.17–19 Unfortunately,

using a larger basis set was not feasible for the calculations of the scale and quantity needed

for this work.

S.5 Benzene-dimer 0◦/8.7◦ tilt angle

Figure S7: Distance scan for a benzene dimer in sandwich configuration with one of the
benzenes tilted 8.7◦ toward the other. The scan shows a distinct energy minimum for a
distance of 0.35 nm with a binding energy of −3.28 kcal/mol (142 meV). The distance is
defined as the separation between the closest C-atoms of both rings.

S.6 Benzene-dimer 8.7◦/8.7◦ tilt angle

Within the limit set by the scale of the needed calculations the method used provides a rea-

sonable description of the benzene-benzene interaction. No or little interaction was observed

for benzene distances exceeding 0.7 nm. Since only the top part of the biphenyl rotor is
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Figure S8: Distance scan for a benzene dimer in sandwich configuration with both benzenes
tilted 8.7◦ toward each other. The scan shows a distinct energy minimum for a distance of
0.34 nm with a binding energy of −3.13 kcal/mol (136 meV). The distance is defined as the
distance between the closest C-atoms of both rings.

observed in the STM image we decided to build a system based only on the proposed tilt of

the upmost p-orbital.

S.7 Position of the Phenylspacer

Rotational scans of a TOTA dimer with one phenyl rotor were performed for a center-to-

center distances of 1.04 and 0.94 nm. We performed four 30◦ scan for each center-to-center

distance to cover 120◦ for θ (see Figures S9).

The phenyl position with one hydrogen above the TOTA oxygen that interacts with a

hydrogen of the second TOTA platform (0◦ in Figures S9) is preferred by 0.44 – 0.46 kcal/mol

(19 – 20 meV) for 0.94 nm and 0.08 – 0.125 kcal/mol (3 – 5 meV) for 1.04 nm.
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Figure S9: (a) Rotational scan of θ for a Phenyl TOTA and a hydrogen TOTA in head
(triangle vertex in TOTA platform) to side (triangle side in TOTA platform) configuration,
with a center-to-center distance of 0.94 nm, composed of four 30◦ scans. The position
of a phenyl hydrogen above the already bonded oxygen is favored by 0.44–0.46 kcal/mol
(19 – 20 meV). The energy range (1 meV) reflects the error in the SCF energy for the
different 30◦ scans. (b) Rotational scan of θ for a Phenyl and a hydrogen TOTA in head to
side configuration, with a center-to-center distance of 1.04 nm, composed of four 30◦ scans.
The position of a phenyl hydrogen above the already bonded oxygen is favored by 0.08–
0.125 kcal/mol.
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S.8 Synthesis

4-Trimethylstannyl-1,1’-biphenyl (Fig. S10) Under a nitrogen atmosphere, 4-Iodo-

1,1’-biphenyl (712 mg, 2.54 mmol), hexamethyl-distannane (1.00 g, 3.05 mmol, 1.2 eq.) and

tetrakis(triphenylphosphine)-palladium(0) (58.7 mg, 50.8 µmol, 2 mol%) were suspended

in dry toluene (5 mL) and anhydrous 2-methyltetrahydrofurane (0.3 mL) in a microwave

vial. The mixture was stirred and heated in a microwave reactor at 150 °C and 200 W for

10 min. Subsequently, the mixture was filtered over celite, the solvents evaporated and the

crude product subjected to column chromatography (stationary phase: silica gel, eluent:

cyclohexane/ethyl acetate (4:1, Rf = 0.19) to afford the pure product as a colourless oil,

which solidifies upon cooling (492 mg, 1.55 mmol, 61 %). Analytical data were identical to

those reported in the literature.204-Trimethylstannyl-1,1'-biphenyl  

SnMe3
 

Under a nitrogen atmosphere, 4-Iodo-1,1'-biphenyl (712 mg, 2.54 mmol), hexamethyl-

distannane (1.00 g, 3.05 mmol, 1.2 eq.) and tetrakis(triphenylphosphine)-

palladium(0) (58.7 mg, 50.8 µmol, 2 mol%) were suspended in dry toluene (5 mL) and 

anhydrous 2-methyltetrahydrofurane (0.3 mL) in a microwave vial. The mixture was 

stirred and heated in a microwave reactor at 150 °C and 200W for 10 min. 

Subsequently, the mixture was filtered over celite, the solvents evaporated and the 

crude product subjected to column chromatography (stationary phase: silica gel, 

eluent: cyclohexane/ethyl acetate (4:1, Rf = 0.19) to afford the pure product as a 

colourless oil, which solidifies upon cooling (492 mg, 1.55 mmol, 61 %). Analytical data 

was identical to that reported in the literature.[P. Luo, J. P. Dinnocenzo, J. Org. Chem. 2015, 80, 9240-

9246] 

12c-(1,1‘-Biphenyl-4-yl)-4,8,12-trioxatriangulene 

 

Under nitrogen atmosphere, 4-(trimethylstannyl)-1,1‘-biphenyl (103 mg, 324 µmol) 

was dissolved in dry tetrahydrofurane (5 mL) and cooled to -78 °C. A 1.6 M solution of 

methyllithium in diethylether (0.20 mL, 324 µmol) was added, and the mixture was 

stirred for 5 min at -78 °C. Subsequently, a solution of 4,8,12-trioxatriangulenium 

tetrakis[3,5-bis(trifluoromethyl)phenyl]-borate (409 mg, 356 µmol) in dry tetrahydro-

furane (10 mL) was added dropwise, and the mixture allowed to warm to room 

temperature where it was stirred for another 18 h. The solvent was then evaporated 

and the obtained crude product subjected to column chromatography (stationary phase 

aluminium oxide, eluent dichloromethane/n-pentane (1:20, Rf = 0.40)) to yield the 

analytically pure product as a colourless solid (47.4 mg, 108 µmol, 33 %).  For surface 

Figure S10: 4-Trimethylstannyl-1,1’-biphenyl

12c-(1,1‘-Biphenyl-4-yl)-4,8,12-trioxatriangulene (Fig. 1a) Under nitrogen atmo-

sphere, 4-(trimethylstannyl)-1,1‘-biphenyl (103 mg, 324 µmol) was dissolved in dry tetrahy-

drofurane (5 mL) and cooled to −78 °C. A 1.6M solution of methyllithium in diethylether

(0.20 mL, 324 µmol) was added, and the mixture was stirred for 5 min at −78 °C. Sub-

sequently, a solution of 4,8,12-trioxatriangulenium tetrakis[3,5-bis(trifluoromethyl)-phenyl]-

borate (409 mg, 356 µmol) in dry tetrahydro-furane (10 mL) was added dropwise, and the

mixture allowed to warm to room temperature where it was stirred for another 18 h. The

solvent was then evaporated and the obtained crude product subjected to column chro-

matography (stationary phase aluminium oxide, eluent dichloromethane/n pentane (1:20,

Rf = 0.40)) to yield the analytically pure product as a colourless solid (47.4 mg, 108 µmol,

33 %). For surface preparation, the sample was additionally purified by sublimation (150 °C,

2× 10−3 mbar, 6 h).
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