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1. Experimental Section

The experiments were carried out in two independent two-chamber ultra-high vacuum
systems with a base pressure of 5 x 10719 mbar. Both systems are equipped with facilities for
surface preparation, i.e. Ar* ion sputtering and resistive sample heating. The first system houses
a variable temperature STM (Oxford Instruments Omicron NanoScience) and a LEED apparatus
(SPECS Surface Nano Analysis GmbH). The second system houses a low-temperature STM
(Oxford Instruments Omicron NanoScience). The Au(111) single crystal was prepared by
repeated cycles of sputtering with Ar* ions and annealing at approximately 400°C. Commercially
available 1,3,6,8-tetrabromopyrene (BrsPy) and 2,7-dibromopyrene (Br,Py) were thoroughly
degassed several hours before deposition onto Au(l111). The molecules were thermally
evaporated from a glass crucible that was heated inside a home-built evaporator. The deposition
rate was monitored using a quartz crystal microbalance in order to determine the molecular
coverage. The substrate was held at room temperature during deposition. The STM images of
Br,Py/Br,Py were taken in constant current mode using a platinum-iridium tip at room
temperature/77K. The bias voltage is applied to the tip while the sample is grounded. Image

processing was done with the free software WSxM.!
2. LEED measurements for Bry,Py on Au(111)

LEED measurements were performed to determine the molecular unit cell for the close-
packed assembly obtained after deposition of BryPy on Au(111) held at room temperature. The
LEED pattern was taken for samples held at room temperature (Figure S4). The sample was
slightly tilted with respect to normal incidence, allowing the observation the diffraction spots of
first order which would be otherwise hidden by the electron gun. The LEED pattern was taken at
an energy of 42 eV for the incident electron beam. The software LEEDpat2.1 was used to

simulate the experimentally obtained LEED pattern.?



3. STM and LEED data

Figure S1. (a) Overview STM image (40x40 nm?) showing that the herringbone reconstruction
is intact under the molecular overlayer. (b) STM image (28x28 nm?) showing the ordering of the
molecules in the vicinity of a step edge. (¢) STM image (20x30 nm?) for 1 ML BrsPy on
Au(111). The principal substrate and molecular adsorption directions are denoted by white and
blue arrows, respectively. B is the angle enclosed by the molecular adsorption direction and the
[110] substrate direction. The blue dotted lines act as a guide to the eye to indicate the slight shift
of the molecular rows with respect to the straight white line. The STM images were taken at
room temperature with U =-1.2 V, I = 80 pA.
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Figure S2. (a) Large scale STM image (38x38 nm?) of IML Br4Py on Au(111), showing the co-
existence of three rotational domains, labeled A, B and C. The white dashed lines mark the
domain boundaries. The solid white, green and blue lines in each domain indicate the molecular
adsorption direction which is aligned along one of the principal Au directions. (b), (c) and (d)
Close-up STM images (10x10 nm?) of domains A, B and C, respectively. The short yellow line
acts as a guide to the eye to indicate the molecular orientation for different domains with respect
to the principal Au directions. The STM images were taken at room temperature with U =-1.2 'V,

1= 60 pA.
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Figure S3. (a) and (¢) Overview STM images (50x50 nm? and 35x35 nm?, respectively) of 1
ML Br,Py on Au(111), showing the co-existence of mirror domains. (b) and (d) Close-up STM
images (20x20 nm? and 18x18 nm?, respectively) of the areas marked by blue dotted squares in
a) and c), respectively. The domain boundaries are marked by white dashed lines. The unit cells
are marked by black rhomboids. The arrangement of the molecules within the unit cell is
mirrored at the blue dotted line which is parallel to a principal Au direction. The set of three
arrows indicates the principal directions of the substrate. The STM images were taken at room
temperature with U =-1.47 V, I =40 pA.
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Figure S4. (a) LEED pattern for IML BrsPy on Au(111) taken at a beam energy of 42 eV. The
yellow lines act as a guide to the eye to mark the principal directions of the Au(111) substrate.
The yellow circles mark the first order spots of the Au(111) substrate. (b) Zoom-in of the area
marked by the red dashed circle in a). The unit cell of the molecular adlayer with corresponding
vectors @ and D is denoted by the yellow dashed rhomboid. The red arrow indicates one of the
principal directions of the substrate. (¢c) Simulated LEED pattern. The black dashed circle marks



the area where the diffraction spots are visible in b). The yellow and blue dashed rhomboids
indicate the unit cells which are mirror images with respect to the principal Au direction. The
angle enclosed between the principal Au direction and a unit cell vector amounts to 7° which is
in excellent agreement with what is found from the STM analysis (see Figure S3).

The analysis of the LEED pattern yields an incommensurate superstructure for 1 ML of Br,Py on
Au(111) (phase I) . The molecular lattice direction is rotated by an angle of 7° with respect to the
principal Au direction. Because the molecular lattice direction does not run parallel to the
principal Au direction, it is expected that each of the rotational domains can be mirrored at this
substrate direction. Indeed, for each rotational domain a mirror domain can be identified. As a
result, the LEED measurements show the co-existence of six domains: three rotational domains
multiplied by two because of the existence of mirror domains. The molecular unit cell
dimensions determined from LEED are found to be 11.7x8.8 A2 with an internal angle of 78,
while the ones determined from STM analysis are: a=(11.2+0.2) A,b=(8.7+0.2) A, and o =
(75 £ 2)°. The findings obtained from the LEED measurements are fully consistent with the STM

results for phase 1.



1.641/'nm}

T 1

Figure S5. (a) STM image of phase I for Br,Py on Au(111) and (b) corresponding FFT image.



Figure S6. STM images (10x10 nm?) of the self-assembled pinwheel structure of BrysPy on
Au(111) with (a) anticlockwise and (b) clockwise configuration. The solid blue lines on top of
the molecules indicate the molecular orientations within each “pinwheel”. The set of three
arrows indicates the principal directions of the Au(111) substrate. The STM images were taken
at room temperature with U =-1.4 V, I =40 pA.



4. DFT calculations

Plane-wave density functional theory calculations were carried out using the Quantum
ESPRESSO package?, within the framework of the PBE* density functional corrected with semi-
empirical dispersion potentials > as the van der Waals interactions play a key role in the stability
of non-covalently bonded molecules®. Additionally, the projector augmented-wave method was
employed’. We used a kinetic energy cutoff of 40 Ry.

We optimized the geometry of single BryPy and Br,Py in a 22x22x20 A3 unit cell.
Concerning molecular networks, the starting unit cell parameters were chosen from experiments,
details are given below. The unit cells were then optimized with the force convergence threshold
of 1074 eV/A. A 2x3x1, 2x2x1, and 2 x 2 x 1 k—point grid was used to sample the Brillouin zone
in the self-consistent calculations for phase I, phase II of BrsPy, and Br,Py supramolecular
nanostructures, respectively. In the geometry optimization processes, the molecules were kept
co-planar as they are supposed to be adsorbed on Au(111) in a flat-lying fashion with the same
molecule-surface separation. Binding energy per molecule in the molecular networks was

calculated as

AE = Enetwork - nk

n

single

where Eewwork 18 the energy of a unit cell in the network, n (n = 1, 2) is the number of molecules

making up the unit cell, and Egpgc 1S the energy of a single molecule.

The electrostatic potential was calculated as the sum of the potential generated by ions and the

Hartree potential.

10



(a

) Type-I of X-bond Type-11I of X-bond

*Coe oo

(b) (c) (d)

Phase I-Br Py Phase II-Br,Py Phase 111-Br,Py

KRk
f83_..,;»f§3-‘1- o

€ "1:

4 .

Jeoalbe ool
(o] = o 2 [+]
o o o Le] s

o o (=] o o
o . o . o
TS Hs L

\‘Br1

o . LT o

(o} ¢ Hy ? [

‘tH3
rc--- B 0y : Lt
Het N7
[} o o 4a Yy 3 © o

® =mme
o rz\‘!‘
o © Hs

0 0 o] ° . o
ﬁ ; .b 1 J ‘b 1 , © © [e ©

Distance/A Angle/* Distance/A Angle/s Distance/A Angle/®

BriBr; | 4.07| CBriBry | 106.3 | CBr:Bry | 139.6

BriBr: |4.00| CBriBr2 | 161.0 | CBrBr | 110.1 | | BriBr2|4.95

CBriBn

97.8 |CBnBn | 97.8

BriBrs|3.72| CBriBrs | 124.2 | CBr4Br1 | 169.9

BriH; (3.31| CBriH; | 146.2 | CH; B! 1544
BriBrs |4.07 | CBr:Brs | 106.3 | CBryBrs | 139.6 | | BriBrs | 4.80 | CBriBrs | 152.3 | CBr:Br | 152.3 T1H 1H 1B

BnBr: |3.72( CBnBr: | 124.2 | CBri:Br2 | 169.9 BriHs [3.85| CBriHa | 134.5 | CHsBn1 | 166.2
BriBr:|3.56| CBriBrs| 97.2 (CBnBri | 171.6

BrBr; | 3.34| CBryBr; | 165.6 | CBr3Br | 165.6 BriHs |3.13| CBryHs | 101.4 | CHsBry | 161.2
I ] 8| |BrBr:|5.87| CBrBr: | 146.5 | CBriBr | 146.5

Eiith |60 RN [ 10| ICRuE | 5 i BrH: |3.31| CBH: | 146.2 | CHBn | 154.4

Bty (5 | CRaEY |0 | CEUee |0 | | dehsy | 4.8 | et | %00 | i | 10804 e B (e e e s

BnHs |3.04| CBrH; | 124.0 | CH3Br | 172.8 : : -

BrH: |3.55| CBrH: | 95.5 | CH:Br | 152.7 | | BoHs |2.81) CBoH: | 118.1 | CHsBr | 1513 | | BrHs |3.13| CBroHs | 101.4 | CHsBr | 161.2

Figure S7. (a) Illustration for two different types of X-bonds. (b-d) DFT optimized

intermolecular interactions and summarized computed distances and angles for Br-Br and Br-H

intermolecular bonds of Br,Py and Br,Py molecules.

Depending on the angle between the X-C groups, there are two different types of X-bonds. The

type-I X-bond is a repulsive interaction due the similar charge areas of the Br atoms pointing

toward each other. This type occurs when 0, = 0, and their values fall in the range of 140° to
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180°. Type-II X-bond is an attractive interaction between the positive and negative charge areas
of the halogen atoms. This type occurs when the value of 0, falls in the range of 150° to 180°
while that of 0, falls in the range of 90° to 120°.3-!! The Br to Br distance for the formation of
non-covalent bonds lies in the range of 3.4 to 3.9 A.!2 For the formation of Br-H hydrogen
bonds: if the Br to H distances are larger than 3.5 A, this hydrogen bond is weak.!? Then, it was
not taken into account. In our case, the computed angles and distances between Br and H atoms
fall in the range which is in good agreement with these values. These results confirmed the
formation of Br-Br and Br-H bonds in triangular binding motifs which are responsible for the

network formation.
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Figure S8. (a) DFT optimized unit cell and (b) corresponding geometric and energetic properties
for different molecular networks of Br,Py and Br,Py. Subscripts e, 1 and 0 in (b) imply the
experimentally obtained values from STM, LEED and the computed values, respectively.
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