Real-time imaging of on-surface Ullmann polymerization reveals an
inhibiting effect of adatoms
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ABSTRACT

Ullmann coupling is a widely used reaction for the on-surface growth of low-dimensional
carbon nanomaterials. The irreversible nature of this reaction prevents ‘self-healing’ of defects
and detailed knowledge of its mechanism is therefore essential to enable the growth of extended
ordered structures. However, the dynamics of the Ullmann polymerization remain largely
unexplored as coupling events occur on a time-scale faster than conventional scanning probe
microscopy imaging frequencies. Here, we reveal the dynamics of these surface events using
high-speed variable temperature scanning tunneling microscopy (STM) (10 frames per second).
Performing the measurements at the on-set reaction temperatures provides an unprecedented
description of the evolution of organometallic (OM) and covalent surface species during
Ullmann polymerization of para-dibromobenzene on Cu(110). Our results demonstrate the
existence of an intermediate OM phase with Cu adatoms that inhibits the polymerization. These
observations now complete the picture of the pathways of on-surface Ullmann polymerization,
which include the complex interplay of the phenylene moieties and metal atoms. Our work
demonstrates the unique capability of high-speed STM to capture the dynamics of molecular
self-assembly and coupling.



INTRODUCTION

On-surface synthesis is an established tool for the preparation of low-dimensional organic
structures with unique properties.!® The main approaches reported so far include condensation
reactions such as Schiff-base coupling® ® or boronic acid condensation®, and C-C coupling
reactions that proceed through organometallic intermediates such as Glaser coupling or
Ullmann coupling.”*? In the former reactions, the surface acts as a passive template facilitating
the growth of two-dimensional (2D) structures. The latter reactions are carried out on transition
metal surfaces, which also act as a catalyst activating the functional groups.'* ** Though on-
surface synthesis is very effective in the case of graphene nanoribbons, achieving
polymerization on a length scale of even 100 nm with controlled density of defects is extremely
challenging, especially for 2D polymers.l: /- 1> 16 Defect formation mechanisms lie in the
complex interaction between surface, adatoms and reacting molecules.’

Previous studies employing various techniques have provided valuable insights into the reaction
mechanism, yet were not able to capture the complete picture. Low-temperature measurements
offer exceptional imaging of on-surface structures via scanning tunneling microscopy (STM)
and non-contact atomic force microscopy (nc-AFM) measurements.'82t  However, the low-
temperature conditions do not allow for the direct study of thermally-activated reactions. The
kinetics of on-surface polymerizations typically occur at higher temperatures and are commonly
investigated by spectroscopic means.??28 The effect of the surface on the order of the resulting
systems was studied via systematic Monte Carlo simulations that suggested that a high rate of
monomer diffusion relative to coupling is required to achieve large ordered domains of 2D
polymers.?® This conclusion was experimentally supported by kinetic measurements of
Ullmann coupling via temperature programmed X-ray photoelectron spectroscopy (TP-XPS).?*
24,30 These measurements demonstrated the feasibility of both diffusive and topotactic driven
reactions.?2

The intermediate reacting species incorporate metals atoms during the on-surface Ullmann
reaction, and previous work has demonstrated that the mobility of these species is key in
forming ordered covalent bonded polymers.?° The stabilizing metal atoms can originate from
freely roaming metal adatoms or surface atoms.3! The covalent organometallic bond with a free
adatom could be significantly stronger due to increased coordination with the substrate and
therefore adatoms can have a key role in determining the reaction dynamics. The impact of
these adatoms on the reaction pathway as it plays out at elevated temperatures is unclear and
requires variable temperature STM measurements to capture these effects. However, due to the
high mobility of molecules on surfaces, especially at temperatures close to the reaction on-set,
conventional scanning frequencies cannot capture these transient states.

High-speed STM represents a powerful technique to study the dynamics of molecular self-
assembly and polymerization with molecular resolution, as its millisecond-scale acquisition
time makes it possible to capture transient states throughout the course of diffusion and
reaction.>>3* In previous studies, this technique was applied to study the stability of metal
surfaces at electrochemical interfaces and revealed the formation and migration of subsurface
species,® surface reconstructions induced by hydrogen evolution® and diffusion of ions on the
surface.3”*° This technique could address crucial open questions such as the dynamics of self-
assembled domain growth or whether polymerization proceeds through a step- or chain-growth
mechanism; i.e, if monomers couple to dimers which in turn couple to oligomers or if individual
monomers couple to a growing chain.*



OM chains OM monomer PPP

110 °C 150 °C
Br —- Cu — Cu
Cu(110) Cu(110) Cu(110

Br Br Br Br Br Br

Cu(110) substrate

Scheme 1. On-surface Ullmann reaction of 1,4-dibromobenzene (dBB) on Cu(110) at sub
monolayer coverage.

The Ullmann-like coupling of 1,4-dibromobenzene (dBB) on Cu(110) provides an excellent
model system for a high-speed STM study of on-surface polymerization. Scheme 1 shows the
reaction mechanism of the on-surface polymerization of dBB on Cu(110). Upon adsorption on
the substrate, the aryl halide dehalogenates and forms organometallic (OM) chains, in which
phenylenes are linked by Cu atoms. Annealing at 110 °C transforms the OM chains into OM
monomers, in which each phenylene is individually saturated by Cu atoms. Further annealing
at 150 °C promotes the polymerization of these OM monomers into poly-p-phenylene (PPP).
Despite the simplicity of the molecule, the polymerization process is intriguingly complex and
involves different intermediate states. It has been demonstrated that a stable 2D organometallic
network forms before the final C-C coupling into PPP chains at submonolayer coverage.*!
However, the reason for the formation of a 2D organometallic network given the 1D
functionalization of the precursor was previously unknown.

Here, we report the first high-speed variable temperature STM study of the Ullmann
polymerization on Cu(110) performed at temperatures close to the reaction on-set. We reveal
the growth dynamics of two meta-stable OM phases constructed from individual phenylenes
saturated by Cu adatoms (OM monomer) at 110 °C. High-speed STM measurements show the
dynamic exchange of OM monomers between the two phases. At 150 °C, PPP formation is
observed from randomly diffusing OM monomers and occurs along the [1 -1 0] surface
direction. The polymerization follows a linear growth mechanism, in which monomers attach
to the end of the growing PPP chain. We provide experimental mechanistic insights into the
dynamic formation of organometallic phases as the Ullmann reaction proceeds at different
temperatures and identified an intermediate, isolated OM monomer, that diverges from the
classic Ullmann reaction pathway. Our results demonstrate the unique capability of high-speed
STM to study the dynamics of on-surface reactions with molecular resolution and should spark
interest in studying relevant catalytic reactions such as C-H activation or CO> reduction using
high-speed STM.

RESULTS

To gain insights into the molecular dynamics involved in Ullmann coupling and the influence
of intermediate phases on the final product, we investigated the structures on the surface held
at different temperatures using STM. Dosing 0.5 ML of dBB on Cu(110) held at RT yields one-
dimensional (1D) OM chains along the [1 -1 £1] surface directions that consist of alternating
Cu atoms originating from the surface and phenylene groups with a periodicity of 0.69 £ 0.03
nm (Figure 1a), as previously reported.*> > Annealing to 110 °C leads to the formation of two
intermediate organometallic self-assemblies (Figure 1b,c). A 2D OM network emerges that is
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made of individual phenylene moieties saturated by two Cu adatoms (OM monomer, Scheme
1), forming a square with a distance between two Cu adatoms connected to the same phenylene
of 0.71 + 0.03 nm, as previously reported* (Figure 1b). Moreover, these OM monomers also
self-assemble along the [0 0 1] direction forming 1D structures with a periodicity of 1.11 + 0.06
nm (black line in the inset of Figure 1c). STM simulation supports that this 1D structure is
made of periodically aligned OM monomers (Figure S1). Small features in between the rows
of OM monomer are tentatively attributed to co-assembled bromine atoms (Figure 1c). At 110
°C, we solely observe the self-assembled structures formed by the OM monomers, which
suggests that these OM monomers are the intermediate product. The absence of any OM chains
at this elevated temperature is coherent with previous TP-XPS work.*! The origin of the
incorporated Cu adatoms is different between the OM chain (Figure 1a) and the OM monomer
structures (Figure 1b,c) as previously shown.?? 2 42 Whereas the former lifts surface bound
atoms slightly out of its equilibrium position,?* %2 the latter interacts with Cu adatoms.3% 4!

At 150 °C, neither the 1D nor 2D self-assembly of OM monomers are observed. The structures
dissolve and instead at this temperature, we observe the formation of the covalent PPP chains
(Figure 1d). The measured periodicity of 0.48 £ 0.02 nm is in agreement with what was
previously reported (0.44 + 0.02 nm).*? The occurrence of two OM self-assemblies acting as
reservoirs for intermediate OM monomer species at 110°C, bridging the temperature gap
between the RT OM chain and the PPP polymer product at 150°C, is unexpected. We note that
the reaction onset temperatures observed in this work under isothermal conditions are slightly
different from previous TP-XPS works?* 4%; this is in line with the known dependence of the
reaction onset temperature on the heating rate.?* To understand what drives the formation of
different geometries along the on-surface Ullmann reaction pathway and the role of the different
OM phases in the reaction mechanism, we carried out high-speed STM measurements (0.1 s
per image) at 110 °C and 150 °C.

RT 110 °C 150 °C

>

a) OM Chains

b) 2D OM Monomer ¢) 1D OM Monomer

d) PPP Chain

’:Phenylene @ :Cu atom

Figure 1. Variable temperature STM measurements of dBB on Cu(110). a) Dosing 0.5 ML of
dBB on Cu(110) held at RT yields OM chains. b,c) Annealing at 110 °C triggers the formation
of OM monomers, which assemble in 1D and 2D OM networks. d) Annealing at 150 °C enables
polymerization and PPP chains along [1 -1 0] are observed. The superimposed schemes show
the building block of each phase. Insets provide information on the adsorption geometry.
Periodic structures of the adsorption geometry in a), b) and c) can be found in Fig. 3a, Fig. S8,
Fig. S1, respectively. Images: a) 13.1 x 13.1 nm?, -0.2 V, -0.6 nA b,c) 13.1 x 13.1 nm?, 0.2 V,
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0.6 nA, d) 9.2 x9.2nm?, -1.0 V, -1.0 nA. Insets: a) 2.5 x 2.5 nm?, b) 3.2 x 3.2 nm?,¢) 3.4 x 3.4
nm?2. Measurements taken with conventional scanning speeds (>30 s per frame) and with the
substrate held at RT (a), 110 °C (b,c) and 150 °C (d).

Our variable temperature STM investigation shows that there is an intermediate temperature
interval during the on-surface Ullmann reaction at which two different metastable phases
constructed from the same OM monomer co-exist. We employed the high-speed scanning mode
to observe the diffusion, construction and dissolution of these phases. Figure 2 shows a
sequence of STM frames at 110 °C that capture the formation of the 2D OM Monomer network
as the 1D OM Monomer structure along the [0 0 1] direction vanishes. We observe the 2D OM
Monomer network in the upper part of the frame and the 1D OM Monomer structure in the
lower part (indicated by a blue box) in Figure 2a. After 0.1 s, the 1D phase has collapsed and
released individual OM monomers (Figure 2b). These OM monomers can roam the surface
and attach to the 2D OM Monomer network, as shown by the extension of the bottom row and
the right column of the 2D OM Monomer network after 0.2 s (white arrows in Figure 2c).
Furthermore, we observe bright dots in the STM image, which are attributed to randomly
diffusing Cu adatoms (marked by red-yellow dots in Figure 2c) as their height is similar to the
linear Cu adatoms in the network (Figure S2). At the bottom of Figure 2c, an approaching OM
monomer (indicated by a black arrow) attaches to the right column of the 2D OM network
(indicated by a white arrow in Figure 2d). This series of STM images capture the elementary
steps of the growth of the 2D OM monomer network: the rotation of the OM monomers, the
diffusion to the network and attachment to the network. In Figure 2e-f, the continuous growth
of the network is followed over a longer time (5.5 s). This phase transformation is reversible as
OM monomers are also seen to be released from the 2D OM Monomer network and reconstruct
the 1D OM Monomer structure as shown in supplementary movie 1 (SM 1). While the STM
measurement could potentially affect the surface reactions, we consider it to be unlikely due to
the usage of conventional scanning parameters and a significantly reduced tip-sample
interaction time.
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Figure 2. High-speed STM measurements at 110 °C showing the growth of the 2D OM
Monomer network. a-d) Growth of a single row of the 2D Monomer network within 0.3 s. In
the bottom of a) the OM monomers are present and after 0.1 s collapsed to interact with the 2D
network. e-h) Extended growth of the 2D Monomer network over 5.5 s. Below each STM image
is a schematic of the STM image to visualize the change during the sequence. Molecular models
are superimposed over both static and mobile features. Black arrows indicate diffusing units
and white arrows show the addition of units compared to the previous frame. Images size: 8.6
x 8.6 nm2.-0.2V, 2.4 nA.

Next, we focused on recording the polymerization process and determining the mechanism
through which PPP chains are formed. Figure 3 shows two series of STM images at 150°C that
provide insights into the polymerization and growth process. High-speed STM measurements
suggest that the polymerization process is driven by the addition of randomly diffusing OM
monomers that bind to the end of an existing oligomer. In the upper row STM sequence, the
attachment of single phenylene to a growing oligomer chain is shown (Figure 3a-d). In Figure



3a, a phenylene is approaching the oligomer chain. Within the next 0.2 s, it aligns with the
surface direction of the oligomer (Figure 3b,c) and couples 0.1 s later (Figure 3d). Figure 3e-
h shows extended growth of the PPP chain along the [1 -1 0] surface direction (Figure S3 and
movie SM 2 show consecutively taken STM images). The energy barrier for diffusion of OM
monomers along this surface direction is calculated by DFT to be between 0.10 eV and 0.70 eV
depending on the orientation (Table S1, Figure S4). While diffusion along the [1 -1 0] surface
direction exhibits the lowest energy barriers, diffusion is not restricted along this direction due
to the moderate activation energies from 0.90 eV to 1.20 eV (Table S1, Figure S4). We
estimate an OM monomer diffusion velocity of 4 nm/s based on the movement observed in
Figure 3a-d, which is in good agreement with a theoretical values (5.8 nm/s to18 nm/s) obtained
through the activation energies calculated by NEB-DFT (S| Section 4). The growth process is
exclusively driven by the addition of phenylenes to the end of the chain rather than a step-
growth polymerization involving the coupling of oligomers or a direct transition from the OM
chain to the PPP chain.

a)

[1-10]

Single Ph addition

Extended PPP growth

Figure 3. High-speed STM measurements at 150 °C of the growth of PPP chains. a-d) Addition
of asingle phenylene to a small PPP chain within 300 ms. Red dots are Cu atoms. e-h) Extended
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growth of a PPP chain. The black arrows in a-d) indicate the movement of the coupling
phenylene. Below each STM image is a schematic of the STM image to visualize the change
during the sequence. Molecular models are superimposed over both static and mobile features.
Images size: 3.0 x 3.0 nm?. 0.6 V, 5.5 nA.

DISCUSSION

The results described above show that the ‘trapping” of dehalogenated molecules by diffusing
Cu adatoms is the dominant interaction limiting the rate of Ullmann coupling on Cu(110). The
source of metal atoms involved in OM structures is elusive.3! %> Two possibilities are commonly
discussed in this context, the incorporation of lifted surface atoms or preexisting adatoms to the
OM structures. Although the formation energy of adatoms from the perfect flat surface is large
(0.77 eV, Figure S5), the formation energy from ledges on Cu(110) is only 0.014 eV per atom,
making the ledges a significant source of adatoms.** Therefore, it is expected that diffusing Cu
adatoms are available to interact with the phenylenes during the reaction at 110 °C.

To understand the thermodynamic picture of the Ullmann reaction mechanism of phenylenes
and its intermediates on Cu(110), we computed the formation energies of OM chains, OM
monomers and dimers (Figure 4). We found a thermodynamically favorable trend for the
transition of OM chains to adatoms-terminated OM monomers of 0.28 eV per phenylene. OM
monomers terminated with Cu atoms lifted from the surface are significantly more endothermic
(>1 eV, Figure S6). A discussion about the relative stability between OM monomers packed in
the 1D or 2D assembly is presented in Sl section 7 and 8. We suspect that a kinetic effect related
to the availability of Cu adatoms confines the system at RT in the OM chain configuration, in
which phenylenes are stitched together via lifted surface atoms. Increased thermal energy at
110 °C raises the density of Cu adatoms and the more stable OM monomers are formed (Figure
4b). Further annealing to 150 °C favors polymerization and forms the covalently-linked
phenylenes, which are stabilized by 0.76 eV per phenylene compared to OM chains (Figure 4c).

RT 110 °C 150 °C

a) OM Chain b) OM monomer ¢) Dimer

-
'.
>
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Figure 4. Thermodynamic picture of the stability of different surface species during the
temperature evolution. The formation energies for different structures are calculated with
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respect to the energy of the OM chains observed at RT (-4.69 eV per phenylene). Positive
(negative) values refer to less (more) stable structures. Light and dark brown spheres are Cu
surface atoms and adatoms, respectively.

The reaction dynamics of the Ullmann polymerization have been subject to numerous
computational studies, but lacked direct experimental evidence. Several scenarios for the
polymerization reaction have been proposed.?? % These are commonly based on assumptions
from the initial and final state STM images and TP-XPS, and assume the C-C coupling
proceeding either directly from the OM chain intermediate?? or dehalogenated monomers
stabilized by surface atoms.?* However, our measurements demonstrate that the reaction starts
from the monomers stabilized by Cu adatoms (OM monomers) and not surface atoms. This
reaction step is in agreement by previous TP-XPS measurements, that show no signs of
additional species between the OM monomers formed at 110 °C and PPP chains.*! These critical
new details of the Ullmann polymerization obtained through high-speed variable temperature
STM enable improved NEB modelling of the reaction and shed light on the elementary steps
of the reaction beyond the temporal resolution of the high-speed measurements.

Here, we model the polymerization reaction starting from two OM monomers along the [1 -1
0] surface direction (Figure 5). In the first three reaction steps (Figure 5), two OM monomers
(1) are linked into an OM dimer along the [1-1 O] direction by ejecting a Cu atom. In the first
step, the bottom unit rotates towards the [1 -1 -1] direction with a barrier of 0.69 eV (2). Next,
the bottom OM monomer rotates towards the [1 -1 0] direction while ejecting its Cu adatom to
connect to the Cu adatom of the top OM monomer. As a result, a metastable OM dimer is
formed and the ejected Cu atom resides in the neighboring fourfold hollow position (3). The
latter can diffuse towards the neighboring fourfold hollow site to further stabilize the
intermediate state (4). These reaction steps are likely reversible as the forward and backward
reaction exhibit similar barriers of 0.57 eV (2—1), 0.59 eV (3—2) and 1.09 eV (4—3). The
following C-C coupling along [1 -1 0] direction is the rate-determining step, with an activation
energy of 1.07 eV and a change in enthalpy of 1.5 eV. The coupling is accompanied by a
simultaneous ejection of the bridging Cu adatom into the fourfold hollow site below the formed
biphenylene (5). Diffusion of this Cu adatom to the adjacent fourfold hollow site further
stabilizes the structure by 0.08 eV (6).
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Figure 5. Transition state pathway analysis of the OM monomer polymerization reaction. The
reaction pathway is to scale and the numbered states correspond to the stable states found in
between separate NEB calculations. The numbered skeleton models illustrate the change
between states towards polymerization and refer to the DFT optimized cells. Light and dark
brown spheres are surface Cu atoms and adatoms, respectively.

We show that even for a relatively simple molecule, the reaction pathway can be very
intriguing; the complexity lies in the variety of interactions between the metal and the
dehalogenated monomers, which controls the pathway of the coupling reaction. Standard STM
measurements provide information on the initial and final state, but are limited in their insights
in possible reaction intermediates.?® The initial state of OM chains and the final state of PPP
chains may suggest that the polymerization occurs via reductive elimination along the chain.
However, the observed dissolution of the initial OM chains and the construction of two
intermediate phases reject such a mechanism and makes it significantly more difficult to predict
the polymerization process. Only high-speed STM measurements performed at the reaction
temperature allow for an accurate description of the C-C coupling process.

We demonstrate that the Ullmann-type polymerization can occur through the addition of single
reactants to a growing domain. The identification of this polymerization mechanism, compared
to a step-growth mechanism, is especially important for growing large domains of two-
dimensional polymers as it avoid the formation of oligomers. The oligomers formed by C3
symmetry molecules do not necessarily have the symmetry or shape of the final product. Due
to this unavoidable defects might be introduced into the lattice when oligomers of mismatching
shape couple. A gradual growth through the single addition of monomers at the edge of the
growing domain can avoid this type of defect formation and possibly provide improved
thermodynamic control. Such growth could be achieved through avoiding the formation of
densely packed structures.t*®
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Beyond intermolecular reactions, the involvement of metal adatoms in intramolecular reactions
such as cyclodehydrogenation is largely based on calculations.*® Our measurements provide
evidence of available Cu adatoms on the surface to an extent at which the reaction diverts into
a phase of individual metal-saturated species. High-speed variable temperature STM
experiments open a path towards direct experimental description of the reaction dynamics
occurring during surface reaction, enabling the identification of reaction intermediates and their
participation in the reaction mechanism as well as allowing the epitaxy between reactants and
substrate as the reaction occurs to be determined. In turn, the improved experimental description
enables DFT calculation with increased confidence.

CONCLUSIONS AND PERSPECTIVES

We experimentally observed the interplay between Cu adatoms and phenylenes in driving the
on-surface Ullmann polymerization reaction. A precise description of the polymerization
reaction is key to develop strategies to enhance the synthesis of ordered covalent surface
structures. By means of high-speed variable temperature STM, an intermediate regime at 110
°C was identified, in which phenylenes are saturated by two Cu adatoms as a result of the
increased number of Cu adatoms on the surface. Within this regime, polymerization is inhibited
and organometallic self-assemblies dominate. Further annealing provides thermal energy to go
beyond the organometallic regime and enables the polymerization via C-C coupling. We also
found that PPP formation occurs along a single surface direction via reductive elimination of
Cu from the ad-atom bridged monomers. NEB calculations were carried out to analyze the C-
C coupling determining an elementary step and an activation energy of 1.07 eV was found.
While nc-AFM is commonly employed to identify organic species on surfaces after reaction,
high-speed variable temperature STM at the temperature close to the reaction on-set provides
unique insights into the reaction dynamics that significantly improve DFT modelling. As such,
it is a complementary tool that can be used to reveal the molecular dynamics of surface reactions
and identify the catalytically active sites. These insights obtained from high-speed STM can
help increase catalytic performance by improving understanding of the reaction and degradation
mechanism of the catalyst, making this technique relevant to a variety of applications.

METHODS

All experiments were carried out under ultra-high vacuum (UHV) conditions with pressure in
the 10'° mbar regime. The precursor molecule, 1,4-dibromobenzene (98% purity), was
acquired from Sigma-Aldrich. Precursors were dosed by a leak valve on Cu(110) held at room
temperature. The substrate was prepared by repeated Ar+ sputtering (1.2 keV) and annealing
(500 °C). STM experiments were performed with an Omicron variable temperature STM (VT-
STM) operated by a R9plus controller (RHK Technology). Conventional STM scanning was
performed in constant current mode. An add-on FAST module was used to achieve high frame
acquisition speed (10 Hz) in a quasi-constant height mode, which can slightly change the
appearance of surface structures compared to the constant current mode employed by slow
scanning STM.3* Raw FAST time series were initially processed through a dedicated Python
package.*’
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Density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP). Plane-wave DFT calculations were performed using the Perdew-
Burke-Ernzerhof*® generalized-gradient approximation (PBE-GGA) for exchange-correlation
potential, the projector augmented wave method,*® and a basis set with an energy cut-off of 450
eV. The zero-damping DFT-D3 method of Grimme et al. was used for van der Waals correction
of potential energy.>® Cu(110) slabs were constructed using a lattice constant of 0.363 nm and
a 1.8 nm vacuum layer, with five atomic layers and the positions of atoms in the bottom two
layers fixed. OM chains were modelled with an epitaxy matrix of (2, 2 |4, 9). Formation energy
values were calculated using the following formula:

1
Eform — ; [ Egcl).lt110+rl mol __ (E&l).}cllo +n- E'I:’g{)l +m- E'E:(}lt)] (1)

where ECuiomel pCuio gmol ang ECU are the total energies of the combined system, the

Cu(110) substrate, the adsorbed molecules and the Cu adatoms. n and m are the number of
phenylenes and Cu adatoms per unit cell, respectively. The energy of the Cu adatom is
estimated by

Cu/Cu(110 C
Bt =B 0 — B 2)
Cu/Cu(110) - - s . .
Eiot is the energy of an isolated adatom on Cu(110). Geometry optimizations were carried

out with a 5x5x1 k-mesh until the force on each atom is below 0.02 eV/A. Interaction energies
were calculated using the following formular: E; = Egystem + Esiab — (Esiab,oM monomer +
Eslab,Br), Where Esystem, Eslab, Eslab,om monomer @and Esian gr are the energies of the total combined
system, of the Cu(110) slab, of the OM monomer on the Cu(110) slab and of the Br atoms
adsorbed on the Cu(110) slab. The energy of the formation of a Cu adatom from a perfect
surface was calculated as the energy difference between a perfect surface and a surface with an
adatom vacancy pair. NEB calculations were carried out with eight intermediate images and a
force convergence criteria of 0.02 eV/A on each atom. Quantification of the diffusion barriers
were carried out at the I'-point. The polymerization process was modelled with five separate
NEB calculations and a 3x3x1 k-mesh. STM simulations were performed with a 5x5x1 k-point
mesh. Images of the calculated structures were generated using the VMD software®! and STM
images were simulated via the Tersoff-Hamann approximation®? using the calculated wave
function of the relaxed structures obtained from VASP and visualized using the Hive software.>
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