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Abstract

Immobilization of organic molecules on metal surfaces and their coupling via thermally induced C-C
bond formation is an important technique in organic and polymer synthesis. Using this approach, insol-
uble and reactive carbon nanostructures can be synthesized and the reactions monitored in situ using
scanning probe methods. The diversity of conceivable products, however, is limited by the number and
variety of known on-surface reactions. Here, we introduce the on-surface synthesis of polyarylenes by
intermolecular oxidative coupling of isopropyl substituents of arenes. This [3+3] dimerization reaction
forms a new phenylene ring and can be regarded as a formal cycloaromatization. The synthetic value
of this reaction is proven by the synthesis of polyarylenes and co-polyarylenes, which we demonstrate
by synthesizing poly(2,7-pyrenylene-1,4-phenylene). Scanning tunnelling microscopy and non-contact
atomic force microscopy studies complemented by density functional theory calculations offer mecha-

nistic insights into the on-surface cycloaromatization reaction.

[3+3] Cycloaromatization

o — rod — O o 0o

200 °C on Au

o




Main text
Introduction

The synthesis of new conjugated polymers with specific properties depends critically on the choice of
the building blocks and the mode of repetitive bond formation'2. When targeting optical and charge-
transport properties, polyarylenes are playing a key role as functional materials®4. This is because pol-
yarylenes can comprise not only phenylene repeat units, but also their heterocyclic analogs or higher
polycyclic aromatic hydrocarbons, allowing for the careful tuning of their electronic properties®6. The
Suzuki reaction, which allows for the strictly alternating incorporation of different arylenes, has thus far
met the urgent needs of materials science®. In particular, donor-acceptor (co-)polymers consisting of
alternating arrays of electron-rich and electron-deficient moieties have played an important role as sem-
iconductors in organic field-effect transistors with high charge-carrier mobilities”™'°. More recently, the
need for toxic organometallic compounds and expensive boronic ester precursors have been circum-
vented by direct (hetero)arylation polymerization''-'3 and oxidative C-H/C-H arylation polymerization'4,

which, however, raises issues of regioselectivity.

Recently, a new protocol of polymer synthesis has become available by depositing dihaloarenes on
metal surfaces and the subsequent activation of these monomers by thermal carbon-halogen cleavage,
followed by polymerization of the intermediate diradicals'® (Fig. 1a). In the so-called on-surface Uliman-
type coupling, the metal surface acts as a catalyst, and so a crucial difference from the Ullmann coupling
in solution should be noted: the conventional solution process comprises an electron transfer and the
halogen is removed as halide anion, whereas the on-surface reaction proceeds via a homolytic carbon-
halogen bond cleavage leading to surface-stabilized carbon radicals. Such radicals undergo homo-cou-
pling, and non-stochastic alternating copolymerization of different building blocks is not feasible under
these conditions. We are thus limited to the incorporation of, for example, two phenylene as linkers
between arenes, but never a single phenylene ring. However, on-surface synthesis offers two fascinat-
ing advantages'®-'8: i) unstable products, which would not survive in solution, can become available due
to the ultra-high vacuum conditions and stabilization by the metal surface'®-2', and ii) the reaction inter-
mediates and products can be characterized in situ by scanning probe microscopy thus providing key

mechanistic information on the reaction pathway?223.

Are there other reactions possible for on-surface polymer synthesis? In general, reactions that can con-
vert aliphatic to aromatic hydrocarbons are desirable since aliphatic hydrocarbons are available in abun-
dance. The immobilization of suitable precursors on metal surfaces can intrinsically activate specific C-
H bonds that are closer to the catalytic metal substrate, such as the terminal C-H bonds on linear al-
kanes?#, activation of which in solution would require specific directing groups. A related case of cy-
cloaromatization in solution is the Pd(ll)-induced oxidative coupling of a-olefins to tetra-substituted bu-
tadienes, whereby prolonged oxidation can also lead to benzene formation by cycloaromatization?®.
However, more generally in solution chemistry cycloaromatization reactions depend on reactive hydro-
carbons such as diynes, which are known to undergo Bergman cyclization through a diradical interme-

diate to form aromatic rings26. Thereby, the diradical must be quenched by the addition of a hydrogen



source such as 1,4-cyclohexadiene to avoid uncontrolled polymerization. Interestingly, the same reac-
tion, when performed on a metal surface, but without a quencher, opens up a way toward polymers?’.

Direct and well-defined cycloaromatization of alkanes, however, has not yet been achieved.

Herein, we describe an intriguing on-surface reaction, namely the selective formation of phenylene rings
by a formal [3+3] cycloaromatization of two isopropyl-substituted arylenes on Au(111) and Au(110) sur-
faces (Fig. 1b). This cycloaromatization is unprecedented as it starts from relatively unreactive alkyl
groups rather than from reactive allyl or diyne species. We characterize the chemical structure of the
products and the stable reaction intermediates by scanning tunneling microscopy (STM) and non-con-
tact atomic force microscopy (nc-AFM). These experimental results are supported by density functional
theory (DFT) calculations, which help to identify the reaction intermediates and provide activation barri-

ers for each reaction step, thus creating a complete mechanistic picture of the cycloaromatization.

Results and Discussion

Polymerization via [3+3] cycloaromatization on Au surfaces

The reaction illustrated in Fig. 1b furnishes a new phenylene ring by a formal [3+3] cycloaromatization
of two isopropyl substituents. To explore this unprecedented on-surface reaction, diisopropyl-p-ter-
phenyl 1 was synthesized (see the Supplementary Information Section 1) as a model compound for the
following reasons: i) the presence of the two isopropyl substituents should allow for the formation of
polymers by surface-assisted cycloaromatization, ii) p-terphenyl has already been well-studied on Au
surfaces, and, due to its suitable molecular size, can be deposited under UHV conditions, iii) crucially,

the newly formed phenylene rings can be identified by comparison with the existing ones as reference.

As will be demonstrated below, the isopropyl cycloaromatization reaction takes place via two stable
intermediates 2 and 3 (Fig. 2a). The reaction is initiated by Au-catalyzed selective dehydrogenation of
the isopropyl toward isopropenyl groups in 2. This follows from the specific adsorption geometry of 1
on the Au surface that breaks the equivalence of the methyl groups (Fig. 2b). Polymerization then pro-
ceeds by intermolecular C-C coupling between the methylene carbons (CH:) (labeled red) leading to
the formation of 3 (see Fig. 2c-d). Polymer 3 then undergoes cycloaromatization to form the new phe-
nylene ring leading to 4 (see Fig. 2d-e).

To investigate the polymerization process, 1 is deposited on a clean Au(111) surface held at 200 °C
under ultrahigh vacuum (UHV) conditions. For STM imaging, the surface is then cooled down to 4.5 K.
STM images such as the one shown in Fig. 2f reveal the formation of linear chains (several being ~10
nm in length), demonstrating that polymerization has occurred (the length of monomer 1 is 1.8 nm)
(see Fig. 2f). The longer chains appear uniform along their polymerization direction, suggesting that
the resulting structure is periodic. However, the chains are frequently cross-linked, as the Au(111) sur-
face is isotropic with a threefold symmetry and therefore allows polymerization along different direc-
tions 28. The cross-linking can be completely avoided, however, by performing the reaction on the ani-
sotropic Au(110) surface, where the missing row reconstruction induces a one-dimensional (1D)
constraint on the diffusion of the molecules so that they favor motion along the rows of the recon-
structed surface?*. When 1 is deposited on the Au(110) surface and annealed at 200 °C, very long pol-
ymer chains without any cross-linking are found, some of which are longer than 80 nm (see Fig. 2g, h).
Therefore, the synthesis of extended chains on Au(111) and Au(110) leaves no doubt that polymeriza-
tion occurs by the activation of the isopropyl groups.



Experimental identification of the reaction intermediates

The progress of the reaction can be monitored by depositing 1 on Au(111) held at room temperature,
followed by annealing to successively higher temperatures, and recording STM images of the surface
at each step (Supplementary Fig. S1). STM images obtained after depositing the molecule at room
temperature exhibit bulky protrusions at the ends of the molecule due to the presence of the non-planar
isopropyl group in 1 (Supplementary Fig. S1). Upon annealing to 180 °C, these protrusions start to
disappear and the molecules appear entirely planar, as is expected for the isopropenyl species 2. While
some molecules have already undergone C-C coupling at 180 °C, extensive coupling is observed after
annealing to 200 °C. When two isopropenyl groups homo-couple at their CH: sites to form 3, they appear
as jointed connections, while upon cycloaromatization the newly formed phenylene units in 4 lead to
smooth junctions and determine the end-point of the reaction, as the phenylene ring formed is no longer
reactive at 200 °C on Au surfaces?.

To unequivocally establish the chemical identities of 1-4 we perform nc-AFM imaging of samples ob-
tained by successive annealing steps. nc-AFM acquired with a CO-functionalized tip leads to an en-
hanced interaction with the adsorbates on the surface and allows for the resolution of individual molec-
ular bonds and thus a rather straightforward determination of chemical structure2®0. In the following,
we discuss STM (Fig. 3b-e) and nc-AFM images (Fig. 3f-i) obtained after deposition of 1 on Au(111) at
room temperature, after annealing at 180 °C, and after annealing at 200 °C to unravel the chemical
structures (Fig. 3a) of 1, 2, and, 3 and 4, respectively. We compare the experimental results with Probe-
Particle model simulations®' (Fig. 3j-m) on the DFT-optimized structures (top view: Fig. 3n-q and side
view: Fig. 3r-u) .

In Fig. 3f, acquired after room temperature deposition of 1, the bulky isopropyl groups appear as bright
protrusions at the ends of the molecule. This is due to the protrusion of the methyl groups above the
plane of the terphenyl backbone (Fig. 3r), which prevents a closer tip approach. The terphenyl backbone
is thus not clearly resolved. Similar bright protrusions are obtained in nc-AFM image simulations (Fig.
3j) using the probe particle model for the optimized geometry of 1 on Au(111)3'. After the first dehydro-
genation step of 1, which occurs upon annealing to 180 °C, the resulting isopropenyl group in 2 (Fig. 3
g,k) has a much more planar adsorption geometry as can be seen in Fig. 3s. Species 2 can hence be
imaged with a lower tip height, thus resolving the atomic bonds, and provides direct confirmation of the
identity of 2.

The chemical structure of the intermolecular coupling motif is revealed in nc-AFM images of 3 obtained
after annealing to 200 °C (Fig. 3d). The coupling is found to occur at the methylene carbon of the iso-
propenyl group, as the nc-AFM images show the bright protrusions of the methyl carbons are adjacent
to the site at which polymerization has occurred. Moreover, the termini of the chain still exhibit the same
features as the ends of 2, providing evidence that they are still "active" and can undergo further polymer-
ization. The simulated nc-AFM image of the optimized structure of 3 (Fig. 3l), together with the corre-
sponding DFT-optimized geometry depicted in Fig. 3p,t, are in remarkably good agreement with the
experimental result (See Supplementary Fig. S3 for a discussion of the twist angle of the phenylene
rings). However, to further confirm the identity of the junction, similar nc-AFM simulations of optimized

geometries of other plausible junctions are compared with the experimental data, and agreement is only



found with the 2,4-hexadiene junction (Supplementary Fig. S4). This confirms the assigned structure of

3 and the proposed coupling motif.

Finally, cycloaromatization leads to the formation of a new phenylene ring in 4. We confirm this by
scanning an extended chain with four precursor units (Fig. 3i). The newly formed six-membered rings
(highlighted with white arrows in Fig. 3i) appear completely identical to the ones of the terphenyl moie-
ties. Their appearance is also in excellent agreement with the simulated nc-AFM image (Fig. 3m) of the
optimized structure (Fig. 3q,u), which conclusively shows that the cycloaromatization product is a phe-
nylene ring.

The first step of this reaction sequence is the selective dehydrogenation of 1 to form 2. Since 2 is a
stable compound, it can be synthesized ex-situ and deposited on Au(111) for the sake of comparison,
providing further confirmation of the relevant first step of the proposed reaction pathway. The nc-AFM
image of the as-synthesized 4,4”-di-prop-2-enyl-p-terphenyl (DPTP) deposited on Au(111) (Supple-
mentary Fig. S5c-d) is identical with that obtained for 2 occurring as an intermediate, and subsequent
annealing of DPTP furnishes similar polymer chains as those achieved from 1 (Supplementary Fig.
S5e), establishing the selective dehydrogenation of the isopropyl group to isopropenyl as the first step
of the reaction sequence.

Reaction mechanism investigated by ab initio calculations

For surface-catalyzed reactions, the DFT level of theory has recently proven to reliably capture mole-
cule-molecule and molecule-substrate interactions in order to access the relevant energy barriers®2. To
characterize the reaction path for the [3+3] cycloaromatization we have simulated both the substrate
and the adsorbates at the DFT level of theory and performed constrained geometry optimizations along
specific reaction coordinates (see Methods and Supplementary Fig. S6 for the special case of 3b to 3c).
The results of the reaction path calculations are summarized in Fig. 4Fig. 4. The first step of the reaction
pathway is the selective dehydrogenation of the isopropyl group of 1 to the isopropenyl group of 2. It
begins with the cleavage of the C-H bond at the tertiary carbon atom (labeled with a grey dot in Fig. 4)
with an energy barrier of E1 1a =1.6 €V. The barrier for removal of a hydrogen atom first from the —CHs
carbon in 1 would be much higher (2.8 eV, Supplementary Fig. S6), which is thus highly disfavored at
the reaction temperature of ~200 °C. However, cleavage of the C-H bond at the —CHs carbon (red) atom
after the formation of the tertiary radical has a much smaller barrier of E1a2 =0.7 €V, and results in the
formation of the isopropenyl group in 2. This reduction is largely due to the formation of a bond between
the carbon radical (grey dot) and the underlying surface, which brings the terminal methyl groups closer
to the catalytically active surface, thus lowering the dehydrogenation barrier3334, The effective barrier

for the selective dehydrogenation step from 1 to 2 is thus found to be 1.6 eV.

Intermolecular coupling of 2 could either occur through cleavage of the C-H bond at the sp? carbon
(highlighted by a red dot) or by direct C-C bond formation (without dehydrogenation) leading to the
formation of a diradical intermediate 2a. We find that the energy barrier for C-H bond cleavage from the
red carbon atom is 2.2 eV (Supplementary Fig. S6¢) while the energy barrier for direct C-C coupling to
the diradical intermediate 2a is only E22a =1.2 eV. A diradical pathway is thus strongly favored. Such a
mechanism is not unexpected and has similarities to the Flory mechanism proposed for the self-initiation

of styrene polymerization35. Although the energy barrier for this coupling step is only 1.2 eV, it relies on



the encounter of two molecules in their proper conformations which likely results in a low attempt fre-

quency, thus slowing down this step of the reaction.

The final step is the cycloaromatization of the hexadiene bridge in 3, which starts with the sequential
cleavage of a C-H bond from the two CHs groups, with energy barriers of 1.6 eV and 1.4 eV. After
cyclization, the newly formed six-membered ring is then aromatized by a sequential loss of hydrogens,
completing the cycloaromatization process to form 4. The effective barrier for the complete cycloaroma-
tization step from 3 to 4 is determined by the 3b to 3d transition and is 1.6 eV. It is comparable to the
effective barrier for the formation of 2 from 1. Indeed, species 2, 3, and 4 are observed simultaneously,
suggesting comparable effective energy barriers for their formation. The temperature range of the reac-
tion (~200 °C) corresponds to an activation energy of 1.4 eV, which is in reasonable agreement with 1.6

eV, the value obtained by these calculations (Supplementary Fig. S7).

We note that the energies shown in Fig. 4 consider the cleaved hydrogens to have desorbed from the
surface by the formation of Hz2, which results in an energy gain of -1 eV per hydrogen atom36. Moreover,
each step in which hydrogen is lost (indicated by -H on the energy profile) from the surface is irreversible.
The cumulative energy gain for the Au surface-catalyzed [3+3] cycloaromatization is thus -5.7 eV, ren-
dering this a strongly exothermic reaction (see Supplementary Fig. S6 for an energy profile neglecting

the desorption of Hz).
Scope and limitations of the reaction

We demonstrate the potential of this new phenylene-ring forming reaction by synthesizing a copolymer
(a polyarylene with two different arylene groups) with strictly alternating arylene and phenylene moieties.
The prototypical copoly(arylenephenylene) is obtained by depositing 2,7-diisopropylpyrene (5) (Fig. 5a)
onto the Au(111) surface held at 235 °C. STM images of the surface after deposition of 5 show that the
molecule has polymerized into linear chains of poly(2,7-pyrenylene-1,4-phenylene) 7 (Fig. 5b). Bond-
resolved nc-AFM images of a segment of the polymer clearly reveal the chemical structure of the ex-
pected copolymer with alternating pyrenylene and phenylene moieties and nc-AFM simulations of a
tetrameric chain are in excellent agreement with experimental results (Supplementary Fig. S9), confirm-
ing the synthesis of 7. Additionally, nc-AFM images of non-polymerized precursor molecules (Supple-
mentary Fig. S8) point toward the existence of 6 where the isopropyl groups have dehydrogenated to

isopropenyl groups as expected.

We have also acquired bond-resolved nc-AFM images to understand the occurrence of cross-links (Sup-
plementary Fig. S10). Since pyrene is expected to remain intact at 235 °C on Au(111), the carbon atoms
constituting the newly formed aromatic rings at the cross-links must stem from the isopropyl group. We
observe a variety of different ring geometries at the cross-links, some of which are only possible by
rearrangement of the carbon atoms from the isopropyl group. Such changes are most likely to occur
during the cycloaromatization step and are thought to be the result of a reaction between the reactive
radical intermediates (e.g. 3a-b in Fig. 4) 2337, The cross-links are thus the result of cycloaromatization
of an extended aliphatic carbon chain and provide preliminary evidence that the cycloaromatization pro-
cess described here for the hexadiene link may be extended to longer carbon chains. In addition, as
with 1, the degree of cross-linking can be greatly reduced by performing the on-surface synthesis on an

Au(110) substrate. Under these conditions, 5 polymerizes to uniaxially aligned 7 with no cross-linking



(Supplementary Fig. S11). The uniaxially oriented growth of these polymers makes them a prime can-

didate for transfer to technologically relevant substrates using established methods?38:39,

It may seem ftrivial, but as has been already mentioned, an indispensable prerequisite for cycloaromati-
zation is that the isopropyl-substituted arenes remain adsorbed on the Au surface at the reaction tem-
perature of ~200 °C. This places a limit on the use of low molecular weight precursor molecules, since
their surface interaction is weak. For instance, annealing 9,10-diisopropenylanthracene 8 (Fig. 6a) on
an Au(111) surface to the reaction temperature of 200 °C failed to give detectable products as the mol-

ecule desorbed before polymerization could occur (Supplementary Fig. S12).

The reactivity of the radical intermediates can lead to cross-linking, but it could also undergo the for-
mation of new intra-molecular rings. We have investigated 10-isopropenyl-10'-isopropyl-9,9'-bianthra-
cenyl (9) (Fig. 6b), which was originally designed to obtain a perianthracene-phenylene copolymer
through the planarization of the bianthracenyl unit and the [3 + 3] cycloaddition of the isopropyl/isopro-
penyl substituents upon activation on the Au(111) surface at ~ 200 °C (Supplementary Fig. S13). Strik-
ingly, we observe instead the formation of polymers with five-membered rings that are mirror-symmetric
across the planarized perianthracene core (surface assisted cyclodehydrogenation can occur at 200
°C40) namely with the dicyclopenta[cd,Im]perylene substructure (Fig. 6¢), as shown in the bond-resolved
STM image of 10 acquired with a CO-functionalized tip recorded in the Pauli repulsion regime*'42 (Fig.
6d).This clearly shows that while inter-molecular coupling can occur, the formation of the phenylene
rings is suppressed when the isopropyl group is installed on a zigzag edge and the formation of intra-
molecular five-membered rings is preferred instead. Efforts to understand the mechanism behind the

selective formation of polymer 10 with five-membered rings are ongoing.

Conclusions

The past decade has brought remarkable synergies of chemistry, materials science, and nanoscience.
Polyarylene synthesis, either in solution or on surfaces, meets major needs of research into conjugated
polymers, even more so since more complex topologies such as macrocycles or highly branched hom-
ologs have become available. The further development of the field requires new synthesis concepts.
The transformation of alkyl and alkenyl precursors into aromatic products is of special value since these
are amply available from natural sources. Selective activation of C-H bonds is, thereby, mandatory which
in turn requires a deeper understanding of the underlying catalytic mechanisms. Here we have reported
the Au surface-catalyzed [3+3] cycloaromatization of isopropyl substituents on arenes to form phenylene
rings. Combining nc-AFM for structure identification and DFT-based calculations for reaction barriers
has achieved the comprehensive elucidation of the reaction mechanism. We have also demonstrated
the use of this reaction in the synthesis of copolymers. Isopropyl substitution on arenes thus provides
an easy on-surface pathway for their polymerization with phenylene linkers and adds an important, fully
characterized reaction to the on-surface synthesis toolbox. Finally, the ability to grow these polymers in
a uniaxially oriented manner and their transfer to technologically relevant substrates makes this on-
surface route to copolymers potentially very appealing as desired properties can be achieved by design-
ing the right isopropyl substituted arene precursors.



Methods
STM and nc-AFM experiments

The on-surface synthesis experiments were carried out under ultrahigh vacuum conditions with a base
pressure of 2 x 10-'° mbar. The Au substrates (MaTeck GmbH) were cleaned by repeated cycles of Ar*
ion sputtering (1 keV) and subsequent annealing (400 °C < T < 450 °C). All the molecules were subli-
mated onto the cleaned surfaces in situ from quartz crucibles using a custom-made evaporator. The
sublimation rate of the molecules was determined using a quartz crystal microbalance and the sublima-
tion temperature was adjusted to get the required rate. For room temperature deposition a sublimation
rate of 2 monolayers per hour was used while for deposition on a hot surface a much slower rate of 0.01
monolayer per hour was used. Slow deposition on a hot surface was used to reduce cross-linking by
achieving pseudo high-dilution*3, where the reaction intermediates after coupling of two molecules (such
as 3b) can complete the reaction before encountering a third molecule. The surface temperature was
measured by a pyrometer (Optris) for surface temperatures above 150°C and a thermocouple contact
on the sample plate for lower temperatures. STM and nc-AFM images were acquired with a low-tem-
perature scanning tunneling microscope (Scienta Omicron) operated at 4.7 K with a tungsten tip placed
on a gPlus tuning fork sensor*4. The tip was functionalized with a single CO molecule at the tip apex
picked up from the previously CO-dosed surface*. The sensor was driven at its resonance frequency
(27500 Hz) with a constant amplitude of 70 pm. The frequency shift from the resonance of the tuning
fork was recorded in constant-height mode using Omicron Matrix electronics and HF2Li PLL by Zurich
Instruments. The Az is positive (negative) when the tip-surface distance is increased (decreased) with
respect to the STM set point at which the feedback loop is open. Az is set to zero when the feedback

loop is switched off.

Computational details

All DFT calculations were performed with the AiiDAlab platform+® based on AiiDA*" and the CP2K
code8. The surface-adsorbate systems were modeled within the repeated slab scheme. The simulation
cell consisted of 4 atomic layers of Au along the [111] direction. A layer of hydrogen atoms was used to
passivate one side of the slab to suppress the Au(111) surface state. 40 A of vacuum was included in
the simulation cell to decouple the system from its periodic replicas in the direction perpendicular to the
surface. The electronic states were expanded with a TZV2P Gaussian basis set*® for C and H species
and a DZVP basis set for Au species. A cutoff of 600 Ry was used for the plane-wave basis set. Norm-
conserving Goedecker-Teter-Hutter pseudopotentials®® were used to represent the frozen core elec-
trons of the atoms. We used the PBE parameterization for the generalized gradient approximation of
the exchange-correlation functional.’' To account for van der Waals interactions, we used the D3
scheme proposed by Grimme.52 The gold surface was modeled using a supercell, with its size ranging
from 39.8 x 40.0 A2 (corresponding to 896 Au atoms) to 81.0 x 24.7 A2 (1120 Au atoms) depending on

the dimensions of the adsorbate. The Au(111) slab was planar, and the herringbone reconstruction



associated with this surface was not considered as it would greatly expand the supercell and not signif-
icantly change the chemical activity of the surface®3. To obtain the equilibrium geometries, we kept the
atomic positions of the bottom two layers of the slab fixed to the ideal bulk positions, and all other atoms
were relaxed until forces were lower than 0.005 eV/A. For nc-AFM simulations with AiiDAlab, the equi-
librium geometries and the electrostatic potential obtained with CP2K are used in combination with the

probe particle code developed by Hapala®.

For the characterization of the reaction path of the cycloaromatization reaction, using advanced sam-
pling methods such as meta-dynamics® would be computationally prohibitive due to the large number
of atoms involved. Also relying on the Nudged Elastic Band®® or String Method5” for such a long series
of reaction steps would have a computational cost that we cannot afford. In order to nevertheless obtain
a reasonable estimate of the reaction barriers, we use constrained geometry optimizations by defining
a collective variable (length of a bond between two atoms or amplitude of a dihedral angle) for each step
of the reaction pathway based on the chemical identity of the intermediates identified in Fig. 3. This
collective variable is varied with a fine step size to sample the potential energy with adequate accuracy.
Each intermediate geometry is optimized without constraints. The energy profile resulting from such a
series of constrained geometry optimizations, where all atomic degrees of freedom are allowed to relax
subject to the constraint of the collective variable, provides a reasonable estimate of the reaction barrier.
In the reaction step from 3b to 3¢, however, a single collective variable did not provide a satisfactory
description of the reaction path, and we resorted to a NEB calculation for this step. The NEB calculations

were performed on 24 replicas interpolating 3b to 3¢ with inter-replica distances less than 1.4 A.

Data Availability

All the STM, nc-AFM and computational datasets shown in the manuscript and the supporting infor-
mation are available from: doi.org/10.24435/materialscloud:yy-sc®®

Code Availability

The CP2K software package is available at: https://www.cp2k.org/ and AiiDAlab software package can
be downloaded at: https://www.materialscloud.org/work/aiidalab.
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Fig. 1 | On-surface polyarylene synthesis. a, direct ring coupling of a dihalo-arene's, b, coupling of

two isopropyl substituted arylenes resulting in a repetitive [3+3] cycloaromatization process.
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Fig. 2 | Formation of new phenylene rings by the homocoupling of diisopropyl-substituted ter-

phenyl on Au(111) and Au(110) surfaces. a, The summarized pathway from 1 to 4 through the [3 + 3]
cycloaromatization of a pair of isopropyl substituents to form a phenylene ring. In a-e, the carbon atoms
involved in the reaction sequence are labeled with red, blue, and grey circles. The first step is the dehy-
drogenation of the isopropyl group of 1 to yield the propenyl group in 2 (marked by double bond formation
between the red and the grey carbon atoms). Subsequently, the intermediate 2 couples at the site of
the carbon atoms marked in red (hollow circles are used to indicate the second monomer for the for-
mation of the polymer) to give 3. In the last step, the alkenyl link of 3 undergoes cycloaromatization
producing the new phenylene rings of 4. As there are two reaction sites in 1, the homocoupling can
occur at both ends, leading to the formation of polymers. b-e, DFT optimized structure of the reaction
sites in 1, 2, 3, and 4 respectively. f, STM image acquired after deposition of 1 on Au(111) held at 200
°C, where cross-linked linear polymer chains are found (tunneling conditions: V = -1V, /=100 pA). g,
Formation of long polymers on Au(110) by deposition of 1 and subsequent annealing at 200 °C. The
polymers are aligned along the missing row reconstruction of the Au(110) surface (V=-0.5V, /=50 pA).
h, An example of a polymer longer than 80 nm. The change in contrast along the length of the polymer
is due to a change in the adsorption geometry of the polymer chain® (V=0.02 V, / = 100 pA). To better
distinguish the linear polymers from the linear reconstruction of the Au(110) surface, all polymers in f-h

(all scale bars are 10 nm) have been tinted yellow.
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Fig. 3 | Confirmation of chemical structures of 1 to 4. Experimental STM and high-resolution nc-
AFM images, together with simulated nc-AFM images and DFT optimized geometries of 1, 2, 3, and 4
on Au(111) for proof of the chemical structures. The bulky isopropyl group prevents the resolution of the
terphenyl backbone upon nc-AFM visualization of 1. Upon planarization to isopropenyl groups in 2,
however, the three phenylene units can be clearly resolved. The ends of the molecule have a single
bright protrusion due to the CHs group while the CH2 group appears less bright as it is at the same height
as the phenylene repeat units. Images obtained on 3 reveal bright protrusions that are characteristic of
the CHs group adjacent to the newly formed C-C bond, proving that polymerization occurs by intermo-
lecular C-C coupling at the CH> sites. A linear chain of 15-phenylene rings in 4 results from cycloaro-
matization of four precursor moieties. The newly formed rings, highlighted by white arrows, are identical
to those already present in the terphenyl backbone, thus confirming their identity as phenylene rings. a,
Chemical structure of 1, 2, 3, and 4, and the process of the reaction. b-e, Experimental STM images
(tunneling parameters: b, V=100 mV, / = 10 pA and c-e, V =-20 mV, / = 100 pA. See Supplementary
Fig. S2 for substrate orientations). f-i, Experimental nc-AFM images obtained with a CO-functionalized
tip (Az = 275 pm, 165 pm, 210 pm, and, 195 pm for f-i the feedback loop was switched off with the
parameters f: [ = 40 pA, V=-5mV; g: I =100 pA, V =-5mV; and, h-i: I =100 pA, V=5 mV, on the
Au(111) surface). j-m, Simulated nc-AFM images (using the Probe-Particle model®') of the systems
whose DFT-optimized geometry is represented in n-q (top views) and r-u (side views). Scale bars are

1 nm.
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Fig. 4 | Theoretical investigation of the reaction mechanism. The energy barriers of all individual
reaction steps are estimated by means of DFT optimizations along a specific reaction coordinates. The
scheme of the reaction mechanism is represented with only the terminal phenylene ring and the three
carbon atoms constituting the isopropyl group above the energy profile. The calculations are performed
by starting from 1. The DFT-computed energy barriers for each step are plotted in scale, after subtracting
the energy of formation of 1 and the experimentally observed species are labelled in black while the
intermediates are in grey. The calculations account for the entropic contribution from the desorption of
the hydrogen molecules (-1 eV per H atom)3®. The loss of hydrogen atoms is indicated by —H below the
energy profile of the reaction step where C-H bonds are broken. Geometry optimized structures of 1 to
4 are shown labelled beside the energy profile. The carbon atoms participating in the cycloaromatization
are labelled with red, grey, and blue for better comparison with the reaction pathway described in

chemical structures.
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Fig. 5 | Formation of pyrenylene-phenylene copolymers. a, On-surface synthesis of the copolymer
poly(2,7-pyrenylene-1,4-phenylene). 5 is synthesized in solution and deposited on an Au(111) surface
held at 235°C, where it is thermally dehydrogenated toward 6 and subsequently polymerized to 7. b,
Overview STM image showing the resulting copolymers with alternating pyrene and phenylene moieties
on the Au(111) surface (tunneling parameters: I = 100 pA, V =-1V, scale bar: 10 nm). ¢, Bond-resolved
nc-AFM image of a polymer chain showing the alternating pyrenylene and phenylene repeat units (Az
= 0 pm, feedback loop switched off at the set-point of: / = 120 pA, V = -10 mV in the center of the

lowermost pyrene moiety scale bar: 1 nm). d, Sketch of the structure shown in ¢.

a b

O 200 °C .
O W Desorption O O
W,

Fig. 6 | Design constraints on the [3+3] cycloaromatization reaction. a, 9,10-diisopropenylanthra-
cene (8) desorbs from the surface before polymerization can occur. b-¢c, 10-isopropenyl-10'-isopropyl-
9,9'-bianthracenyl (9), upon deposition and subsequent annealing on Au(111), forms oligomeric chains
of 10. d, Bond-resolved STM image of 10 revealing the mirror-symmetric formation of 5-membered rings,
the chemical structure of the chain is shown in c. (Az is -50 pm, feedback loop switched off at the set-

point of / = 100 pA, V =-10 mV in the center of the leftmost perianthracenyl moiety. Scale bar is 1 nm).
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