
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
4
8
3
5
0
/
1
6
1
2
9
1
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
2
0
.
4
.
2
0
2
4

Angewandte
International Edition

A Journal of the Gesellschaft Deutscher Chemiker

www.angewandte.org
Chemie

Accepted Article

Title: Exploiting Cooperative Catalysis for the On-surface Synthesis of
Linear Heteroaromatic Polymers via Selective C-H Activation

Authors: Xunshan Liu, Adam Matej, Tim Kratky, Jesús I. Mendieta-
Moreno, Sebastian Günther, Pingo Mutombo, Silvio
Decurtins, Ulrich Aschauer, Jascha Repp, Pavel Jelinek, Shi-
Xia Liu, and Laerte L. Patera

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Angew. Chem. Int. Ed. 10.1002/anie.202112798

Link to VoR: https://doi.org/10.1002/anie.202112798

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202112798&domain=pdf&date_stamp=2021-11-17


COMMUNICATION          

1 

 

Exploiting Cooperative Catalysis for the On-Surface Synthesis of 

Linear Heteroaromatic Polymers via Selective C-H Activation 

Xunshan Liu,+[a,b] Adam Matej,+[c,d] Tim Kratky,[e] Jesús I. Mendieta-Moreno,[c] Sebastian Günther,[e] 

Pingo Mutombo,[c] Silvio Decurtins,[a] Ulrich Aschauer,[a] Jascha Repp,[f] Pavel Jelinek,*[c,d] Shi-Xia 

Liu,*[a] and Laerte L. Patera*[e,f] 

[a] Dr. X. Liu, Dr. U. Aschauer, Prof. Dr. S. Decurtins, PD Dr. S.-X. Liu 

Department of Chemistry, Biochemistry and Pharmaceutical Sciences  

University of Bern 

3012 Bern (Switzerland) 

E-mail: shi-xia.liu@unibe.ch 

[b] Present address: Dr. X. Liu  

Department of Chemistry 

Zhejiang Sci-Tech University  

Hangzhou (China) 

[c] A. Matej, Dr. J. I. Mendieta-Moreno, Dr. P. Mutombo, Prof. Dr. P. Jelinek 

Institute of Physics of Czech Academy of Sciences 

16200 Prague (Czech Republic) 

E-mail: jelinekp@fzu.cz  

[d] A. Matej, Prof. Dr. P. Jelinek 

Regional Centre of Advanced Technologies and Materials 

Czech Advanced Technology and Research Institute (CATRIN) 

Palacký University Olomouc 

78371 Olomouc (Czech Republic) 

[e] T. Kratky, Prof. Dr. S. Günther, Dr. L. L. Patera 

Department of Chemistry and Catalysis Research Center 

Technical University of Munich 

85748 Garching (Germany) 

E-mail: laerte.patera@tum.de 

[f] Prof. Dr. J. Repp, Dr. L. L. Patera 

Institute of Experimental and Applied Physics 

University of Regensburg 

93053 Regensburg (Germany)  

 

+ X.L. and A.M. contributed equally. 

 Supporting information for this article is given via a link at the end of the document. 

 
Abstract: Regiospecific C-H activation is a promising approach to 

achieve extended polymers with tailored structures. While a recent 

on-surface synthetic approach has enabled regioselective 

homocoupling of heteroaromatic molecules, only small oligomers 

have been achieved. Herein, selective C-H activation for 

dehydrogenative C-C couplings of hexaazatriphenylene by Scholl 

reaction is reported for the first time. By combining low-temperature 

scanning tunneling microscopy (STM) and atomic force microscopy 

(AFM), we revealed the formation of one-dimensional polymers with 

a double-chain structure. The details of the growth process are 

rationalized by density functional theory (DFT) calculations, pointing 

out a cooperative catalytic action of Na and Ag adatoms in steering 

the C-H selectivity for the polymerization. 

The dehydrogenative coupling reaction of two arene rings and the 

ring-closing cyclodehydrogenation process mediated by non-

oxidizing Lewis acids (Scholl reaction) as well as the analogue 

oxidative aromatic coupling reaction occupy a prominent place in 

the synthetic chemistry of polycyclic (hetero)aromatic 

compounds.[1–4] These synthetic protocols are particularly 

advantageous since biaryl linkages can be formed without any 

prefunctionalization of precursor molecules. Not surprisingly, the 

Scholl reaction proved to be most useful for the formation of 

multiple fused rings to obtain polycyclic arenes and 

nanographene compounds.[5–9] However, the C-H 

activation/arylation step in the synthesis of polycyclic aromatic 

hydrocarbons (PAHs) generally lacks selectivity because the C-H 

bonds have, besides a low intrinsic reactivity, only small relative 

differences in their reactivity.[9,10] Complementary to the well-

established Scholl reaction in solution, the analogous surface-

assisted C-C coupling process exhibits stunning efficiency for the 

fabrication of nanographenic and other atomic-scale 

structures.[11–13] For the intramolecular bond formation, the 

cyclodehydrogenation process occurs between two arene rings in 

close proximity and consequently, its regioselectivity can to a 

large extent be controlled.[12,14–16] However, for the intermolecular 

case, the bond selectivity of the dehydrogenative aryl-aryl 

coupling cannot be predicted a priori when the molecules contain 

several C-H bonds.[17–19]  
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Recently, the selectivity in aryl-aryl coupling has been addressed 

by exploiting the regioselectivity of on-surface homocoupling of 

tetraazapolycyclic pyrazino[2,3-f:4,7]phenanthroline molecules 

(pap) on the Au(111) substrate.[20] There the C-H bond scission 

was reported to be clearly regiospecific, since ortho-hydrogen 

atoms of the pyrazine rings are preferentially activated over their 

pyridine equivalents, as clarified by scanning tunneling (STM) and 

noncontact atomic force microscopy (AFM) imaging.[20] However, 

the resulting covalent structures were limited in size, being 

restricted to small clusters, mainly composed of dimers, trimers 

and tetramers. While this approach allows controlling the 

selectivity of the Scholl reaction, novel strategies for the synthesis 

of extended polymers are still needed. Cooperative catalysis, 

where multiple catalysts and catalytic cycles work synergistically 

to promote single-bond formation, is an appealing approach to 

achieve new reaction schemes.[21–23] However,  its potential in the 

field of on-surface synthesis has largely been unexplored. 

Here, we report on a surface-assisted synthetic protocol which 

leads to selective C-H activation for dehydrogenative C−C 

couplings of hexaazatriphenylene (HAT) molecules,[24] affording 

linear heteroaromatic polymers in the presence of Na adatoms on 

a Ag(111) surface (Scheme 1). Each HAT chain is featured with 

contiguous bidentate N^N coordination pockets induced by cisoid 

conformations for catena-2,2’-(1,10-phenanthroline) skeletons 

along the chain. Two chains are aligned in parallel through Na 

coordination to N^N chelating pockets. Previously, gold-adatom 

coordination to a tetradentate N^N pocket was observed to steer 

a cisoid conformation for the formation of a dimeric pap molecule, 

two of which are also parallel aligned via two gold adatoms 

coordination to N^N pockets.[20] Similarly, a cisoid on-surface 

conformation of 2,2’-bipyridine triggered by metal coordination 

was demonstrated.[25] Notably, its chelate complex with a single 

Na atom is formed when a π-conjugated tetrathiafulvalene-fused 

dipyridophenazine molecule is adsorbed on NaCl/Cu(111).[26] In 

the present work, the growth of two coordinatively bonded HAT 

chains, which are observed to be of equal length, is inherently due 

to a regiospecific homocoupling of a (HAT)2-Na dimer through 

selective activation of the C-H bonds in meta-positions to the N^N 

chelating pocket. In other words, this polymerization is initiated by 

complexation with Na forming a (HAT)2-Na dimer while the 

subsequent C-H activation with high selectivity is catalyzed by 

individual Ag adatoms, finally leading to a double-chain structure 

via the dehydrogenative aryl-aryl coupling.  

Deposition of the HAT molecules on the Ag(111) surface kept at 
≈ 10 K and sequential annealing to 300 K (Figure 1a) result in 
extended crystals, consisting mainly of self-assembled monolayer 
islands.[24] Subsequent annealing to 700 K leads to the complete 
desorption of the molecules (Figure 1b). A different scenario is 
instead observed once a NaCl sub-monolayer (ML) is co-
deposited together with the HAT molecules (Figure 1c). There, 
upon subsequent annealing to 700 K, no NaCl island has been 
observed, while polymers are found on the Ag surface 
(Figure 1d), covering the step edges, and extending on the flat 
terraces. A close-up at the polymers by STM imaging (Figure 2a) 
shows that the products are composed of linear structures (see 
Figure S1). 

  

Scheme 1. A Schematic Illustration of the surface-assisted polymerization of HAT molecules in the presence of Na. Adjacent chains are aligned via contiguous 
N^N coordination pockets offering four-fold coordination sites.   

 

 

Figure 1. On-surface synthesis of heteroaromatic polymers. (a, b) STM 
images acquired after annealing a sub-monolayer of HAT on Ag(111) to 
300 K  (a), showing extended self-assembled monolayers, with small 
bilayer islands, and to 700 K (b). (c, d) STM images acquired after 
annealing a sub-monolayer of HAT and NaCl (0.3 ML) on Ag(111) to 
300 K (c) and 700 K (d). All the images have been acquired in constant-
current STM mode. (a) Measurement parameters: tunneling current I = 
1.7 pA, sample bias voltage V = 1.0 V. (b) I = 1.9 pA, V = 1.0 V. (c) I = 1.4 
pA, V = 1.5 V. (d) I = 1.1 pA, V = 1.0 V. 
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These experimental observations raise the point about the role of 
the co-deposited NaCl film in enabling a reaction pathway for the 
dehydrogenative C-C coupling of the HAT molecules. Upon 
thermal treatment of co-deposited HAT and NaCl sub-monolayers 
on Ag surfaces, the ionic lattice decomposes (see XPS data in 
Figure S2), with Cl- desorbing  in form of volatile AgCl species,[27] 
while part of the Na remains on the surface.[28] This suggests a 
potential role of the Na adatoms in driving the polymerization. 
Spontaneous dissociation of NaCl and subsequent coordination 
of Na adatoms with organic molecules have been reported to 
occur upon surface annealing at elevated temperatures.[28–32] 
However, apart from simple intramolecular reactions such as 
tautomeric isomerization of guanine[33] and deprotonation of  
terephthalic acid,[34] no Na-assisted intermolecular coupling has 
been identified so far. 

Detailed insight is provided by AFM imaging with CO-
functionalized tips.[35] The contrast in the AFM frequency shift (Δf) 
image (Figure 2b) clarifies the formation of covalent bonds 
between the HAT molecules, whereby the activation of the 
hydrogen atoms in meta-positions to the chelating N atoms leads 
to covalently bonded linear structures (Figure 2b). Notably, each 
chain is coupled with a parallel one, indicating the presence of 
atomic species which coordinate to adjacent chelating N^N 
pockets. However, likely to the lower adsorption height with 
respect to the molecular structures, they cannot be resolved by 
constant-height AFM imaging.[36,37] Since both Na and Ag 
adatoms could potentially coordinate with the HAT molecules,  
chemical identification of the atomic species is crucial. Upon 
deposition of the HAT molecules on the bare Ag(111) and 
annealing to 300 K, high-resolution AFM imaging revealed the 
formation of purely H-bonded structures, without any evidence of 
organometallic structures involving Ag adatoms.[24] This evidence 
suggests that coordination of the HAT molecules with Ag adatoms 
is not favorable, even at rather elevated temperatures where 
native surface adatoms become largely available,[38] indicating the 
incorporation of Na adatoms in the chelating N^N pockets. This 
scenario is also supported by the simulated constant-height AFM 
image[39] in Figure 2c, obtained using fully relaxed atomic 

structure of HAT polymer coordinated by Na on the Ag(111) 
surface (Figure 2d). 

We performed quantum mechanical calculations to elucidate a 
possible reaction mechanism and regioselectivity of HAT 
molecules towards one-dimensional polymers. Namely we 
studied first the role of Na adatoms in the formation of the chain. 
Therefore, to understand the importance of Na, we carried out a 
comparative study of the interaction of Na and Ag adatoms with 
the monomer and dimer of HAT molecules on the Ag(111) 
surface. While the calculated Hirshfeld charge of a Ag adatom 
(+0.04 e) is negligible, showing its neutral character, the Na 
adatom has a notable positive charge (+0.35 e). This indicates a 
cationic character of sodium adatoms on the surface (see Table 
S1). The calculated binding energies of Na and Ag adatoms to 
HAT molecules show greater binding energy with the former for 
both monomer and dimer complexes (see Table S2). This 
demonstrates that an organometallic dimer formed by two HAT 
molecules with a Na adatom in between is the most stable 
system. Figure 3 displays the calculated differential electron 

density (Δ𝜌), defined as Δ𝜌 = 𝜌all−𝜌complex−𝜌Ag(111), being 𝜌all, 
𝜌complex and 𝜌Ag(111), the electron densities of the relaxed complex 
on the surface, of the complex in the gas phase, and of the bare 
Ag(111) surface, respectively. The spatial distribution of Δ𝜌 
indicates the presence of coordination bonds between Na and N 
atoms of HAT molecules (see also Figure S3). The total energy 
DFT calculations of the dimer (HAT)2-Na complex on the Ag(111) 
surface reveal strong interactions between them, as corroborated 
by a pronounced charge transfer from HAT ligands to the 
substrate, which enhances the binding energy (see Table S2) of 
the dimer on the Ag(111) substrate. Notably, the formation of the 
(HAT)2-Na complex substantially increases the desorption 
temperature with respect to bare HAT molecules, allowing for 
higher reaction temperatures to be reached before desorption 
from the surface. Thus, sodium complexation enables to reach 
elevated annealing temperatures facilitating the condition for 
polymerization reaction. 

 

Figure 2. Linear heteroaromatic polymers. (a) Constant-current STM 

image after annealing to 700 K of a Ag(111) surface covered by a sub-
monolayer of HAT and NaCl (0.3 ML). Arrows indicate the positions of 
monomers in a linear chain (I = 1.3 pA, V = 1.0 V). (b) Constant-height Δf 
AFM image acquired with a CO-functionalized tip at Δz = -2.7 Å, given 
with respect to an STM setpoint of (I = 1.1 pA, V = 0.1 V). AFM oscillation 
amplitude, A = 0.5 Å. (c, d) Simulated AFM image and structural model, 
respectively. (d) Grey, blue, white and violet spheres represent carbon, 
nitrogen, hydrogen and sodium atoms, respectively.  

 

Figure 3. Calculated charge transfer between the (HAT)2-Na complex and 

the Ag(111) surface. The differential electron density (Δ𝜌) is displayed at 
isosurface of 0.005 e/Å3. Green and red color represent negative and 
positive value of Δ𝜌, respectively. The spatial distribution of Δ𝜌 indicates 
strong interactions between (HAT)2-Na complex and Ag(111) via a 
pronounced charge transfer from the HAT ligands to the Ag(111). (a, b) 
Top and side views, respectively. 
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It is evident that the polymerization has to be initiated through 
dissociation of hydrogen atoms to form a free radical which will 
facilitate intermolecular covalent coupling between HAT units. 
Therefore, we first analyzed the bond-dissociation energies 
(BDE) for three inequivalent hydrogens presented in the 
monomer (HAT)1-Na and dimer (HAT)2-Na complexes, as shown 
in Figure 4a,b. Calculated values of BDE indicate a preferential 
hydrogen dissociation near the Na adatom. These BDE values in 
both cases (95.6 kcal/mol for the monomer and 92.4 kcal/mol for 
the dimer) are lower than a calculated BDE value for a free HAT 
molecule (112.2 kcal/mol) although still too high for temperature-
driven direct C-H bond scission. Thus, we considered the 
possibility that the C-H bond breaking is mediated by an Ag 
adatom acting as a catalyst. In fact, such mobile adatoms, 
commonly present on metal surfaces at elevated temperatures, 
have been recently shown to promote important reaction steps, 
as keto-enol tautomeric dehydrogenation,[40] and C-C coupling.[41–

43]  Therefore, we carried out QM/MM[44] free energy calculations 
with WHAM methodology[45] to explore this hypothesis. Indeed, 
the QM/MM simulations reveal significant reduction of activation 
energies by ~60 kcal/mol. We found that the lowest activation 
energy barrier of the dehydrogenation corresponds to meta 
position, 35.4 kcal/mol, for a molecule dimer (green in 

Figure 4c,d). The activation energies for the ortho (blue in Figure 
4c,d) and para (red in Figure 4c,d) are slightly higher, being 41.9 
and 50.2 kcal/mol respectively. It is between the dimer (HAT)2-Na 
and the monomer (HAT)1-Na (55 kcal/mol, Figure S4) where we 
observe that the dimer is not only the most stable structure, but 
also has a lower activation energy by 20 kcal/mol. These results 
point toward kinetically driven regioselectivity with a propensity of 
the system toward polymerization in the direction perpendicular to 
the (HAT)2-Na complex, creating two parallel 1D chains held 
together by Na in tetradentate N^N position. It is worth 
emphasizing that the hydrogen dissociation in Figure 4 is only the 
first reaction step toward the polymer. The resulting (HAT)2-Na 
radical complex is highly susceptible to the formation of covalently 
bonded complexes with adjacent (HAT)2-Na radical rather than 
HAT itself, due to the energetic preference of the H-dissociation 
at their meta positions. Therefore, we can assume that growth of 
linear polymeric structures occurs via coupling of (HAT)2-Na 
complexes, rather than through the attachment of individual HAT 
radicals. This scenario is supported by the experimental 
observation of polymers composed of two chains of equal length, 
suggesting that the polymers grow directly as coupled chains, 
rather than by chain pairing upon cooling. 

In conclusion, we investigated the on-surface polymerization of 
HAT molecules on Ag(111) in presence of Na adatoms, leading 
to the formation of one-dimensional structures composed of 
coupled polymeric chains. By combining high-resolution scanning 
probe microscopy with DFT calculations, we elucidated the 
peculiar cooperative catalytic role of Na and Ag adatoms in 
steering both the polymerization and the regioselectivity of the 
Scholl reaction. Our results pave the way to further studies on 
cooperative catalytic effects of metal adatoms in steering novel 
coupling reactions on surfaces.  
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The cooperative catalytic role of sodium and silver adatoms in steering the on-surface polymerization of hexaazatriphenylene molecules 

on Ag(111) is demonstrated. By combining high-resolution scanning probe microscopy with density functional calculations, we elucidate 

how complex surface processes can be enabled by addition of atomic species designed for catalyzing specific reactions steps. 
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