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The role of organometallic intermediates during on-surface polymeri-
zation via Ullmann coupling was studied on Ag(111). The polymeriza-
tion progress was monitored by X-ray photoelectron spectroscopy
(XPS). Scanning Tunneling Microscopy (STM) was used to characterize
organometallic and covalent networks and to identify the temperature
regimes for organometallic and covalent bond formation.

In recent years, low-dimensional organic covalent materials have
gained significant research interest due to unprecedented chemical
and mechanical stability. In combination with their adjustable
electronic properties, 2D polymers are perfectly suited for applica-
tions in (opto)electronic devices."”” On-surface Ullmann polymeri-
zation has become an established route for the tailored fabrication
of covalent nanostructures.>® The observed low structural quality
of 2D networks originates from the irreversibility of the newly
formed C-C cross-links, inhibiting error correction processes.
On the other hand, non-covalent self-assembly is well known to
yield highly ordered structures. In this respect, the formation of
metastable organometallic chains”® and even 2D networks® as
established intermediates in on-surface Ullmann couplings
may be used for improving the structural quality of 2D covalent
networks. A necessity therefore is the reversibility of the organo-
metallic bonds. Since C-Cu bonds are relatively strong, silver
appears to be the most promising metal due to its intermediate
reactivity. In this context, detailed knowledge about the tem-
perature regimes where organometallic C-Ag-C bonds may
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become reversible and where they are irreversibly converted
into covalent C-C bonds is required.

Herein, we use finely-tuned tempering protocols to demonstrate
a stepwise on-surface Ullmann polymerization leading to 2D porous
covalent networks on Ag(111) via intermediate organometallic net-
works. On-surface Ullmann coupling relies on the catalytic pro-
perties of the metal surface for cleavage of weakly bound halogen
substituents. Therefore, the halogen side groups play a decisive role:
at room temperature, deiodination takes place spontaneously on
Cu, Ag, and Au.*'® On the other hand, bromine is fully split off on
copper,”™" partially on silver,” and not at all on gold."”> On copper
and silver surfaces, the surface-bound radicals directly form meta-
stable organometallic structures based on carbon-metal-carbon
bonds. On gold, however, organometallic bonds are only occasionally
observed.”® An important difference is the formation of disordered
organometallic networks on copper as opposed to partly ordered
structures on silver.'* These observations suggest the irreversibility of
C—Cu bonds that are normally stronger than C-Ag bonds. On the
other hand, the relatively low binding energy of the C-Ag bond
promotes its reversibility. This enables the possibility of structural
rearrangements during the polymerization of the organometallic
intermediate. Accordingly, self-assembly of organometallic precursor
networks may be used to improve the structural quality of sub-
sequently formed covalent networks. One requirement, however, is
that the organometallic network can undergo equilibration and error
correction prior to the formation of irreversible covalent bonds by
releasing the interlinking silver atom. Interestingly, on copper this
conversion is not always possible, because the required temperature
for breaking C-Cu bonds can already exceed the thermal stability of
the monomer."

To study the potential differences between I and Br function-
alization, 1,3-bis(p-bromophenyl)-5-(p-iodophenyl)benzene (BIB,
cf inset Fig. 1(c)) was chosen as the monomer. BIB was deposited
in UHV onto Ag(111) either held at room temperature (RT) or
heated above 125 °C. Additionally, X-ray photoelectron spectro-
scopy (XPS) was conducted for detailed insights into the tem-
perature dependence of debromination. The resulting structures
and the influence of different preparation protocols - RT
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Fig.1 STM images of self-assembled structures directly obtained after RT
deposition of BIB onto Ag(111) (cf. ESIt for tunnelling parameter). In (b) intact
as well as dehalogenated side groups can be distinguished (white/grey circle).
The inset in (c) depicts the chemical structure of BIB.

deposition and heating vs. high temperature deposition - were
studied by STM.

RT deposition of BIB onto Ag(111) results in a great variety of
coexisting partly ordered arrangements that range from closely packed
to porous structures (Fig. 1). The three-fold structure of BIB is clearly
recognizable in the STM images. The STM data feature two different
contrasts, whereby the molecules are either interconnected by clearly
discernible bright (Fig. 1(a)) or by barely visible faint dots (Fig. 1(b)-(d)).
In both cases, the centerto-center distance of adjacent molecules is
1.62 £ 0.10 nm. In accordance with DFT calculations, this length is
characteristic of organometallic complexes with straight intermolecular
C-Ag—C bonds (¢f ESLT Fig. S3). The formation of these complexes at
RT indicates the availability of a sufficient amount of Ag adatoms. For
the unconnected molecular lobes of BIB, STM reveals clear length
differences, suggesting the coexistence of intact brominated and even
debrominated molecular side groups (Fig. 1(b), highlighted by circles).
Deiodinated and debrominated side groups, however, are indistin-
guishable in the organometallic complexes. For RT deposition C-I
cleavage is well documented on Ag(111),'® whereas the temperature
progression of the debromination is less clear. To obtain detailed
insights, XP spectra of Br 3d core levels were acquired after each step of
successive heating (¢f Fig. 2(a)). Directly after RT deposition, XPS
reveals the coexistence of two chemically distinct Br species (each
giving rise to a spin-orbit doublet), confirming the coexistence of
carbon-bound (Br 3ds, BE 69.8 eV) and chemisorbed bromine (Br 3ds,,
BE 68.2 eV)."® Accordingly, after RT deposition ~38% of the bromine
is split off, and the debromination is completed to ~92% after
annealing at 260 °C. A similar behavior, yet with a substantially higher
amount of initial RT debromination, was already reported for bromi-
nated tetrathienoanthracene on Ag(111).

Guided by the XPS data, the temperature dependent formation
of fully crosslinked organometallic structures was studied by
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Fig. 2 (a) XP spectra of Br 3d on Ag(111) after RT deposition and succes-
sive tempering steps up to 260 °C. STM images of BIB deposited on Ag(111)
(b) at RT with subsequent heating to 125 °C (11 pA, +0.80 V) and (c) + (d)
preheated to 170 °C (7.8 pA, (c) +0.90 V, (d) +0.20 V). The white circles
highlight individual already formed covalent bonds.

tempering at 125 °C to activate almost complete debromination.
The corresponding STM image in Fig. 2(b) shows rather regular
hexagonal porous networks based on straight intermolecular bonds
as commonly observed for Ag" complexes. Both the bond lengths
and the faint dots between the molecules indicate organometallic
networks. Upon heating to 125 °C, further debromination initiates
the reorganization of the partly ordered RT arrangements and
results in the formation of regular porous organometallic networks.
In contrast to RT deposition, the obtained networks largely feature
fully debrominated monomers. Some defects, however, can be
attributed to still intact brominated molecular lobes (¢f Fig. 2(b)).
The rearrangement processes inevitably require breaking and reorga-
nization of organometallic bonds, confirming the dynamic properties
of C-Ag bonds on Ag(111) below ~125 °C. Newly formed covalent
bonds have never been obsetved in this temperature range.

To investigate the effect of the preparation protocol samples
were also prepared by depositing BIB directly onto preheated
substrates. The resulting organometallic networks exhibit com-
parable structural quality (¢f Fig. 2(c) and (d)). However, now
monomers can also become trapped within the pores, i.e. even at
the elevated deposition temperature monomers cannot escape
the pores by diffusing below or above the organic framework.

A further intention of these experiments was to determine the
temperature threshold for conversion of organometallic into covalent
bonds. In this context, the question arises whether the organometallic
networks can be equilibrated before the irreversible formation of
covalent networks sets in. Therefore, a series of experiments with
increasing substrate temperatures was performed, the corresponding
STM data of BIB deposition onto preheated Ag(111) at 170 °C are
shown in Fig. 2(c) and (d). Both images depict the same sample area,
however, with different STM contrasts, originating from different bias
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voltages. In Fig. 2(c) the silver atoms are barely visible, whereas in (d)
they are clearly resolved as protrusions while the organic backbones
of the network appear as depressions. Most intermolecular bonds are
mediated by silver atoms and can thus be assigned to organometallic
bonds. On the other hand, few interconnections do not exhibit any
internal STM contrast and are ~0.26 £ 0.1 nm shorter in length,
indicating the formation of covalent bonds. In conclusion, the
conversion from organometallic to covalent bonds becomes notice-
able at ~170 °C, while individual covalent bonds can form even at
~155 °C (¢f ESIT). The coexistence of both types of bonds suggests a
gradual conversion, whereby the molecules retain their original
arrangement. Remarkably, the temperature regimes for the reversible
equilibration of the C-Ag bonds and the final irreversible C-C bond
formation are well separated. This opens up the possibility of
employing self-assembly and error correction of organometallic net-
works prior to conversion into covalent networks. The potential of
this approach was further explored by tempering samples at extre-
mely slow heating rates (0.07 or 0.31 °C min~") with the intention of
establishing and retaining organometallic equilibrium structures
before covalent bond formation occurs. Again, room vs. high tem-
perature deposition was compared. In both approaches, polymeriza-
tion was initiated by slow tempering to 250 °C. The resulting
networks shown in Fig. 3 exhibit decreased intermolecular distances
of 1.3 nm and a lattice parameter of 2.3 nm, indicating covalent
interlinks. RT deposition with subsequent tempering results in
branched networks with predominantly hexagonal pores and only a
few irregular pentagonal pores (¢f Fig. 3(a)).

Samples prepared by deposition on a preheated surface
(150 °C) and subsequent tempering up to 250 °C, instead,
feature more compact networks (Fig. 3(b)—(d)), whereby highly
ordered and more disordered domains can be distinguished.

Fig. 3 STM images of covalent networks on Ag(111). BIB was deposited at
RT (@) —1.9 V, 24.7 pA) or deposited onto a preheated sample at 150 °C
(b) — (d). Subsequently, both samples were tempered up to 250 °C ((b) + (c)
4.6 pA +3.9V, (d) 5.5 pA, +2.6 V). The circle in (d) marks a still present
organometallic bond in a disordered domain.
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The close-up image in Fig. 3(d) provides a detailed view of a
more irregular domain. Although the relative amount of regular
hexagonal pores is still relatively high, irregular single pentagonal
pores can be recognized and molecules trapped within the pores are
frequently observed. The bright dots within the pores are assigned
to split off halogens (ESLT S2), yet a distinction between Br and I
was not possible. Surprisingly, few organometallic bonds are still
present, but were only observed in disordered regions (cf: Fig. 3(d)).

In summary, we studied the formation of 2D covalent networks
by on-surface Ullmann coupling on Ag(111) with the focus on
intermediate organometallic networks. In contrast to the polymeri-
zation of the comparable monomer 1,3,5-tris(4-bromophenyl)-
benzene (TBB) on Au(111)'* and Cu(111),’ the covalent networks
on Ag(111) exhibit a higher degree of regularity with structurally
perfect domains extending up to 10 nm (c¢f Fig. 3(c)). Fasel et al
account for differences in monomer mobility as an important
surface influence on the structural quality of 2D polymers.'® Addi-
tionally, we propose a decisive role of organometallic intermediates,
in particular, on Ag(111). By moderate tempering at ~125 °C highly
ordered organometallic networks could be stabilized, while a sizable
conversion to covalent networks sets in at markedly higher tem-
peratures of ~170 °C. Future experiments focus on a better under-
standing of error correction in organometallic networks.
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