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Two-dimensional conjugated organogold networks with anthra-tetra-
thiophene repeat units are synthesized by thermally activated
debrominative coupling of 2,5,9,12-tetrabromoanthrall,2-b:4,3-
b’:5,6-b":8,7-b’"']tetrathiophene (TBATT) precursor molecules on
Au(111) surfaces under ultra-high vacuum (UHV) conditions. Per-
forming the reaction on iodine-passivated Au(111) surfaces pro-
motes formation of highly regular structures, as revealed by
scanning tunneling microscopy (STM). In contrast, coupling on bare
Au(111) surfaces results in less regular networks due to the simul-
taneous expression of competing intermolecular binding motifs in
the absence of error correction. The carbon—Au-carbon bonds
confer remarkable robustness to the organogold networks, as
evidenced by their high thermal stability. In addition, as suggested
by density functional theory (DFT) calculations and underscored by
scanning tunneling spectroscopy (STS), the organogold networks
exhibit a small electronic band gap in the order of 1.0 eV due to
their high n-conjugation.

Introduction

Dehalogenative couplings are arguably the most widely used and
important reactions for the on-surface synthesis of extended
covalent and organometallic nanostructures on coinage metal
surfaces.”™ Topologically one-dimensional (1D) structures, with
graphene nanoribbons being the most prominent example,™° are
obtained from ditopic precursor molecules. Two-dimensional (2D)
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New concepts

Dehalogenative couplings as employed for the synthesis of organometal-
lic and covalent nanostructures are the workhorse of on-surface
synthesis. These reactions are typically performed on bare metal
surfaces whose chemical activity lowers the activation temperature so
that the dehalogenation reaction occurs before the reactants thermally
desorb. However, metal surfaces can be detrimental to subsequent
coupling, because the strong interactions hinder monomer mobility
and can also lead to unwanted side reactions. The conceptual idea here
is to tune the reactivity of metal surfaces so that they are still sufficiently
reactive to promote dehalogenation, but passivated enough to mitigate
the detrimental side effects imposed by the strong interactions. This is
achieved by chemisorption of an iodine monolayer from the vapor phase.
We show that (1) iodine-passivated Au(111) can still be reactive for
debromination; (2) the reactivity can be tuned by varying the iodine
exposure used for passivation; (3) the two-dimensional organogold
networks synthesized on iodine-passivated Au(111) are more regular
compared to those synthesized directly on bare Au(111). We
unambiguously demonstrate that the presence of iodine induces
reversibility of the exceptionally strong organogold bonds and
facilitates dynamic error correction, leading to higher structure quality.
In addition, less obvious contributions may arise from network formation
on (partially) closed iodine layers.

networks, on the other hand, can be synthesized from precursors
with more than two halogen substituents. But the structural
quality obtained in 2D is typically relatively low. Linking mono-
mers in two dimensions is more challenging, for example,
because long-range order is often compromised by structural
defects such as topological errors or missing repeat units, which
are inherently absent in topologically linear structures.

In this respect, the organometallic nanostructures that
are usually observed on Cu and Ag surfaces,”*° with rare
exceptions,'! and less frequently also on Au surfaces'®>* after
dehalogenation, hold potential for the on-surface synthesis of
regular 2D networks with application-relevant properties.
Rather than forming direct carbon-carbon bonds, the dehalo-
genated monomers are linked by carbon-metal-carbon bonds

This journal is © The Royal Society of Chemistry 2024
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formed with surface-supplied metal atoms. The organometallic
structures are considered metastable because further annealing
can result in conversion to thermodynamically more stable
carbon-carbon bonded structures by reductive elimination of
the organometallic metal atom, unless prevented by steric
hindrance or too strong organometallic bonds.'>**>°

Robust and regular nanostructures can be obtained in two
ways: (1) organometallic bonds of intermediate strength still
allow equilibration into more ordered but still organometallic
structures, analogous to supramolecular self-assembly. These
are then converted into a similarly regular covalent carbon-
carbon bonded structure in a topotactic reaction,®'®>°73°
(2) organometallic self-assembly can directly yield highly reg-
ular 2D networks with interesting properties. The organo-
metallic bonds can mediate electronic conjugation, resulting
in networks with intriguing properties as electrical conductivity
or catalytic activity.>'™** However, this poses a dilemma: in
order to achieve high network stability, the organometallic
bonds must be sufficiently strong. On the other hand, high
bond strength leads to irreversibility, which precludes error
correction during growth.

The goal here is to explore coupling on iodine-passivated
metal surfaces as a possible complementary new synthesis
route to regular and robust 2D nanostructures. The conceptual
idea of synthesis on passivated surfaces in general is that the
substrate is still chemically active enough to initiate the reac-
tion, while detrimental substrate effects such as limited mono-
mer mobility or side reactions are shielded. The latter is
particularly important for the thiophene-containing monomer
studied here: while thiophenes are highly relevant for organic
electronics,® their widespread use in on-surface synthesis on
metals is limited by their susceptibility to decomposition.'®*®
Previous work on metal surfaces has used inorganic 2D materi-
als such as graphene or hexagonal boron nitride as ultimately
thin passivation layers.***” While it has been shown that either the
attenuated reactivity of the underlying metal or co-deposited metal
atoms can promote dehalogenative couplings, the quality of the
resulting structures has not been significantly improved compared
to synthesis directly on metals.

Here, we have chosen passivation of Au(111) by a monolayer
of chemisorbed iodine (I-Au(111) in the following) for several
reasons: Previously, we have developed a method for post-
synthetic decoupling of covalent nanostructures from the metal
surfaces on which they were grown by intercalation of an iodine
monolayer.*®*° From X-ray standing wave experiments we
inferred a relatively large adsorption height in the order of
6 A with respect to the topmost metal atoms, which indicates
efficient decoupling.’® Moreover, in our recent studies of
supramolecular self-assembly on I-Au(111), we found that the
molecule-surface interactions can be even weaker than on
graphite.**> Iodine adopts a variety of superstructures on
Au(111) where the area density of the chemisorbed iodine
atoms ranges from 4.63 nm™ > for the common /3 x /3R +
30° superstructure up to 5.55 nm~> for the uniaxially com-
pressed p(5 x ./3) superstructure.*>** Accordingly, even a
closed /3 x /3R £ 30° iodine monolayer still has the capacity
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to additionally incorporate a fair amount of dissociated halo-
gens as the byproduct of the coupling reaction. Finally, the
I-Au(111) surface can dynamically and advantageously change
its reactivity during heating due to iodine desorption.

In the present work, we demonstrate that iodine-passivated
Au(111) surfaces can indeed remain reactive for dehalogenation
reactions (c¢f. ESIT for preparation parameters). Debrominative
coupling of the tetra-bromine substituted TBATT precursor
leads to highly robust and n-conjugated 2D organogold net-
works. More importantly, the synthesis on I-Au(111) also offers
a crucial advantage over bare Au(111), namely the high regu-
larity of the obtained 2D organogold networks.

Results and discussion
Bare Au(111)

On-surface polymerization of the TBATT precursor (cf. Fig. 1(a)
for structure) by debrominative coupling has previously been
studied on Ag und Cu surfaces,”> where organometallic net-
works formed with surface-supplied metal atoms. However, the
TBATT-derived organometallic networks were mostly irregular
with only smaller regular patches due to the kinetic competi-
tion between syn- and anti-binding motifs in the irreversible
regime. The conversion from organometallic to covalent was
averted on Cu(111) by the decomposition of the thiophene
moieties at the required temperatures.’®> By contrast, decom-
position was mitigated on Ag(111), where covalent networks
could be obtained via the organometallic intermediate by
annealing at 300 °C.°

For further reference, we first explore the debrominative
coupling of TBATT directly on bare Au(111). Fig. 1(b) and (c)
show STM images of the self-assembled structures obtained
directly after room temperature deposition of TBATT on
Au(111), also confirming the purity of the reactant by the
complete absence of impurities. The lattice parameters of the
oblique unit cell are ¢ = 1.1 £ 0.1 nm, » = 1.4 + 0.1 nm and
76° £ 1°, and the arrangement of the intact TBATT molecules is
controlled by intermolecular Br- - -S, Br- - -H and Br- - -Br halogen
bonds,***® as illustrated by the tentative model of the self-
assembly in Fig. 1(d).

Annealing at 200-220 °C activates the debromination, result-
ing in the mostly irregular networks shown in Fig. 1(e)-(g). The
measured center-to-center distance of 1.5 = 0.1 nm between
adjacent molecules is incompatible with the DFT-calculated
value for direct carbon-carbon bonding of the monomers of
1.203 nm (c¢f. ESI,¥ Fig. S7a), but is consistent with corres-
ponding calculations for organometallic carbon-Au-carbon
bonds (see overlay in Fig. 1(g)) and the organometallic struc-
tures obtained for TBATT on Cu(111) and Ag(111).° Similarly,
organogold networks were observed for tri-bromo-terthieno-
benzene on Au(111),'® that is the three-fold symmetric analo-
gue of TBATT. In summary, in view of our calculations
and previously reported work,”"'® our experiments consistently
indicate the formation of organogold networks after debromi-
nation of TBATT on bare Au(111). To quantify the quality of the
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Fig. 1

(a) Chemical structure of TBATT; (b)/(c) STM images of the TBATT self-assembly on bare Au(111) as observed after room temperature deposition;

(d) tentative model of the self-assembly derived from the experimental structure (C: gray; Br: red; S: green; H: white); intermolecular halogen bonds are
indicated by dashed lines. (e)-(g) STM images of the irregular organogold networks obtained after annealing to 200-220 °C; the image in (g) is overlaid
with DFT-calculated organogold dimers and tetramers in which debrominated monomers are linked by carbon—Au-carbon bonds. The scaled overlays
confirm the size match and thus the chemical identity of the intermolecular bonds. Covalent carbon—carbon bonds are about 0.26 nm shorter than
organometallic carbon—Au-carbon bonds (cf. ESI, Fig. S7) and would result in an obvious mismatch. (tunneling parameters and scale bars: (b) +1.1V,
120 pA, 10 nm; (c) +1.1V, 120 pA, 2 nm; (e) +900 mV, 120 pA, 10 nm; (f) +900 mV, 120 pA, 4 nm; (g) +900 mV, 120 pA, 2 nm, all STM images were acquired

at low temperature).

structure, we performed a statistical analysis of the pore shapes
(624 pores were counted in total and only fully closed pores
were considered), resulting in a proportion of 28% rhombic
pores outlined by four identically bonded molecules with
similar azimuthal orientation (see Fig. 2(f) for structure). The
remaining 72% of closed pores had deviating shapes and also
included pores comprised of either three or more than four
molecules, resulting in an energy cost due to bond angle
deformations. However, we were not able to obtain better
ordered networks directly on bare Au(111).

Iodine-passivated Au(111)

In the next step, TBATT was deposited on I-Au(111) (see ESL, ¥
Materials and methods section for preparation procedures and
parameters), where we observed intact molecules in ordered
supramolecular structures (Fig. 2(a)) that co-existed with dis-
persed single TBATT molecules (Fig. 2(b)). Although the princi-
pal arrangement of the TBATT molecules in the self-assembly is
comparable to that on bare Au(111) (Fig. 1(c)), the rectangular
unit cell is substantially larger with a =1.5 £ 0.1 nm, b =1.7 £
0.1 nm. This marked change in lattice parameters compared to
bare Au(111) underscores the adsorption of the TBATT mole-
cules onto a closed iodine monolayer. As further illustrated by
the tentative model in Fig. 2(c), the intermolecular distances
have increased significantly, resulting in a pronounced weak-
ening of the intermolecular interactions. The model is based on

a commensurate (? i) superstructure (with respect to the
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iodine monolayer) that agrees with the experimental lattice
parameters and reproduces the orientation of both the unit cell
and the TBATT molecules with respect to the iodine lattice. It
also suggests equivalent adsorption sites for all four bromine
substituents of each TBATT molecule. Accordingly, we hypothe-
size that the self-assembly of fully brominated TBATT on
I-Au(111) is governed by registry effects imposed by the highly
corrugated iodine monolayer.

Annealing these samples at 200-220 °C induced a profound
structural change from densely packed to the porous grid-like
network depicted in Fig. 2(d)-(f) with a centered rectangular
unit cell measuring a = 1.8 &+ 0.1 nm and b = 2.1 + 0.1 nm.
These experimental dimensions differ substantially from the
DFT-calculated values of @ = 1.40 nm and b = 1.96 nm for the
putative covalent network (¢f. ESI,T Fig. S7a). However, there is
a good agreement with the DFT-optimized lattice parameters of
a = 1.81 nm and b = 2.30 nm of the organogold networks, in
which the anthra-tetrathiophene moieties are linked by car-
bon-Au-carbon bonds (¢f ESILt Fig. S7b). This structural
assignment is also corroborated by the scaled overlay in
Fig. 2(f). Moreover, the center-to-center distance between adja-
cent molecules in the ordered network of 1.4 £+ 0.1 nm matches
perfectly with the organogold structures obtained on bare
Au(111). More importantly, the organogold networks obtained
on I-Au(111) are highly regular with 92% of the ideal rhombic
pores (1174 closed pores were counted in total).

Interestingly, while the iodine layer appears completely
closed when imaged at room temperature (Fig. 2(d)), corresponding
STM images taken at low temperatures (Fig. 2(e)) reveal darker

This journal is © The Royal Society of Chemistry 2024
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0.86 A

Fig. 2 STMimages of TBATT structures on iodine-passivated Au(111). (a) self-assembly of intact molecules and (b) dispersed single molecules as similarly
observed after room temperature deposition; the brighter appearing areas in (a) correspond to a TBATT bilayer. (c) tentative model of the self-assembled
TBATT structure on I-Au(111); pink full circles indicate iodine atoms of the monolayer. (d)-(f) STM images of highly regular organogold networks as
obtained after annealing at 200-220 °C; the image in (d) was acquired at room temperature and shows an apparently closed iodine layer. However, the
corresponding low-temperature STM image in (e) reveals the fuzzy black areas where iodine was desorbed during the annealing. The apparent height of
the networks is illustrated by the line-profiles below the respective STM image. (f) Close-up STM image with scaled overlay of the organogold network;
below a model of the organogold structure is shown (Au: yellow). (tunneling parameters and scale bars: (a) +1.8 V, 120 pA, 10 nm; (b) +1.8 V, 120 pA,
10 nm; (d) +1.0 V, 120 pA, 10 nm; (e) +1.0 V, 120 pA, 10 nm; (f) +1.0 V, 120 pA, 3 nm, all STM images were acquired at low temperatures except for (d)).

appearing, fuzzy patches of missing iodine. We argue that
iodine partially desorbs during the thermal treatment used to
form the networks. This is supported by STM images of a
similarly prepared I-Au(111) surface acquired at low tempera-
tures before the annealing step, which clearly show that the
seemingly closed iodine monolayer does not completely cover
and passivate the Au(111) surface (¢f. ESI, T Fig. S1). Accordingly,
a gradually decreasing iodine coverage during heating provides
access to the bare Au(111) surface for activation of the debro-
mination. This is also the most plausible pathway by which
the Au-atoms are made available for organometallic bond
formation. While it is plausible that the iodine monolayer is
mostly intact at the onset of debromination, we assume that the
progressive iodine desorption will eventually result in iodine
vacancy islands that can become large enough to accommodate
monomers or even smaller domains of the organogold net-
works. Indeed, the resulting ruggedness of the iodine passiva-
tion layer may also hamper the growth of larger domains of the
organogold networks. It also remains presently unclear whether
the organogold networks are adsorbed on the remaining
patches of the iodine layer or on the bare Au(111). The networks
prepared directly on Au(111) (¢f Fig. 1) exhibit apparent STM
heights between 0.1 and 0.2 nm. On the iodinated surfaces the

This journal is © The Royal Society of Chemistry 2024

apparent height of the networks with respect to the underlying
Au(111) can be estimated by line-profiles extending through the
iodine vacancy islands (Fig. 2(e)). There we find apparent STM
heights either in the order of 0.1 nm, but also occasionally
higher values of >0.2 nm. This may indicate a heterogeneous
sample state with most organogold domains already adsorbed
on bare Au(111) and few remaining on iodine islands. However,
we note that apparent STM heights are generally bias- and tip-
dependent and thus unreliable. For an accurate assessment of
adsorption heights, X-ray standing wave experiments are the
gold standard.*’

To confirm that a certain permeability of the iodine mono-
layer is crucial for debromination, we performed a control with
a highly iodinated sample prepared with a 20-fold increased
iodine exposure (see ESI,¥ Materials and methods section).
After deposition of TBATT and subsequent annealing at
250 °C, which is 30 °C to 50 °C higher than normally used to
initiate debromination, a mostly empty I-Au(111) surface was
imaged by STM (see ESLt Fig. S2a and b). Only upon further
heating to 350 °C were small remnants of reacted molecules
observed at the substrate step-edges, while the iodine was
completely desorbed (see ESI,¥ Fig. S2c and d). This clearly
indicates that the initial iodine exposure used to prepare the

Nanoscale Horiz., 2024, 9,1042-1051 | 1045
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monolayer must not be too high to obtain reactive I-Au(111)
surfaces that facilitate thermally activated debromination.
In addition, we also observed that the reactive I-Au(111)
surfaces prepared with lower iodine exposure show both areas
where the iodine packing is less dense and iodine atom
vacancies (see ESIL1 Fig. S1 and S3), as similarly observed for
electrochemically deposited iodine adlayers.** Furthermore,
we hypothesize that iodine desorption is enhanced in the
less densely packed areas, ultimately promoting progressive
desorption and the formation of larger vacancy islands.

Robustness of the organogold networks

To explore the robustness of the organogold anthra-tetra-
thiophene networks, the samples were annealed to successively
higher temperatures. After annealing at 300 °C, remnants of the
iodine monolayer were still present (¢f ESL* Fig. S4), which
were completely desorbed after annealing at 320 °C. The
corresponding STM images in Fig. 3(a) and (b) confirm the
persistence of the networks. Yet, the line-profiles in Fig. 3(d)
and (e) reveal different pore sizes, clearly indicating the onset
of conversion of organometallic carbon-Au-carbon bonds
into covalent carbon-carbon bonds as similarly observed on
Ag(111).° However, this conversion is also accompanied by a
loss of regularity. When heated to markedly higher tempera-
tures of 400 °C, the degradation becomes apparent in the STM
images (Fig. 3(c)).>® Although the stability is not directly tested
at high temperatures, subsequent STM imaging allows conclu-
sions to be drawn about the integrity of the networks. Disin-
tegration of the organogold networks at high temperatures and
reformation when cooling back to room temperature can
be excluded, since individual monomers would desorb at

1.29 nm
0 1 2 3 4 5
X (nm)

1.0t i —_—
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temperatures above 300 °C (vide infra). Despite the onset of
conversion to covalent at around 320 °C, the organogold net-
works exhibit a remarkable thermal stability, which may seem
surprising at first glance: Metastable organometallic intermedi-
ates upon dehalogenative coupling on metal surfaces are
routinely observed on Ag and Cu surfaces,””*® but less com-
monly on Au surfaces. When observed on Au, the organo-
metallic intermediates are often not very stable: Heating to
200-250 °C already breaks the organogold bonds, resulting in
defined"**®'® or undefined®® covalent products by reductive
elimination of the Au-atom. On the contrary, organogold
nanostructures with high temperature stability of around
300 °C have been reported previously.””*" Most closely related
are the organogold networks prepared from tri-bromo-
terthieno-benzene precursors on Au(111),"® which already
allude to the special role of highly conjugated thiophene-rich
monomers. Based on our observations and the experimental
results published in ref. 19, we formulate the working hypoth-
esis that the high degree of electronic conjugation in the
thiophene-containing scaffold as expressed by the relatively
small electronic band gap (vide infra) gives rise to remarkably
strong organogold bonds. This view is supported by the
increase in DFT-calculated binding energies (BE) of organogold
aggregates with increasing size (see ESIL, T Fig. S8). While the BE
of a single carbon-Au bond of —1.8 eV derived for the thio-
phene dimer with a total of 12 m electrons shows only a
moderate bond strength, the BE increases sharply to —2.7 eV
already for 52 m electrons in the anthra-tetrathiophene dimer.
Doubling the aggregate size to the 2 x 2 tetramer with 104 &
electrons results in a modest further increase in BE to —2.8 eV,
indicating that a plateau has been reached. In summary, the

450 A

. e 1.51nm
1 2 3 4 5
X (nm)

Fig. 3 STM images of TBATT-derived organogold networks synthesized on |-Au(111) acquired after additional heating to (a) and (b) 320 °C and
(c) 400 °C. (d) and (e) corresponding line-profiles as marked in (b). The iodine is completely desorbed at 320 °C, while the networks persist. The line-
profiles reveal two different pore sizes, indicating that annealing at 320 °C partly converts the organogold networks into covalent carbon—carbon bonded
networks by reductive elimination of the organometallic Au-atom as similarly observed on Ag(111).° However, this conversion is accompanied by a loss of
regularity. At even higher annealing temperatures of 400 °C, the blurring of the molecular networks in the STM images indicates the onset
of decomposition of the molecular building blocks. (tunneling parameters and scale bars: (@) +850 mV, 100 pA, 10 nm; (b) +850 mV, 100 pA, 6 nm;
(c) +1.0 V, 120 pA, 10 nm, all STM images were acquired at low temperatures).
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high BE of the carbon-Au bonds found for larger aggregates
can be associated with a high degree of mn-conjugation, and
is consistent with the experimentally observed high tem-
perature stability of the organogold networks. Moreover, the
resulting lack of bond reversibility also explains the limited
regularity of the organogold networks obtained on bare Au(111)

(Fig. 1(e)~(g))-

Electronic properties of the organogold networks

To further explore the potential of the highly stable and regular
organogold networks for electronic applications, we provide a
first combined theoretical and experimental assessment of
their electronic structure. To this end, DFT calculations were
performed on free-standing monolayers with periodic bound-
ary conditions. Valence band and conduction band or shown in
Fig. 4(a) (¢f: ESLt Fig. S9 for full band structure). The calculated
electronic band structure exhibits a surprisingly small band gap
of 0.71 eV (which is presumably underestimated, as is usually
the case with DFT) and dispersive valence and conduction
bands. These results indicate that the conjugation of the
monomers extends through the organogold bonds as pre-
viously also reported for carbon-Ag-carbon bonds,*" resulting
in an overall conjugated network. The continuous electronic
conjugation is already evident in the 2 x 2 anthra-tetra-
thiophene tetramer from the plots of its frontier molecular
orbitals (see ESL{ Fig. $10), which show their delocalization
across the organogold bond. To experimentally underscore
these theoretical results, scanning tunneling spectroscopy
(STS) experiments were performed. The differential conduc-
tance dI/dV versus voltage V spectra shown in Fig. 4(c) were
acquired above the anthra-tetrathiophene moieties, where all
frontier orbitals exhibit intensity (¢f ESLt Fig. S10), and
indicate an electronic band gap in the order of 1.0 eV. However,
these STS experiments were conducted at liquid nitrogen
temperatures, so thermal broadening cannot be neglected
and fine details cannot be interpreted. Nevertheless, the data
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-4.0
band gap 0.71 eV

energy (eV)

-4.5

-5.0
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clearly indicate a comparatively small electronic band gap in
accord with the DFT calculations.

Mechanistic insights

Finally, we address the question of how the iodine monolayer
might promote the formation of regular organogold networks.
Two effects are conceivable: (1) network formation on top of the
iodine layer is advantageous for achieving regularity. Possible
mechanisms of action are either an enhanced monomer mobi-
lity on I-Au(111) compared to bare Au(111), or registry effects
that favor a uniform orientation of the monomers, hence
homotacticity. (2) The presence of iodine induces reversibility
of the otherwise irreversibly strong carbon-Au-carbon bonds,
thereby facilitating dynamic error correction.

To further elucidate the possibility of iodine-induced rever-
sibility of the organogold bonds, we performed complementary
experiments: TBATT was first deposited on bare Au(111), and
then iodine was co-adsorbed. Two different but comparatively
small iodine exposures were investigated, small enough that
the iodine did not intercalate between Au(111) and TBATT,
i.e. the molecules remained directly adsorbed on the metal
surface. The sample was then subjected to the usual thermal
treatment and heated to temperatures of 200-220 °C. The
subsequently acquired STM images in Fig. 5(a) and b unveil
formation of organogold networks of intermediate quality as
judged by the proportion of 76% ideal rhombic pores (896
closed pores were counted in total) (see ESIL{ Fig. S5 for
additional data). This is still better than the 28% rhombic
pores found for synthesis on bare Au(111) without iodine, but
does not reach the 92% achieved on I-Au(111). We interpret
this finding as follows: On the one hand, iodine facilitates error
correction during growth of organogold networks by inducing
reversibility of carbon-Au-carbon bonds. This explains the
improved network regularity as compared to synthesis on bare
Au(111) in the absence of iodine. On the other hand, co-
adsorption of iodine on Au(111) hinders network formation

VBias (V)

Fig. 4 Theoretical and experimental assessment of the electronic structure of the TBATT-derived organogold networks. (a) DFT band structure
calculations. Only the valence and conduction band are shown here (cf. ESI, T Fig. S9 for a full band structure). (b) STM image showing the positions where
spectra were acquired, i.e. above the anthra-tetrathiophene moieties (tunneling parameters and scale bar: +1.0 V, 120 pA, 2 nm, acquired at low
temperature). (c) d//dV versus voltage curves (lock-in modulation parameters: 329 Hz, 50 mV) acquired at the positions indicated in (b). Although the
spectra deviate slightly from each other, the general features are similar: onset of a pronounced feature in the unoccupied states at +0.7 V and onset
of a weaker feature in the unoccupied states at —0.3 V as marked by the dashed vertical lines. In addition, all spectra consistently show a weak feature at
—-0.1to -02V.
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Fig. 5 STM images of TBATT-derived organogold networks synthesized
by co-deposition of TBATT and iodine on bare Au(111). After deposition of
the molecules, the samples were exposed to 1 x 10~ mbar I, for (a) 10 min
and (b) 1 min and annealed in UHV at 200 °C for 15 min to form the
networks. The presence of iodine on the surface mediates the formation of
organogold networks that are with 76% rhombic pores more regular than
those obtained on bare Au(111) (28% rhombic pores), but still exhibit more
defects than those obtained on I-Au(111) (92% rhombic pores) by inducing
reversibility in the carbon—-Au-carbon bonds. Analogous to Fig. 2, the
iodine layer appears more or less closed when imaged at room tempera-
ture (b), whereas extended vacancy islands are clearly visible when imaged
at low temperature (a). (tunneling parameters and scale bars: (a) +1.2 V, 120
pA, 6 nm, acquired at low temperature; (b) +1.0 V, 120 pA, 6 nm, acquired
at room temperature).

by reducing mobility of the molecules and imposing spatial
constraints.”” These are caused by the expansion of the mole-
cular structure during the formation of the porous organogold
networks from the more densely packed self-assembly on bare
Au(111) when the otherwise free areas are covered with iodine.
This explains why the network regularity on Au(111) with co-
adsorbed iodine remains lower than that of the networks
synthesized on I-Au(111). Conversely, we attribute the high
regularity of the organogold networks obtained on I-Au(111) as
compared to bare Au(111) with co-adsorbed iodine, at least in
part, to initial network formation on a more or less closed
iodine layer rather than between co-adsorbed iodine atoms.
However, the exact role of the closed iodine layer as a possible
venue for formation of extended networks is less clear. First, it
is not known how much iodine is already desorbed when
debromination proceeds and more extended networks are
formed. In addition, it remains presently unclear whether an
iodine monolayer facilitates higher or lower mobility for the
debrominated species.

But a further control confirmed the iodine-induced reversi-
bility as an experimental fact: Organogold networks synthe-
sized on I-Au(111) as in Fig. 2(d) were annealed at 320 °C in a
background pressure of 1 x 10”7 mbar of iodine. Afterwards,
only an iodinated but otherwise empty I-Au(111) surface devoid
of molecules was observed (c¢f ESI,T Fig. S6). By contrast, the
networks remained stable during annealing at similar tempera-
tures in ultra-high vacuum, ie. in the absence of iodine
(¢f Fig. 3(a) and (b)). This pronounced difference is attributed
to a weakening effect of the iodine on the strength of the
carbon-Au-carbon bonds. While without iodine the carbon-
Au-carbon bonds withstand the high temperatures according
to their inherent strength, with iodine present these bonds can
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be broken, resulting in decomposition of the organogold
networks and the subsequent desorption of the separated
monomers.

Conclusion

In summary, we have demonstrated that I-Au(111) surfaces are
viable substrates for the on-surface synthesis of 2D organogold
networks by debrominative couplings. The organogold
networks obtained for the TBATT precursor on I-Au(111) are
highly regular with 92% rhombic pores, while those synthe-
sized on bare Au(111) suffer from poor order with only 28%
rhombic pores.

Although the domains are still comparatively small, the
number of repeat units is already sufficient for the anthra-tetra-
thiophene network to develop an electronic band structure.
This is evident from our DFT calculations, where the HOMO-
LUMO gap of the isolated 2 x 2 anthra-tetrathiophene tetramer
of 0.78 eV has almost reached the electronic band gap of
0.71 eV of the periodic monolayer. Part of the reason is
topology: the electronic properties converge faster in 2D than
in 1D, essentially because more intermolecular bonds are
formed per monomer.*® In this respect, the improved regularity
on I-Au(111) is crucial for the emergence of defined electronic
properties despite the still limited domain size.

Regarding the coupling mechanism on I-Au(111), we
demonstrate that a certain permeability of the iodine passiva-
tion layer, as realized by an initially less dense packing in the
iodine layer and promoted by a gradual iodine desorption
during the thermal treatment, is imperative to facilitate the
debromination. This makes the metal surface accessible to
activate the reaction, but also to provide the Au-atoms for the
formation of organogold networks. Therefore, to facilitate on-
surface synthesis on I-Au(111), it is crucial to establish a
workable iodine coverage. However, once the appropriate pre-
paration parameters are found, the protocol has proven to be
highly reproducible and reliable. An unambiguous effect of the
iodine monolayer for the formation of highly regular organo-
gold networks is the iodine-induced reversibility of the strong
carbon-Au-carbon bonds to facilitate dynamic error correction.
This is confirmed by experiments in which more regular
organogold networks were obtained on bare Au(111) when
iodine was co-deposited. An additional conceivable effect of
the iodine monolayer is that network formation on top of the
iodine layer at least initially alleviates the spatial constraints
that arise when reactants and iodine are directly co-adsorbed
on bare Au(111). The structural quality obtained when the
molecules are adsorbed on bare Au(111) and iodine is just
co-adsorbed does not reach the high regularity obtained for
the synthesis on I-Au(111). So initial adsorption on top of a
closed iodine layer must play a role. However, some mecha-
nistic aspects still remain not fully explored. There is a general
consensus that higher monomer mobility favors the formation
of regular structures by avoiding diffusion-limited aggregation.*>>°
But for I-Au(111) it is also unclear whether the mobility of activated,
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i.e. debrominated, monomers is increased or decreased compared
to bare Au(111).

Although the anthra-tetrathiophene repeat units are not
directly linked by carbon-carbon bonds, the organometallic
carbon-Au-carbon bonds also endow the networks with all the
desirable properties, that is electronic conjugation and robust-
ness. We are optimistic that synthesis on I-Au(111) could
expand the toolbox of on-surface synthesis and provide a more
general approach for cases where direct reaction on bare metal
surfaces does not yield the desired products.
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