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We present an STM and XPS study on the synthesis of organometallic and covalent polymeric molecular
networks and elucidate the role of the supporting substrate on their thermal stability.
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www.rsc.org/ We report the synthesis of extended two-dimensional organic networks on Cu(111), Ag(211), Cu(110) and
Ag(110) from thiophene-based molecules. A combination of scanning tunnelling microscopy and X-ray
photoemission spectroscopy yields insight into the reaction pathways from single molecules towards
the formation of two-dimensional organometallic and polymeric structures via Ullmann reaction
dehalogenation and C-C coupling. The thermal stability of the molecular networks is probed by
annealing to elevated temperatures of up to 500 °C. On Cu(111) only organometallic structures are
formed, while on Ag(111) both organometallic and covalent polymeric networks were found to coexist.
The ratio between organometallic and covalent bonds could be controlled by means of the annealing
temperature. The thiophene moieties start degrading at 200 °C on the copper surface, whereas on silver
the degradation process becomes significant only at 400 °C. Our work reveals how the interplay of a
specific surface type and temperature steers the formation of organometallic and polymeric networks
and describes how these factors influence the structural integrity of two-dimensional organic networks.

Introduction two dimensions. It can also act as a catalyst (e.g. in the
cleavage of C—halogen bonds in the Ullmann reaction) and
stabilizes intermediate reaction products.

The Ullmann reaction is the oldest known C—C coupling
method for (halogenated) aromatic molecules.?* It is understood
to proceed via the oxidative addition of the catalyst (metallic

copper) which inserts itself into the carbon-halogen bond,

Carbon-carbon coupling reactions on surfaces have been
recently explored for the synthesis of one-dimensional (1D) and
two-dimensional  (2D)  polymers."®  Such  atom-thick
nanostructures derived from the covalent coupling of suitable
precursor molecules are promising candidates for a variety of
potential applications such as ultra-thin membranes for gas

separation or as active elements in (opto)electronic devices.”'
Over the years a number of reaction mechanisms have been
investigated for covalent coupling of molecular building blocks,
with Ullmann-type reactions of halogenated aromatic molecules
on metallic substrates being one of the most used method.*''~"”
Other reactions for achieving surface-confined C—C coupling
such as Sonogashira coupling of haloaromatics with a terminal
alkyne,'® alkane dehydrogenative polymerization'®?® and
oxidative terminal alkyne (Glaser-Hay) coupling®'* have been
studied. In these examples, the surface acts as a constraint for
the motion of the precursor molecules, confining the reaction to

This journal is © The Royal Society of Chemistry 2013

followed by reductive elimination ejecting the copper halide
and forming a C—C bond.? It has been investigated by several
surface-sensitive techniques®®?’

viable route for C—C coupling of polyhalogenated molecules on
11,12,14,16,28 12,13,29

and has been demonstrated as a
several transition metal surfaces: copper, silver
and gold.*'>3%33 In the surface-confined version of the reaction,
the first step of the reaction (dehalogenation of the molecule
after which the halogen atoms adsorb on the surface) is often
observed to precede the C—C coupling.'™'314273335 Tt g
generally assumed that the dehalogenated molecules form

organometallic complexes with either metal adatoms'"'>!¢3¢ or
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directly with surface atoms.”®?* However, the exact nature of
the metal-carbon coordination complex is still controversial and
may depend on the choice of substrate (e.g. compare findings
reported in Ref.'® with Ref.*” for copper and Refs.*®'? with
Ref."? for silver). Annealing the surface can eventually lead to
the breaking of the carbon-metal bonds and subsequent C—C
coupling of molecules.'™'*?*3 Since the Ullmann reaction
typically requires high temperatures (~200 °C on copper),”* the
thermal stability of the precursor molecule and the resulting
network becomes an important issue. Moreover, the role of the
surface material itself in the reaction as a catalyst and as a
stabilizing agent for intermediate reaction products has yet to
be clarified, calling for an in-depth analysis.'>****3? Herein we
address these two important topics by conducting a
temperature-dependent study using Cu(111), Ag(111), Cu(110)
and Ag(110) as supporting surfaces for the Ullmann coupling
reaction.

Recently we have shown that surface-confined Ullmann
polymerization can be extended to thiophene-containing
monomers, which are among the most versatile building blocks
for T-conjugated materials.** An epitaxial growth of ordered 1D
poly(ethylenedioxy)thiophene (PEDOT) was observed on
Cu(110)."* However, using copper surfaces for polymerization
of a brominated tetrathienoanthracene TBTTA (Scheme 1)
failed to produce a 2D polymer. The increased annealing
temperature required to rearrange the 2D organometallic
intermediate into a conjugated polymer was hypothesized to
cause desulfurization of the thiophene ring. Accordingly, the
less reactive Ag(111) surface and higher temperature had to be
used to accomplish covalent linking of TTA building blocks
(Scheme 1).'7 To gain insight into the individual reaction steps
of 2D polymerization, herein we report a temperature-
dependent scanning tunnelling microscopy (STM) and X-ray
photoemission spectroscopy (XPS) study of the reaction of
TBTTA on Ag(111) and Cu(111) surfaces. Monitoring the
evolution of the XPS spectra during annealing from 50 °C to
500 °C allows us to follow the reaction steps from the
formation of organometallic intermediate structures to the
formation of polymeric networks. Furthermore, we explore the
competition between the desired formation of the 2D networks
and the by-side desulfurization reaction that controls the overall
stability of the thiophene-containing networks on metallic

surfaces.
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Scheme 1. TBTTA in the surface-confined Ullmann reaction from precursor
molecule to organometallic intermediate, and to n-conjugated covalent polymer.

Materials and Methods

Prior to molecular deposition, Ag(111), Ag(110), Cu(111), and
Cu(110) single crystals were cleaned by repeated cycles of
sputtering with Ar' ions and subsequent annealing to 500 °C for
Ag(111), Cu(111), and Cu(110) and 430 °C for Ag(110).
TBTTA was sublimed from Knudsen cells at temperatures
between 190 °C and 210 °C. The substrates were held at room
temperature during deposition. Varying the
temperature did not influence the structures observed after
deposition. After sublimation of TBTTA, the samples were
annealed for 10 minutes at temperatures and
investigated by STM and photoemission spectroscopy.

STM data were recorded at room temperature (unless
otherwise specified) using commercial UHV systems (VT STM
by Omicron GmbH and Arhus 150 STM by SPECS GmbH)
using both etched tungsten and cut Pt/Ir tips. STM images were
corrected to reflect the known substrate lattice parameters
wherever possible to compensate for instrumental drift, using
the free WSxM software*’ or the commercial SPIP software
(Image Metrology A/S). Further image post-processing
included plane subtraction and flattening.

High-resolution XPS measurements were performed at the
Materials Science Beamline at the ELETTRA synchrotron,
using a Phoibos 150 analyzer (SPECS GmbH). All spectra
reported here were acquired in UHV with the sample held at
room temperature after annealing to each temperature step for
10 minutes. Photon energies of 360 eV, 250 eV and 140 eV
were used to record spectra from C 1s, S 2p, and Br 3d
respectively. The spectra are all referenced to the Fermi level,
measured after every spectrum, to determine absolute binding
energies. Sample degradation due to X-ray irradiation was not
observed. A smooth curve corresponding to the lineshape of the
residual C 1s signal from each pristine substrate was subtracted
to remove the background. Each of the C 1s spectra were
decomposed into the same number of separate Voigt
lineshapes. Once the optimum positions of the peaks were
determined, their lineshape parameters (Gaussian and
Lorentzian widths) were fixed across each substrate/monolayer
dataset, and only intensities were allowed to vary to arrive at
the best fit for each spectrum.

sublimation

various

Results and Discussion

Cu(111). Deposition of TBTTA on Cu(l11) leads to the
formation of irregularly patterned networks (Fig. la) The
composition of the network deposited at room temperature (Fig.
la) changes only slightly after annealing to 150 °C for 10
minutes (Fig. 1b). However, the borders of the network become
poorly defined after annealing at 250 °C (Fig. 1¢), which can be
related to the rupture of the molecules in the network (vide
infra). No evidence of a covalent TTA polymer (final product
of the C—C coupling) was observed by STM. The networks

This journal is © The Royal Society of Chemistry 2012
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exhibit occasional local arrangement of molecules in ordered
structures over an extent of several nanometers (Fig. 2a,b). One
of these ordered networks is a Kagome lattice with a hexagonal
unit cell, the other is a twofold symmetric structure with an
oblique unit cell (Fig. 2a). The oblique structure is already
present at RT (Fig. la), while the Kagome lattice appears
subsequent to annealing to 200 °C for 10 minutes. The
dimensions of the Kagome lattice, which can be accurately
deduced from images in which both the molecular
suprastructure and the atomically resolved Cu(111) substrate
are simultaneously observed (Fig. 2b), suggest that it is an
organometallic network with TTA fragments bridged by copper
atoms. The unit cell is 2.7+0.1 nm in size, in perfect agreement
with the 2.70 nm predicted by density functional theory (DFT)
calculations of this structure (see ESI; a distance of 2.21 nm is
expected for a Kagome network comprising TTA-TTA
covalent links). Similar geometric considerations lead to the
conclusion that the oblique structure is also organometallic and
is stabilized by coordinated metal centers; its unit cell measures
a=b=1.4£0.1 nm, in agreement with DFT calculations (ESI).

Core-level spectroscopy was used to follow the progress of
the reaction at various temperatures in the 50 °C to 500 °C
range. The Br 3d core level plotted in Fig. 2d for various
temperatures indicates that debromination of TBTTA is already
complete at room temperature on Cu(111): the 3d core level
consists of a single doublet with the 3ds, peak at 68.5 eV,
which is below the expected value of carbon-bonded bromine
(69.6 eV'5**) but is consistent with chemisorbed bromine™.
The position of the Br 3d doublet does not change upon
annealing, although the peak intensity decreases, indicating an
onset of Br desorption at ~400 °C.

Figure 1. Overview images of TBTTA on Cu(111) as deposited at (a) room
temperature (Upias = —2000 MV, lynnel = 0.590 nA), (b) after annealing to 150 °C
(Upias = —1600 MV, lynner = 0.430 nA), and (c) after annealing to 250 °C (Upjas =
—1900 mV, lyynnet = 0.370 nA) for 10 minutes.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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Figure 2. (a) STM micrograph of the oblique structure (upper left) and Kagome
lattice (lower right) with molecular models of the organometallic networks (unit
cells are depicted in white, blue polygons represent TTA molecules). Surrounding
these ordered patches are molecules adsorbed in a disordered fashion (Upj.s =
—2000 MV, hynnel = 0.960 nA). (b) STM micrograph of the Kagome lattice with
atomically resolved Cu(111) lattice (Upas = —396 mV, hume = 1.028 nA).
Coordinated Cu adatoms between molecules are discernible as circular
protrusions. (c) XPS spectra of the Br 3d core level on Cu(111) for room
temperature and all annealing temperatures.
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The C 1s core level spectrum of the TBTTA sample deposited
at room temperature is centered at 284.7 eV with a shoulder at
low binding energy (Fig. 3). Debromination is supported by the
absence of a contribution from C—Br bonds, which is expected
at high binding energy above 286 eV.>**** The shoulder at
lower binding energy (green curve) can be attributed to C—Cu
bonds* ™’ in the organometallic structures which are observed
by STM. The electropositive metal leads to additional charge in
the molecule, which lowers the binding energy of the core
levels. The central part of the XPS signal (red curve), with its
maximum at 284.7 eV is consistent with sp> C contributions as
observed for other thiophene derivatives.**>' We furthermore
note the appearance of a high-energy contribution (blue curve)
starting at 200 °C, which we tentatively attribute to the
formation of C—S—metal bonds formed once the thiophene units
disintegrate (see below).

Annealing to 200 °C shifts the entire spectrum to lower
binding energies, suggesting an increase of the negative charge
on TTA carbons. This can be interpreted as a result of
additional bonding of TTA to electropositive copper atoms.*
The origin of this shift can be understood by analyzing the S 2p
core level spectra: as discussed below, the C—S bond of the
thiophene ring starts to break above 200 °C, which leads to a
rebonding of the carbon and sulfur atoms to the electropositive
copper atoms.
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Figure 3. C 1s core level on Cu(111) for (a) room temperature as deposited, (b)
after annealing to 200 °C and (c) after annealing to 400 °C for 10 minutes. The
evolution of each contribution with annealing temperature is plotted in (d).
(total signal: black curve, Voigt fits in blue, red, and green).
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The shift in the C 1s signal occurs at the same annealing
temperature (~200 °C) at which the S 2p spectrum (Fig. 4)
begins to change considerably. At room temperature (Fig. 4a),
we observe a dominant doublet state at 163.7 eV (2ps), position,
light blue curve) which corresponds to sulfur in the intact (but
dehalogenated) TTA molecules.**>2 At 200 °C (Fig. 4b), one
intense additional doublet is found at much lower binding
energy around 161.4 eV (yellow). This lower-energy peaks
originiate from sulfur in broken thiophene units as C—S—Cu
(thiolate) (the smaller doublet at 161.1 eV (violet curve) likely
originates from atomically adsorbed sulfur).’***** By
comparing the evolution of C 1s and S 2p spectra, we observe

This journal is © The Royal Society of Chemistry 2012
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the complete rupture of the thiophene units between 200 and
300 °C. A similar rupture of the thiophene unit in TTA has also
been observed on Ni(111) in which case it lead to a cyclization
reaction converting the desulfurized TTA into pentacene.>*
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Figure 4. S 2p core level spectra for TBTTA on Cu(111). (a) After deposition of
TBTTA without annealing. (b) After annealing to 200 °C, and (c) after annealing to
400 °C for 10 minutes. (d) Areas of the different contributions after
deconvolution for all annealing temperatures.

Ag(111). In contrast to the case of Cu(111), the adsorption of
TBTTA on Ag(111) and subsequent annealing at 300 °C for 10
minutes leads to the formation of both polymeric and
organometallic networks co-observed in the same STM images
(Fig. 5a). The synthesis and characterization of these porous
polymeric networks is discussed in detail elsewhere.'”

A series of Br 3d core-level spectra acquired as a function
of annealing temperature on Ag(111) is displayed in Fig. 5b. In
contrast to the Cu(111) experiments above, the high-binding
energy doublet due to bromine in C—Br bonds (3ds, peak at
70.4 eV, red, 17% of total signal area),’>*>* is observed
immediately after deposition at RT. It remains observable after
annealing up to 50 °C but disappears completely at 125 °C.
Above this temperature, the only contribution stems from
chemisorbed Br on the silver surface, with 3ds, at 68.0 eV
(blue).® The intensity of the Br—Ag contribution diminishes
with further increase of annealing temperature; as in the case of
Cu(111), at 500 °C no Br is left on the Ag surface.

This journal is © The Royal Society of Chemistry 2012
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Figure 5. (a) STM image of the 2D network on Ag(111) (Upias = =758 MV, ltynnel =
0.877 nA). (b) Core-level spectra of the Br 3d level on Ag(111) at room
temperature and various annealing temperatures up to 500 °C.

Figure 6 shows a series of C s core level spectra of TBTTA on
Ag(111) as a function of annealing temperature. Similar
contributions to those encountered on Cu(111) can be identified
arising from the different carbon atoms present in the
molecule.*®>!" A small signal at high binding energy (magenta
curve, 285.3 eV) observed at lower temperatures is likely due to
C—Br bonds. This signal is drastically reduced above 125 °C, in
agreement with the interpretations made from the Br 3d
spectra.Jr

J. Name., 2012, 00, 1-3 | 5
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Figure 6. C 1s core level on Ag (111) at (a) room temperature and after annealing
to (b) 200 °C and (c) 400 °C. (d) Peak-area evolution as a function of annealing
temperature.

More insight into the stability of the polymeric networks can be
obtained from the S 2p spectra (Fig. 7). Two doublets observed
at room temperature (2p;, at 163.9 eV and 163.4 eV)
correspond to sulfur atoms in partially dehalogenetad TTA (see
below).*>? Two additional doublets at lower binding energies
of 162.0 eV and 161.5 eV appear after annealing to 300 °C.
These peaks are attributed to sulfur in a partially broken
thiophene ring as C—S—Ag bonds and to chemisorbed sulfur on
the Ag(111) surface and indicate a rupture of the molecule at its
thiophene units.’*****> Even annealing up to 500 °C leads to the
rupture of only a limited fraction of thiophene groups (~1/3, cf.
Fig. 7d). This is a significant difference with respect to copper
for which no intact thiophene groups were observed above 200
°C.

The two separate high-energy contributions at 163.9 eV and
163.4 eV are attributed to two distinct chemical environments
of the thiophene unit in polymeric and organometallic
networks, respectively (halogenated TBTTA is also expected at
163.9 eV). In the organometallic structure, the S 2p core levels
are screened due to electropositive metal atoms, resulting in a
shift to lower binding energy with respect to the TBTTA
monomer or polymeric network.} Based on the premise of two
different S 2p signals for organometallic and polymeric
structures (Fig. 7), we can estimate their relative appearance on
the surface by calculating the ratio between the areas
underneath both peaks. Up to 200 °C, the ratio is about 1:4
polymer:organometallic. Above 300 °C the ratio is approaching
1:1, which correlates well with the ratio extracted from the
analysis of STM images."” Annealing to 400 °C leads to a
higher degree of polymerization with respect to the
organometallic precursor state, but also brings about a
considerable amount of desulfurization (Fig. 7d), which limits
the complete transformation of the organometallic structure into
polymer.

6 | J. Name., 2012, 00, 1-3
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Figure 7. S 2p core level for Ag(111). (a) Sample after deposition of TBTTA
without annealing. (b) After annealing to 300 °C and (c) after annealing to 400 °C.
(d) Area of the different contributions after deconvolution for all annealing
temperatures.

Cu (110) and Ag(10). In addition to the eclementary
composition of the surface as described above, surface-confined
reactions can also be influenced by the crystal facet. This point
was addressed by the deposition of TBTTA onto the low-index
surfaces Cu(110) and Ag(110) at room temperature. On
Cu(110) the debrominated molecules orient with their long axis
parallel to the [001] lattice vector of the copper substrate (Fig.
8a). Two molecules likely coordinate a copper atom and are
separated by 1.5 nm, which agrees with the distance calculated
for organometallic compounds (1.45 nm, see discussion of
Cu(111)). Surrounding the dimer, four protrusions are observed
(white arrows), all of which occupy the same adsorption site of
the Cu(110) lattice, and which we speculate are coadsorbed
bromine atoms. In certain regions of the substrate the binding
motif results in domains of ordered organometallic structures
(Fig. 8b), in which one-dimensional organometallic rows align
in parallel. In analogy with Cu(111), annealing the Cu(110)
surface did not lead to covalent C—C coupling. Preferential 1D
diffusion of TTA on the (110) facet is likely responsible for the
different networks that form on Cu(110) vs. Cu(111).

This journal is © The Royal Society of Chemistry 2012
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by covalent bonds with silver surface atoms. This type of
intermediate step in the reaction from brominated molecule to
polymer has been observed previously in the synthesis of
porous graphene from iodo-substituded cyclohexa-m-phenylene
on Ag(111)."*?® In these works Bieri et al. show that prior to
aryl-aryl coupling, dehalogenated macrocycles adsorb on the
surface forming bonds with metal atoms. They also observe
decoupled iodine in close proximity to the dehalogenated
molecule. Similar close adsorption of halogen atoms after
dissociation from the molecule was reported by Lipton-Duffin
et al. for diiodobenzene on Cu(110)."" A detailed analysis of
this structure is given in the ESI, which features DFT
calculations including the surface. None of the ordered
structures persist at elevated annealing temperatures; at 300 °C,
molecules bind covalently to their neighbors and form extended
polymeric networks. As on Ag(111), almost full coverage of
the crystal surface by the organic network is achieved (see
ESI). The disorderd nature of the covalent network is due to a
large number of possible crystallographic defects that can be
formed by connecting TTA in several different arrangements. A
detailed discussion of defects in TTA polymers can be found in
Ref. [17]. Annealing the substrate to even higher temperatures
of up to 500 °C leads to decomposition of the molecular
network (Fig. 9f and h).

Figure 8. (a) STM micrograph of two TTA molecules on Cu(110) (Upias = —1500
mV, lynnet = 0.086 nA). The dimer coordinates one copper atom. Four Br atoms
are adsorbed close to the dimer (two of which indicated by white arrows). The
underlying Cu(110) lattice (see ESI for STM image with atomic resolution) allows
for calibration of the intermolecular distance (1.5 nm). (b) 1D organometallic
chains on Cu(110) (Upias = =700 MV, lyynnel = 0.562 nA).

On Ag(110), deposition of TBTTA at RT leads to the formation
of islands of a porous organometallic network (Fig. 9a). After
annealing to 300 °C, disordered covalent networks are formed
(Fig. 9¢ and g). The distance between molecules in these
structures (1.2 £ 0.1 nm, Fig. 9g and ESI) is in agreement with
the polymers observed on Ag(111) and with gas-phase DFT
calculations. At intermediate annealing temperatures of 200 °C
two types of well-ordered islands are observed, which were
absent at both room temperature and after annealing to higher
temperatures (structures I and II, Fig. 9b, ¢ and d). The two
ordered structures display different unit cells, and individual
TTA molecules are readily identifiable. The unit cell of
structure I measures 1.0 x 1.3 nm® with an angle of 123°,
whereas the unit cell of structure II measures 1.7 x 1.1 nm?,
105°. Each unit cell additionally comprises small circular
protrusions surrounding the molecules, which we tentatively
attribute to chemisorbed bromine atoms that are detached from
the molecule. These protrusions are reminiscent of features
observed in the dehalogenation and polymerization of aryl-
halides in 1D.""*%3% The dehalogenated molecules are stabilized

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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Figure 9. TBTTA deposited onto Ag(110) held at room temperature. (a) Without
annealing, recorded at —175 °C (Upias = 508 MV, lynner = 0.780 nA). (b) Ordered

| 3nm b

organometallic structures after annealing at 200 °C recorded at room
temperature (Upias = =432 mV, lyynnet = 0.260 nA), (c) close up on structure I (Upias
= —1201 mV, lynnet = 0.180 nA) and (d) structure Il (Upias = —1583 mV, lynnel =
1.260 nA), with the unit cell given in blue. (e and g) Disordered polymer after
annealing to 300 °C (Upias = 884 MV, lyynner = 0.330 nA), and (f and h) degraded
structure after annealing to 500 °C (Upias = =558 MV, liynnel = 0.460 nA).

Conclusions

Combined STM and XPS monitoring of the Ullmann reaction
of TBTTA on Cu(111) and Ag(111) reveals how the supporting
substrate and the temperature influence the reaction steps and
the formation of by-products. XPS confirms the dehalogenation
of TBTTA, which occurs completely at room temperature on
Cu(111) yet requires additional thermal energy on Ag(111), in
line with the higher reactivity of the former. Chemisorbed Br
remains on the surface up to high temperatures and an onset of
desorption is observed at 400 °C. STM results reveal that
dehalogenation of TBTTA on copper leads to the formation of
organometallic networks in which copper adatoms are
coordinated in a network of debrominated molecules. It was
found that C—C coupling polymerization cannot be selectively
induced by thermal annealing due to the breaking of the

thiophene units at 2200 °C. On Ag(111), annealing to 300 °C

8 | J. Name., 2012, 00, 1-3
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induces the formation of a mixture of disordered planar
organometallic and covalent polymeric networks without
rupturing the thiophene units. Annealing at even higher
temperatures further increases the fraction of the polymeric
network, although partial cleavage of the thiophene unit also
becomes apparent. The same transition at elevated temperatures
from organometallic intermediate to polymeric network is
observed for the Ag(110) surface, while in analogy to Cu(111)
only organometallic chains with coadsorbed Br atoms are
observed on Cu(110).

The synthesis of surface-supported 2D polymers is shown to
depend strongly on the type of substrate chosen. This is
especially important for surface-confined polymerization of
structurally complex m-functional monomers. For thiophene-
containing structures (the most widespread building block used
in the synthesis of m-conjugated polymers) the choice of
catalytic surface affects the integrity of the polymer: on copper
the thiophene unit is not stable at temperatures required for the
intermediates into 2D
covalent polymers. However, the polymerization through C—C
coupling can be induced on silver without degradation of the
molecular building units. Thus, a trade-off must be found
between the catalytic activity of the substrate and the stability
of the molecule/polymer. The optimal conditions will likely be
monomer-specific and thus temperature dependent studies are
important for understanding the formation of different
functional polymers.

transformation of organometallic
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