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ABSTRACT We provide insight into surface-catalyzed dehalo-
genative polymerization, analyzing the organometallic intermediate
and its evolution into planar polymeric structures. A combined study
using scanning tunneling microscopy (STM), X-ray photoelectron
spectroscopy (XPS), low energy electron diffraction (LEED), near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy and
first-principles calculations unveils the structural conformation of
substrate-bound phenylene intermediates generated from 1,4-
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dibromobenzene precursors on Cu(110), showing the stabilizing role of the halogen. The appearance of covalently bonded conjugated structures is

followed in real time by fast-XPS measurements (with an acquisition time of 2 s per spectrum and heating rate of 2 K/s), showing that the detaching of

phenylene units from the copper substrate and subsequent polymerization occur upon annealing above 460 + 10 K.

KEYWORDS: conjugated polymers - surface polymerization - Ullmann coupling - poly(para-phenylene) (PPP) -
scanning tunneling microscopy (STM) - fast X-ray photoelectron spectroscopy (fast-XPS) -
near-edge X-ray absorption fine structure spectroscopy (NEXAFS)

he on-surface synthesis and assem-
Tbly of m-electron functional organic

molecules has been recently studied
extensively, as a potential approach for
fabricating novel architectures for use, for
example, in nanoelectronic and optoelec-
tronic devices.'? Self-assembled molecular
networks are widely studied in this context;
they are characterized by weak supramolecu-
lar interactions, exhibiting poor mechanical
stability and limited intermolecular charge
transport and are thus less compelling
systems for technological applications.>~’
Connecting molecular building blocks with
covalent bonds yields more robust struc-
tures, which may be used as active materials
in devices. Such single-atom-thick materials
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can support efficient charge transport and
offer a range of other electronic properties
that are actively sought in molecular and
nanoelectronics.?®?

The synthesis of conjugated polymers in
solution is well-established and can be ap-
plied on industrial scales, yet it typically
yields disordered structures.'® Improved
structural order can be obtained using
atomically flat substrates which confine
polymer growth to a two-dimensional plane
and which also can act as catalysts for the
polymerization reaction. The formation of
covalent bonds between molecular build-
ing blocks on surfaces has been recently
reported by several groups, and opens
the door to the creation of polymer
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architectures which are impossible to access by stan-
dard reactions in solution."’ 2

Various methods for obtaining covalently bound
s-conjugated structures on surfaces have been success-
fully demonstrated in air, at the solid—liquid interface
and in ultra high vacuum (UHV). On-surface polymer-
ization has been performed in air exploiting the 1,4-
addition reaction of diacetylenes, triggered by UV
irradiation'® or by using voltage pulsing from a scan-
ning tunneling microscope (STM) tip,2°~%2 as well as
polycondensation of boronic acids upon thermal
annealing.® At the solid—liquid interface, after pio-
neering work on diacetylene molecules on graphite,?*
pH-controlled Shiff-base formation®>?® and electro-
chemical oxidative coupling?~® have been used to
synthesize ordered polyimine and polythiophene
monolayers, respectively. In UHV, 2D hybrid ordered
superstructures stabilized by supramolecular interac-
tions based on two covalently linked molecular species
have been demonstrated.?®*° Extended 1D*'*? and
2D*? covalently linked polymers have been produced
by thermal treatment of the deposited molecular
layers. So far, the most successful approach for obtain-
ing polymers in UHV is the metal-catalyzed coupling of
halogen-substituted molecules: this has been widely
studied in the past decade,®* exploiting the know-how
acquired in the early studies on the adsorption of alkyl-
and aryl-halide compounds onto metallic surfaces® 32
and their covalent coupling (Ullmann reaction).3**° Struc-
ture tailoring of 1D and 2D polymers with desired structure
by changing the molecular building blocks*'#? has been
demonstrated. Following the seminal work reporting dis-
sociative chemisorption of diiodobenzene on copper®
and subsequent formation of phenylene “protopolymer”
chains,* ordered covalent 1D conjugated polymers have
been realized by using 2,5-diiodo-34-ethylenedioxy-
thiophene® and 1,4-diiodobenzene™ precursors. Porous
graphene and graphene-like 2D polymers have been
obtained on metallic surfaces in UHV using Ullmann-like
reactions® ~*° or dehydrogenation.>' Graphene nanorib-
bons have been produced using sequential Ullmann and
dehydrogenation mechanisms.>>*> The conductance
properties of a single 1D polymer have been analyzed as
a function of its length.>*

In most of the above studies on surface-confined
Ullmann coupling, the occurrence of polymerization
was postulated based on local probe measurements
only, which have limited chemical sensitivity. The out-
come of this reaction has been mainly observed by STM
imaging, identifying the distances between molecular
units during oligomerization and comparing them with
the expected distances obtained from gas phase calcula-
tions and by the appearance of new electronic states
close to the Fermi level.*'”> Moreover, few works focus on
the intermediate step of the surface-confined Ullmann
reaction®> >’ and none of them consider the role played
by the halogen atom in the organometallic structure.
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Cu(110) Cu-Br A
Br n + 2Cu-Br

+ Cu-Br

Scheme 1. Ullmann coupling reaction for 1,4-dibromoben-
zene on Cu(110).

Using surface-averaged and chemically sensitive tech-
niques, we provide a deeper insight into the intermediate
steps of the Ullmann coupling reaction. In particular, we
report a spectroscopic study of occupied and unoccupied
electronic states at each of the reaction steps and focus
on the structural conformation of the organometallic
intermediate, which is strongly affected by the choice of
halogen. The findings were obtained for a monolayer of
ordered poly(para-phenylene) (PPP) polymers created by
Ullmann coupling of 1,4-dibromobenzene (dBB) on Cu-
(110) according to Scheme 1, using STM and spectroscopic
measurements on the occupied (by X-ray photoelectron
spectroscopy, XPS) and unoccupied (by near-edge X-ray
absorption fine structure, NEXAFS) electronic states and
are supported by first-principles calculations. We also
follow in real time the transition from organometallic to
polymer phase by fast-XPS, determining the temperature
at which the carbon—copper bonds break.

RESULTS AND DISCUSSION

When dBB is deposited on a Cu(110) surface at room
temperature (RT), an ordered superstructure is produced,
as shown in the STM image in Figure 1a, together with the
bare substrate imaged with atomic resolution. Two mir-
ror-symmetric (about [170]) domain orientations were
observed (see Figure S1 in Supporting Information). The
precursor molecules dehalogenate upon deposition at RT
resulting in copper-bound bromine atoms and an orga-
nometallic structure, which consists of phenylene groups
bonded at each end to Cu atoms. The resulting domains
contain nestled parallel lines of organometallic chains,
which run along the crystalline [111] and [111] directions
and incorporate a strain-relieving single lattice-vector
kink at every fourth chain unit. The 2D structure of the
domain is created from parallel stacking along the [112]
(or [112]) directions.

The organometallic structure obtained at RT is com-
mensurate with the substrate as shown in the low
energy electron diffraction (LEED) pattern in Figure 1c,
which contains spots originating from two symmetri-
cally equivalent domain orientations. We find an excel-
lent agreement by comparison with a simulated LEED
pattern described by the epitaxy matrices (2, 2 | —4, 9)
and (2, —2 | 4, 9) that correspond to the unit cells of
the two domain orientations observed by STM (see
Figure S2 in Supporting Information). The unit cell
of the overlayer is highlighted in blue in Figure 1a,b.
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Figure 1. (a) STM image of one domain orientation of a dBB submonolayer on Cu(110) deposited at RT (5.5 x 5.5 nm?,
I, = 0.77 nA, Vs = —0.76 V); in the lower left part, copper substrate at atomic resolution is visible; STM simulation for the
calculated RT geometry is shown in the inset (2.1 x 2.9 nm?2). (b) Top and side views of DFT-optimized RT geometry; atoms are
represented as balls according to the legend; unit cell and vectors of the overlayer are shown in blue. (c) Experimental LEED
pattern for 1 ML of dBB on Cu(110) at RT (E, = 72 eV); circles indicate 1 x 1 spots.

The measured distance between nearest-neighbor
phenylene groups (along the [111] direction, Figure 1a)
is 0.62 £+ 0.02 nm, significantly larger than the expected
value for PPP (0.433 nm)*®>® which implies that the
phenylene species are not covalently linked at RT.

The appearance of the RT organometallic structure
is both structurally and qualitatively distinct from the
RT structure obtained when 1,4-diiodobenzene (dIB) is
used as a precursor in similar experiments.*® A com-
parison between the structure arising from using dIB
or dBB is shown in Figure 2. The halogens behavior
changes in the two cases: iodine from dIB creates
¢(2 x 2) islands covering parts of the surface (see blue
arrow in Figure 2b), while using bromine the growth of
the organometallic phase is allowed over the entire
surface, producing extended polymers.

Moreover, the presence of the halogens affects the
organometallic structure itself, since the unit cell is
different in the two cases, although halogen atoms are
detached from the precursor molecules (see below).
A model of the RT structure constructed using first-
principles density functional theory (DFT) calculations
is shown in Figure 1b. It comprises phenylene units and
copper atoms that are lifted out of the surface plane
and bond the aromatic rings into organometallic
chains. The calculated structure has a periodicity of
0.64 nm along the [111] direction, in good agreement
with the experimental value. The unit cell contains bro-
mine atoms adsorbed in two distinct environments: four
are positioned on the short bridge site of the substrate
and four sit on top of the Cu atoms involved in the
organometallic structure. This structuZre is in agreement
with the current understanding of the Ullmann reaction
mechanism: the organometallic chain corresponds to
Ph—CuBr—Ph, an expected reaction intermediate and
surface-adsorbed bromine corresponds to the expected
copper bromide byproduct>® STM simulations for the
model provide a much closer qualitative match to the
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Figure 2. (a) STM image of Cu(110) surface after deposition
of dBB atRT (15.1 x 14.5nm? [,=0.73 nA, V= —1.16 V); the
blue arrow indicates atomic resolution of the substrate. (b)
STM image of Cu(110) surface after deposition of dIB at RT
(15.1 x 14.5 nm?, I, = 0.22 nA, V, = —2.05 V); the blue arrow
indicates c(2 x 2) iodine island in between the organome-
tallic structure; white parallelograms indicate the unit cell in
the two cases ((2 2 | —4 9) for dBB, (1 —4 | 11 10) for dIB).

experimental STM images compared to an identical
model without the top Br atoms (Figures 1a and Figure 3).
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Figure 3. Models (a and e), corresponding STM simulations (c and g), and superposition of the two (b and f) of calculated RT
structures with (a—c) and without (e—g) the inclusion of additional Br atoms on top of the Cu atoms in the organometallic
chain. The crystallographic orientation and dimensions of all images are identical. Atoms in the models are represented in
different colors and sizes according to the legend reported in Figure 1b. Experimental STM image (d) is shown for comparison

(3.2 x 3.7nm? I, =0.77 nA, V. = —0.76 V).

We therefore conclude that the halogen atoms are a
critical stabilizing element of the intermediate structure.
XPS analysis of the samples held at low temperature
(LT, 100 K), RT and 500 K unequivocally confirm that the
dehalogenation is complete at RT, as demonstrated by
previous studies;***® the observed core level shifts are in
agreement with those theoretically predicted for bromo-
and iodobenzene on different substrates.”” The binding
energy (BE) shifts of the Br 3ds,, core level (Figure 4) reflect
the difference between bromine atoms linked to the
phenyl ring (at LT, BE = 709 eV)*° and to the copper sub-
strate (at RT, BE = 684 eV and at 500 K, BE = 68.5 eV).!' The
weaker low-BE component of Br 3d at LT is due to damage
from the incident beam, which causes dehalogenation (see
Figure S3 in Supporting Information). At RT, the weaker
high-BE component of Br 3d probably originates from one
of the two distinct chemical environments of Br atoms. A
comparison of the C 1s spectra collected for dBB deposited
at RT and annealed to 500 K with ones at LT on Cu(110)
(Figure 4) confirms that the C 1s state at 286.4 eV cor-
responding to carbon—bromine bonds®? vanishes at RT.
Deconvolution of the C 1s core level spectrum of the
RT system in Figure 4 supports the interpretation of the
RT structure as an organometallic chain: the peak at
283.2 eV is assigned to carbon bound to copper (C1 in
Scheme 1), in agreement with the expected lowering
of the BE for metal-linked carbon.>®*® The other two
peaks at 283.8 and 284.2 eV originate from C2 carbons
(see Scheme 1) of the dehalogenated molecules; the
splitting can be attributed to nonequivalent positions
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Figure 4. C 1s and Br 3d core level spectra for dBB on Cu(110)
deposited at different temperatures: 4 monolayers (ML) depos-
ited at LT, 1 ML deposited at RT and the same surface annealed
at 500 K. The spectra are collected using an incident photon
energy of 390 eV. Experimental data after Shirley background
subtraction®® are shown as points, and fitted Voigt functions
are shown as solid filled lines. The numbers identify the fitting
functions whose intensities are reported in Figure 7b.

of these carbons in the unit cell and to vibrational
broadening of the peak at higher BEs.

Annealing the organometallic structure at 500 K
consumes both of the domain orientations observed
at RT and yields a new single-domain superstructure
aligned along the [170] direction, shown in the STM
image of Figure 5a, which consists of an array of
alternating bright and dim lines. The repeat distance is
1.08 &£ 0.02 nm along the [001] direction, corresponding
to 3x the periodicity of the substrate, consistent with the
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Figure 5. (a) STM image of dBB on Cu(110) after annealing
to 500 K for 5 min (6.8 x 6.8 nm?, I, = 0.60 nA, V, = —0.40 V);
the alternating bright and dim lines correspond to rows of
PPP and adsorbed bromine, respectively. (b) Experimental
LEED pattern for 1 ML of dBB on Cu(110) after annealing at
500 K for 5 min (E, = 72 eV); 3x periodicity along [001] is
indicated by red arrows and 1 x 1 spots by yellow circles.

observed LEED and reflection high energy electron
diffraction (RHEED) patterns shown in Figures 5b and
S4a in Supporting Information, respectively. The bright
lines are interpreted as polymers, since their internal
periodicity of 0.44 £ 0.02 nm along [170] (A in Figure 5a)
is in agreement with the gas-phase calculated value of
0.433 nm between adjacent rings in poly(para-phenylene)
(PPP)* or measured in crystal phase for para-septi-
phenyl>® The polymers reach lengths of 20 phenylene
units. The dim lines are interpreted as Bratoms arranged in
a lattice-commensurate 2x periodicity since their consti-
tuents are spaced by 0.51 & 0.02 nm (B in Figure 5a). These
structures match those observed when using dIB as
precursor molecule on this surface,® though we note that
the differential contrast between the halogen and poly-
mer lines is reversed in our experiments.

The copper-linked carbon contribution at 283.2 eVin
the C 1s core level spectrum is not present on the
annealed surface (Figure 4). The C 1s signal is shifted
toward higher BE and can be deconvoluted into two
components at 284.4 and at 285.1 eV which can be
assigned to C2 and C1 carbons, respectively (see
Scheme 1). These binding energies are in agreement
with those observed for p-quaterphenyl.®® The Br 3d
core level spectrum after annealing contains a single
doublet, originating from the unique adsorption con-
figuration of Br atoms onto the copper substrate.

While XPS probes changes in the core level elec-
trons, polarization-dependent NEXAFS probes the
character of the unoccupied electronic states and is
sensitive to long-range bonding and subtle geomettri-
cal transformations of organic species. It may be used
to confirm the presence of a conjugated structure.®*
Figure 6 shows two C K-edge NEXAFS spectra for each
of the organometallic and polymer phases, collected at
6 =90° (p-polarization) and 6 = 0° (s-polarization). The
comparison between p- and s-polarization measure-
ments demonstrate that the phenylene rings in both
structures are parallel to the surface (see Supporting
Information for details), as predicted by the calculated
model.

DI GIOVANNANTONIO ET AL.
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Figure 6. Polarization-dependent C K-edge NEXAFS spectra
for the RT (bottom) and annealed (top) samples; two spectra
are reported for each sample (refer to Figure S6 in Supporting
Information for the definition of the angles): 6 = 90° (blue) and
6 = 0° (red) with the incident radiation falling in the plane
containing the sample normal and the [001] lattice direction.

The NEXAFS spectrum obtained from the RT sample
using 6 = 90° contains two 7* transitions (labeled 7z;* and
7% in Figure 6) at 284.6 and 288.1 eV, in agreement
with NEXAFS spectra collected from phenyl adsorbed on
Cu(111).> Two 7* resonances are always observed for
chemisorbed phenyl rings, its derivatives and heteroana-
logues, albeit with different lineshapes and photon energy
positions.®* In the case of free planar benzene, the NEXAFS
spectrum exhibits only one z* transition; the presence of a
second transition at higher photon energy has been
attributed to a splitting of the e,, unoccupied state that
can be due to a symmetry reduction of the ring caused
by geometrical distortions®® or to a newly formed state
composed of adsorbate 77 and substrate 3d states.’” The
calculated structure in Figure 1b indicates that the phe-
nylene rings are distorted from the planar geometry. The
presence of a 7,* resonance is therefore expected at RT.

After annealing to 500 K, 7,* resonance is strongly
suppressed, whereas the 77,* peak is unaltered in height
and becomes narrower in width. The presence of a single
resonance in the NEXAFS spectrum is in agreement with
reported spectra for para-sexiphenyl adsorbed on Cu-
(110);%8 thus, the vanishing of the 7,* state after anneal-
ing indicates a return to planarity of each phenylene unit
due to the disruption of the organometallic chains and
the formation of C—C bonds between adjacent rings. A
planar structure is theoretically predicted for the dimer-
ization of phenylene units over Cu(111),%° though these
calculations neglect the participation of the halogen in
the reaction pathway and thus cannot be directly com-
pared to our RT results. Thus, the NEXAFS measurements
support the formation of the planar geometry PPP over
the majority of the surface.

Fast-XPS spectra at the C 1s core level were recorded
during the annealing process from RT to 600 K
(Figure 7a), with the aim of following the conversion
from organometallic to covalent conjugated polymer.
The RT structure remains unchanged until the transi-
tion temperature and the polymer structure is stable
up to 600 K, since the C 1s line shape does not change.

The reported fast-XPS spectra allow us to dynamically
follow the transformation from organometallic to
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Figure 7. (a) fast-XPS measurement of C 1s core level during annealing, showing the evolution of the spectrum line shape
through the transition from organometallic to polymeric phases; the acquisition time for each spectrum is 2 s; the heating rate is 2
K/s; yellow corresponds to higher intensity; the inset shows individual spectra from 443 to 473 K (red curves) stacked as a function
of increasing temperature, corresponding to the area in between the yellow dotted lines; the blue curves are the C 1s spectra
corresponding to before and after the conversion to polymer. (b) Intensities of the RT and 500 K fitting functions for C 1s core levels,
reported as a function of the annealing temperature; numbers and colors identify the peaks as shown in Figure 4.

polymeric phases, measuring the transition temperature
for the first time. Figure 7b displays the intensities of the
peaks used tofit the C 1s state at RT and 500 K (Figure 4) as a
function of temperature. Details of the fitting can be found
in Figure S5 in the Supporting Information. The vanishing of
the C 1s component corresponding to the carbon—copper
bond (curve 1 in Figure 7b), which can be considered the
limiting step for the conversion into covalent bonding,
gives the transition temperature, which we estimate to be
460 £ 10 K. All the components of the fit present the same
transition temperature. During the formation of polymers,
the total intensity of C 1s core level signal is reduced by 20%,
due to the desorption of molecules induced by annealing.

CONCLUSIONS

We analyzed the organometallic intermediate of the
surface-confined Ullmann coupling of 1,4-dibromo-
benzene precursors on Cu(110), describing its structural

METHODS

Experiment. All experiments were performed in UHV cham-
bers with base pressures of 107" mbar or below. A 110-
oriented Cu single crystal was cleaned by repeated cycles of
sputtering (Ar", between 600 and 1000 eV) followed by anneal-
ing up to 800 K. The precursor 1,4-dibromobenzene (dBB)
(CeH4Br5, Sigma Aldrich, purity 98%) was dosed into the vacuum
chamber via a leak valve, using substrates held either at room
temperature or cooled to 100 K by liquid nitrogen. Annealing
was subsequently performed and the resulting overlayers were
analyzed.

STM measurements were performed using a commercial
instrument (VT-STM, Omicron Nanotechnology GmbH) housed
in a UHV chamber where a LEED apparatus was present
(SpectraLEED, Omicron Nanotechnology GmbH). The quoted bias
voltages are measured from the tip to the sample. STM images
were corrected for drift or piezo artifacts to reflect the known
lattice constants of Cu(110), using the free WSxM software.”®

XPS and NEXAFS spectroscopy measurements were per-
formed on ALOISA beamline”’ at the ELETTRA synchrotron radi-
ation facility (Trieste, Italy), using linearly polarized radiation.
RHEED was used to verify the ordering of the molecular super-
structures. XPS spectra were obtained in normal emission
geometry, using grazing incidence (4 degrees) radiation and a
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features and establishing that the choice of halogen
plays an important role in determining the adsorption
conformation. Annealing these structures induces a
transition to an extended conjugated polymeric phase,
comprising alternating lines of poly(para-phenylene)
and Br atoms, oriented along the crystal [110] direction.
Spectroscopic insight into this method for obtaining
highly controlled and tunable 1D and 2D polymers has
been achieved by XPS and NEXAFS measurements. This
result is of particular importance, because it represents
the first surface-averaged and chemically sensitive
spectroscopic signature of this reaction. Specifically,
we observed the transition from organometallic into
covalent bonding in real-time using fast-XPS, follow-
ing the process with an acquisition time of 2 s per
spectrum and heating rate of 2 K/s. This analysis
shows that the bonding conversion temperature is
460 £ 10 K.

home-built hemispherical electron analyzer equipped with a
multichannel plate (MCP) detector. A Shirley background was
subtracted from the core level spectra by using CONTUR
software.%> The NEXAFS C K-edge spectra were recorded in
partial electron yield mode by means of a channeltron detector,
with constant retarding voltages of 240 V between the sample
and detector. The drain current on the last refocusing mirror of
the beamline was simultaneously acquired for photon energy
scale calibration purposes. The spectra were normalized with
respect to the signal from the clean Cu(110) surface. Polarization-
dependent measurements were performed by rotating the sample
about the beam axis, changing the angle (6) of the polarization
vector with respect to the sample surface, while keeping the
grazing photon incidence angle fixed at o = 6° (see Figure S6
for the experimental geometry).

Computational Details. DFT calculations were performed using
the plane-wave pseudopotential code VASP.”>”3 We used the
generalized gradient (GGA) formulation to approximate the
exchange-correlation functional potential proposed by Perdew,
Burke and Enzerhof (PBE).”* The size of the unit cell was first
obtained from the relaxation of a clean Cu(110) surface, result-
ing in a cell size of 8.842 x 27.3212 x 20 A® (y = 86.8863°).
The electronic structure calculations were performed using a
8 x 4 x 1 Monkhorst-Pack grid to pave the Brillouin zone.”
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The pseudopotentials were expressed within the projector
augmented wave (PAW) scheme with an energy cutoff of
400 eV.”® Once the candidate structures were relaxed within
0.01 eV/A, the corresponding (constant current) STM images
were computed within the Tersoff—Hamann approximation,
where the current at a given tip position above the sample is
essentially expressed as the integral of the density of states
between the Fermi energy and the applied potential.”
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