





Figure 1. STM images at subsequent reaction steps. a: Self-assembled phases of intact DITP
after RT deposition on Au(111) (V, =—1.7 V, I, = 10 pA). b: Islands of polymers surrounded by a
network of iodine atoms (V, = —1.5 V, It = 10 pA). Bottom left and top right insets show
magnified images of the iodine network and the polymer phase, respectively. c: Graphene
nanoribbons obtained via cyclodehydrogenation (V, = —1.5 V, [; = 5 pA). The sample in c is
obtained from a different preparation than that in a and b, starting with higher surface coverage

of monomers. All images were acquired at 5 K.

To investigate the mechanisms leading to the formation of GNRs as a function of the different
halogen functionalizations, we performed fast-XPS measurements, consisting of the acquisition
of repeated XPS spectra (one spectrum every 5 s) during the annealing of the Au(111) from RT
to 450 °C with constant heating rate of 0.2 °C-s'. Two energy levels are monitored at the same
time, C 1s and Br 3d or I 4d, depending on the precursor structure. The resulting maps (Figure
2c-f), where each horizontal line corresponds to a XPS spectrum, allow for tracking of chemical

34,35

shifts and provide a unique tool to monitor on-surface reactions. Figure 2b displays the total



areas of the halogen and carbon core levels extracted from the fast-XPS maps shown in Figure

2c-f, while Figure 2a reports separately obtained TPD measurements for these two systems.

According to the fast-XPS maps and the TPD data, the reaction pathways for DBTP and DITP
share many similarities, and in the following we will stress the main differences that affect the
final products. We first address the polymerization step of DITP. At about 80 °C the iodine
atoms dissociate from the precursor and bind to the Au(111) surface, as demonstrated by the
chemical shift observed for the I 4d level (with the I 4ds,, peak shifting from 50.1 eV to 48.9 eV,
Figure 2d). Within the same temperature range of 60 °C to 120 °C, the corresponding C 1s signal
shifts from 284.1 eV to 283.7 eV, after which it remains unaltered up to about 300 °C (Figure
2f). STM investigation at 160 °C (Figure 1b) shows that 1D polymers are present at this
temperature, and we can therefore attribute the observed C 1s shift to the polymerization step
(i.e. aryl-aryl coupling). The same reactions take place when using DBTP as precursor, as seen
by chemical shifts of Br 3ds,; from 69.6 eV to 67.8 eV and of C 1s from 283.9 eV to 283.7 eV
(Figure 2c, ). However, in this case the dehalogenation temperature is about 170 °C, due to the
significantly higher dissociation energy of the Br-C bond compared to the I-C bond (as discussed
in the introduction). While in some cases the diffusion of the surface-bound biradicals can be the
rate-limiting step for the formation of polymers (as in the case of the growth of chevron-
GNRs),*® we observe that dehalogenation is the rate-limiting step in the two systems under
investigation, since the aryl-aryl coupling readily occurs as soon as the halogens are detached
from the monomers. In fact, the different dehalogenation temperatures for DITP and DBTP are
reflected in distinct polymerization temperatures. This is of fundamental importance in terms of

the polymer length, as will be shown in the following. We note that no signature of intermediate



organometallic phases has been observed by STM or XPS measurements. Furthermore, we note
that at 120 °C polymers are formed for DITP, while we still observe intact monomers for DBTP
(see Figure S5in the Supporting Information). In the case of DBTP, a strong desorption of
molecules occurs before the polymerization step, as revealed by a decrease in total area of the Br
3d and C 1s signals reported in Figure 2b. This prevents the growth of 9-AGNRs with significant
surface coverage, as demonstrated by STM in Figure S6 in the Supporting Information. This
desorption is not observed in the case of DITP because of its higher mass and lower temperature

at which the polymerization takes place.

Further increase in temperature beyond 280 °C triggers the cyclodehydrogenation of the
polymers into GNRs. From 280 °C to 430 °C the C 1s signals of the two systems (Figure 2e, f)
present a shift of about 0.3 eV toward higher binding energy. This shift is associated with the
formation of the extended m-electron system of ribbons, as proven by the STM image in Figure
lc and by the high-resolution (HR) XPS spectra acquired after each fast-XPS map (Figure S2 in
the Supporting Information). In a similar temperature range (between 250 °C and 370 °C), the
desorption of both halogens from the Au(111) surface takes place. This process, well visible in
the fast-XPS maps in Figure 2c, d, can also be appreciated in the curves of the total areas
reported in Figure 2b. TPD measurements in Figure 2a show that the desorption mostly occurs
via hydrogenation of the halogens (HBr and HI masses have been detected), in agreement with a
previous study.’” Remarkably, the onset of halogen desorption is the same for Br and L. The fact
that Br desorption is completed at lower temperature is simply due to a lower starting coverage,
due to the monomer desorption described above. In fact, fast-XPS measurements demonstrate

that, if the starting coverage of halogens is similar, identical desorption curves are obtained for
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Br and I (Figure S7 in the Supporting Information). Due to their different masses, bromine and
iodine are expected to desorb from the surface at different temperatures. However, we observe
by fast-XPS the same desorption kinetics, witnessing that an additional mechanism is triggering
halogen desorption from Au(111). We suggest that gold atoms of the surface might play a role in

this process, as it is discussed below.
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Figure 2. Real-time investigation of the on-surface reactions. a: TPD curves showing the
desorption rates of HBr and HI as a function of increasing temperature (heating rate of 1 °C-s ™).
b: Normalized total area of each horizontal profile of the fast-XPS maps. c-d: Fast-XPS maps of
Br 3d, I 4d and C 1s recorded during the annealing (heating rate of 0.2 °C-s™") of the Au(111)
surface after deposition of the bromine precursor DBTP (c, e) or the iodine precursor DITP (d, f)
at RT. Because of DBTP desorption upon annealing, the map in panel e has been normalized by
the total area to highlight the energy shift. The original map is reported in Figure S8 in the

Supporting Information.

11



Interestingly, we find that 9-AGNRs fabricated with the DITP precursor are systematically
longer than the ones from DBTP. This observation is evidenced in Figure 3, where STM images
of the GNRs obtained on Au(111) from the two precursors are shown. In the case of DBTP, the
molecules have been deposited on the substrate held at 200 °C, to compensate the desorption
observed during the annealing of the surface after RT deposition. Length histograms are used to
compare the average length of 9-AGNRs obtained from DBTP and DITP, as previously reported
for different GNRs.”® Figure 3c reveals that the average 9-AGNR length is significantly
increased from about 15 to 45 nm if the iodine precursor is used. We ascribe this improvement to
the reduced probability for hydrogen passivation of the growing oligomers due to the lower
polymerization temperature.’’ The different sample preparation in the two cases - deposition on
the substrate held at RT or 200 °C for DITP and DBTP, respectively - does not change the
picture, since 9-AGNRs obtained from DBTP deposited on Au(111) at RT or at 200 °C show a
similar length distribution (Figure S9 in the Supporting Information). Also the different
coverages do not affect our interpretation, since similar coverage samples still reveal a

significantly increased length for GNRs obtained from DITP (Figure S10).
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Figure 3. STM images showing di
DITP (d, e) (a: ", =-1.8 V, ;=30 pA, b: ,=-1.5V, L =10pA,d: V,=-1.5V, ;=50 pA, e:
Ve =-1.5V, I, = 50 pA). The histograms in ¢ report the length distribution determined for the

two systems using large-scale STM images, measuring about 800 ribbons in each case.

To shed further light on the sequence of reactions and mechanisms, we have extracted kinetic
curves from the fast-XPS maps (as described in Figure S11 in the Supporting Information). We
limit ourselves to the maps corresponding to DITP, because the strong desorption (leading to a
reduction of the signal) and the smaller chemical shift for the C 1s signal render this analysis

impossible in the case of DBTP.
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The kinetic curves extracted from the [ 4d and C 1s maps obtained with the DITP precursor are
reported in Figure 4. Here, the dehalogenation and the aryl-aryl coupling (tracked at I 4d and C
Is levels) appear within the same temperature range and with similar sigmoidal line shape (see
cyan and black curves from 40 °C to 130 °C). No significant shift in temperature is observed
between the detachment of iodine from the precursor molecule and the polymerization,
suggesting that the biradical species formed upon dehalogenation are sufficiently mobile to
undergo immediate polymerization and that the dehalogenation is indeed the rate-limiting step
for the aryl-aryl coupling. Contrarily, the reactions taking place at higher temperature
(approximately between 270 °C and 430 °C) appear significantly different. They have the same
onset temperature of 270 °C, but iodine desorption (cyan curve decreasing between 270 °C and
370 °C in Figure 4) is completed at 370 °C, while cyclodehydrogenation proceeds over a more
extended temperature range (black curves between 270 °C and 430 °C).

To clarify the mechanism of iodine desorption, we also tracked the signal of pure iodine
deposited on Au(111), that is in absence of any molecular species (red empty circles in Figure 4).
The curve refers to the desorption of a sub-monolayer coverage of atomic iodine, comparable to
that obtained starting from the DITP monomers (see Figure S12 in Supporting Information). This
procedure allows to eliminate any possible effect of the molecular systems on the iodine
desorption. Desorption of halogens from metal surfaces has been described in literature to occur
along different pathways. For instance, desorption of Agl in the case of iodine on Ag,*® and of
Br, CrBr, and CrBr, in the case of bromine on Cr(100)*° have been detected. Notably, no
desorption of I, or Br, has ever been clearly reported. We observe a similar desorption onset
(270 °C) for iodine cleaved from DITP and for pure iodine (cyan and red curves, respectively, in

Figure 4). However, the two curves proceed with different kinetics. We tentatively suggest that
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the iodine released from DITP molecules follows a desorption mechanism similar to the pure
iodine at the initial stage (until 340 °C), which is most likely as Aul*® As soon as atomic
hydrogen from the cyclodehydrogenation process becomes available on the surface, it enables an
additional desorption channel for the iodine, as HI (detected by TPD, reported in Figure 2a), thus
increasing the reaction rate and leading to a faster consumption of iodine (desorption is
completed at 370 °C instead of 420 °C, measured for iodine alone). We ruled out any impact of
the molecular hydrogen present in the residual gas, as demonstrated in Figure S13 in the

Supporting Information.

The differences in the kinetics of iodine desorption and cyclodehydrogenation allow to
separate the two processes by careful choice of annealing temperature and time. After deposition
of DITP precursors on Au(l111) at RT, we annealed the surface at 270 °C (onset of iodine
desorption) for 20 minutes. The resulting surface is free of iodine but presents still the polymer
chains, not yet converted into GNRs (Figure S14 in the Supporting Information). Such surface
composition cannot be obtained via the standard heating ramp reported above, demonstrating the

possibility of altering the growth pathways to obtain alternative phases.

Interestingly, the kinetic curves reported in Figure 4 exhibit different slopes. Monitoring
kinetic profiles represents a valuable tool to qualitatively analyze reaction mechanisms. For
instance, the curves related to the dehalogenation and polymerization processes can be fitted with
second order kinetics with onset of 50 °C and activation energy of about 1.0 eV, assuming a pre-
exponential factor (attempt frequency) of 10" s (Figure S16 in Supporting Information). This

suggests a possible mechanism involving non-independent detachment of the two iodine atoms
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within each monomer. Once the first iodine is detached, the energy barrier to remove the second
could be lowered, leading to its immediate ejection and justifying a second order process. The
polymerization has a similar kinetic curve, because it readily occurs after dehalogenation which
is the rate-limiting step and determines the reaction order. The line shapes of the curves related
to the iodine desorption and the cyclodehydrogenation cannot be fitted with simple kinetics. As
we show in Figure S16 in the Supporting Information, combined equations and high reaction
orders are needed to provide a good fit, but the mechanistic interpretation of these results is not
trivial and will be object of further studies. Nevertheless, an activation energy of 1.8 — 2.0 eV for

the cyclodehydrogenation step can be estimated from the fitting.
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Figure 4. Kinetic curves extracted from the C 1s (black) and I 4d (cyan) fast-XPS maps of DITP.
The maximum intensity of each signal is related to the corresponding surface coverage before the
reaction and has been normalized to 1. The curves show that the transformation of the precursor
into polymers and surface adsorbed iodine atoms takes place between 40 °C and 130 °C, while
the desorption of iodine atoms and the cyclodehydrogenation transforming the polymers into
GNRs occur at higher temperatures beyond 270 °C. The kinetic curve for the desorption of
iodine alone (in absence of any molecular specie on the surface) is reported for comparison (red

empty circles).
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Conclusions

The on-surface synthesis of 9-AGNRs on Au(111) and the differences related to the nature of
the halogen atoms used in the precursor molecules have been carefully investigated. We have
shown by STM that the use of iodine-containing molecules leads to systematically longer
graphene nanoribbons compared to those synthesized from the brominated compound. Fast-XPS
measurements unveil the reason for this different growth, which is related to the lower
dehalogenation temperature for DITP, reducing the cross-talk between the polymerization and
cyclodehydrogenation steps and therefore limiting the passivation of growing chains by atomic
hydrogen. Details in the mechanisms driving the synthesis of 9-AGNRs are provided by the
kinetic curves extracted from the fast-XPS maps, showing the sequence of reactions occurring as
a function of the temperature and their distinctive features. The rate-limiting step for the
formation of polymers is the dehalogenation, which follows a second order kinetics, with an
onset of 50 °C and an activation energy of 1.0 eV when using DITP as precursor. lodine
desorption starts at 270 °C and is completed at 410 °C for iodine alone, and at 370 °C if atomic
hydrogen (arising from the cyclodehydrogenation) is available at the surface. The formation of
ribbons starts at 280 °C and completes at 430 °C. The corresponding activation energy is in the
range of 1.8 — 2.0 eV. The results reported in this work clarify some critical aspects concerning
the growth of graphene-like nanostructures via dehalogenative polymerization and
cyclodehydrogenation. We demonstrated that the nature of the halogen contained in the

precursor molecules has a strong influence on the sequence of reactions, and consequently on the
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final product. Such fundamental insight is useful for future studies aiming at the rational design

of low dimensional carbon-based materials.

Methods

The preparation of 3',6'-dibromo-1,1":2",1"-terphenyl (DBTP) is reported elsewhere,'® while
3',6'-diiodo-1,1":2",1"-terphenyl (DITP) was synthesized according to the procedure reported in
the Supporting Information. The high purity was confirmed by 'H NMR analyses prior to the on-
surface experiments. All the on-surface synthesis experiments were performed in ultrahigh
vacuum (UHV) with base pressure better than 2x 107" mbar. Au(111) (MaTeck GmbH) surface
was cleaned by repeated cycles of Ar' sputtering (1 keV) and annealing (470 °C). The precursor
molecules were thermally evaporated on the clean surface from quartz crucibles heated at 55 °C
(DBTP) and 95 °C (DITP), yielding a deposition rate of 0.5 A-min”. The deposition of pure
iodine on the surface was performed dosing iodine gas on the clean Au(111) at RT via a leak
valve with a partial pressure of 3x10° mbar for 45 s (exposure = 1.35 L). STM images were
acquired with a low-temperature scanning tunneling microscope (Scienta Omicron) operated at 5
K in constant-current mode using a tungsten etched tip. All the bias voltages are referred to the
sample (so that empty states are imaged at positive bias). X-ray photoelectron spectroscopy
measurements were performed at the X03DA beamline (PEARL endstation)*® at the SLS

synchrotron radiation facility (Villigen, Switzerland), using linearly (and partially circularly
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left/right) polarized radiation with photon energy of 425 eV. XPS spectra were obtained in
normal emission geometry, using a hemispherical electron analyzer equipped with a
multichannel plate (MCP) detector. HR-XPS spectra were recorded at RT in “swept” mode with
20 eV pass energy, while the fast-XPS measurement was performed during the heating of the
sample (constant heating rate of 0.2 °C-s™) using the “fixed” mode (snapshots of the Br 3d, I 4d
and C 1s level) acquiring each spectrum for 5 s with 100 eV pass energy. The fast-XPS maps
have a resolution of 3.5 °C in temperature and 17 s in time. TPD experiments were performed
using a quadrupole mass spectrometer (Pfeiffer QMA 200) to detect specific masses (in
particular 80 for HBr and 128 for HI). A sample heating rate of 1 °C-s™ was used in all TPD

experiment.
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