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Abstract

A detailed study of poly-para-phenylene obtained by light-assisted on-surface-synthesis on

Ag(100) was carried out by Scanning Tunneling Microscopy and Spectroscopy together with
Density Functional Theory calculations. The use of light in combination with heat allows to
lower by 50 K annealing temperature the each stage of the Ullmann coupling. Debromination
of the 4,4’ dibromo-p-terphenyl precursors was thus realized at 300 K, the formation of the
first oligomers from the organometallic intermediate by silver bridging atom release at 423 K
and poly-para-phenylene by complete elimination of the silver at 473 K. This approach to
lower the reaction temperature permits to enhance the Ag(100) surface reactivity to become
comparable to that of Cu(111). The underlying mechanism of light effect was proposed to
occur via surface mediated excitation, with the creation of photoexcited electrons known as

hot electrons correlated with surface plasmon excitation. This original pathway combining
both light and heat provides an additional parameter to control on-surface-synthesis by

separating the precursor activation stage from the diffusion.

Keywords: light, on-surface-synthesis, hot electrons, surface plasmon, poly-para-phenylene

1. Introduction

Poly-para-phenylene (PPP) has been considered for long as
the prototype of organic semiconductor conjugated polymers
and could be also seen as the narrowest graphene nanoribbon
(GNR). In its neutral form, PPP is a large band gap
semiconductor that can be doped to increase its conductivity,
moreover, its mechanical properties, low density and high
stability regarding temperature, oxygen exposure and
moisture make PPP a promising candidate for organic
electronics [1]. Numerous approaches to synthesize it in wet
chemistry were reported [2,3]. Finally, the chemical pathway
to access this long-desired polymer in its pristine form was
only established in 2016 [4].

XXXX-XXXX/ XX/ XXXXXX

On the other hand, PPP can be also regarded as a model
system for on-surface-synthesis (OSS). During the past
decade, this approach has gained increasing research attention,
since new molecular species and nanoarchitectures not
achievable by conventional wet chemistry can be successfully
formed by chemical reactions directly onto surfaces [5-13].
OSS is based on the use of a substrate not only as physical
support but also as active catalyst component to initiate a
chemical reaction from precursors that moreover could be
carried out in an ultra-clean environment such as ultrahigh
vacuum (UHV). This provides the great advantages to give
access to a larger range of temperatures than in solution, to
provide structural order to achieve atomic scale precision
thanks to 2D confinement, to carry out chemical reactions in
a solvent free environment and to benefit of additional
parameters such as nanostructuration of the surface to further
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confine the reaction and the reactants [14]. Up to date, a large
number of reactions such as Ullmann coupling [15], Glaser
coupling [16], Bergman reaction [17], aryl-aryl
dehydrogenation [18], Diels—Alder reaction [19], Schiff-base
reaction [20], boronic acid condensation  [21],
cyclotretramerization [22], etc. have been successfully
performed on different metal surfaces in UHV and further
investigated with the help of surface science techniques
combined with theoretical calculations. The final products
obtained by OSS, obviously depend on the initial molecular
precursors, but are also strongly influenced by the underlying
substrate, its chemical nature, its crystallographic orientation
and symmetry which fully determine its reactivity. In addition,
the surfaces can even directly participate with their adatoms to
the formation of organometallic species (OGM). The
syntheses of GNRs [23,24] and long polyacenes [25] on
different metallic surfaces are definitively among the most
successful and remarkable examples of OSS. Among the
chemical reactions that were successfully tested on metal
surfaces, Ullmann coupling is one of the most studied and one
of the most popular [6,26,27]. Using Ullmann coupling, PPP
has been achieved starting from various different precursors
such as 1,4-diiodobenzene [28], diiodo-biphenyl and
dibromo-diphenyl [29], 4,4°’-dibromo-p-terphenyl [30-33].
In addition, wider nanoribbons were also on-surface
synthesized from PPP by dehydrogenation and C-C coupling
[34]. Belonging to the same family class, hyperbenzene and
zigzag poly-m-phenylene were also successfully achieved
from halogen functionalized-m-terphenyl precursors [35,36].
This process can be described as follows: after halogenated
precursors adsorption onto a surface, two activation steps have
to be induced: (1) radicals creation by cleavage of the C-X
bond(s), with X=ClI, Br, | and (2) diffusion to provoke the
chemical reaction between the reactive species. One of the key
parameters to achieve covalent coupling is the temperature at
which the reaction takes place. Several strategies have been
imagined to lower the temperature, such as co-deposition of
reactive adatoms such as Ni or Ag together with dibromo-
biphenyl and diodo-biphenyl molecules on Au(111) has
permitted to synthesize stable intermediates [29].

Here, an original approach was adopted combining both
sun like UV-visible-near IR light and heat at each step of the
Ullmann reaction towards PPP synthesis on Ag(100) and
Ag(111) single crystal surfaces. The study was carried out by
low temperature Scanning Tunneling Microscopy (LT-STM)
and Density Functional Theory (DFT) from 4,4°’-dibromo-p-
terphenyl (DBTP) as precursor in order to get a detailed
understanding of the mechanism of the on-surface chemical
reaction assisted by light. A detailed analysis of light
exposition effect at the different stages of the Ullmann
reaction i.e. from self-assembly to intermediate OGM phase
until complete polymerized PPP was carried out by comparing
the reaction temperatures, on both surfaces yielding a

lowering of the reaction temperature by 50 K and thus
enhancing the surface reactivity of Ag(100) to become
comparable to Cu(111). The underlying mechanism was then
discussed in terms of substrate mediated electronic excitation
and asymmetric energy barriers for bond cleavage and
polymer formation.

2. Results and discussion

2.1 Methodology

Ag(100) and Ag(111) single crystal surfaces were prepared
by cycles of Ar-sputterimg at 1 keV (ionic current ~10 pAmp)
and annealing at 773 K for 30 minutes with a slow cooling
down (10K/min) at the last cycle. DBTP and DITP (4,4’-
diiodo-p-terphenyl) molecules were placed in a home-made
mini transferable evaporator and carefully degassed until the
UHYV base pressure reached again the low 10-10mbar range.
The cleanness of the samples and powder was checked
directly in the STM. All the STM images were recorded at 5K,
unless explicitly mentioned. A Xe arc discharge lamp, Oriel
Newport, operating power 150 W, sun-like emission spectrum
renders them a popular choice for solar simulation, was used
to shine light on the samples (Fig.1Sl). The emission range
extends from about 200 nm to 2400 nm, with an irradiance at
0.5 m greater than 100 mWm-2nm* from 800 nm to 1000 nm.
The experimental setup consists of an optical fiber located at
the exit of the Xe arc discharge lamp together with an optical
lens located in front of the UHV window to focus the photon
beam on the sample surfaces. The power at the exit of the fiber
was about 350 mWm2nm at 350 nm.

The density functional theory (DFT) calculations were
performed by using the Vienna Ab-initio Simulation Package
(VASP) [37,38]. The projector augmented wave (PAW)
potentials in a plane wave basis were used to describe the
valence electron ion core interaction of each element [39]. The
exchange-correlation energy corresponds to that given by the
Perdew-Beck-Eneker (PBE) functional within the generalized
gradient approximation (GGA) [40]. The van der Waals
(vdW) interactions were considered by a modified version of
the semi-empirical DFT-D2 method proposed by Grimme
[41]. In this version the correction was not considered for
metal-metal interactions within surface slab. The kinetic
energy cut-off was fixed to 440 eV, which gives a lattice
parameter of 4.162 A for the optimized fcc bulk silver (with a
reciprocal lattice mesh of 15x15x15 to sample the 3D
Brillouin zone). The self-consistent electronic convergence
criterion was set to 10-6 eV and the geometrical relaxation was
considered to be converged when the forces on each unfixed
atom was lower than 0.02 eV/A. The slab which represent the
surface of Ag(001) was constructed by a 4 atomic plans with
each plan contains of 48 Ag atoms (with a lateral dimension
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Figure 1: Constant current STM images of DBTP d

eposited on Ag(100) maintained at 78 K (a) bias-induced self-assembly monol

éyer of

DBTP on Ag(100) (imaging conditions: 1 pA, 300 mV); (b) Zoom in the same area revealing halogen bonding with windmill of different
chirality (imaging conditions: 1pA, 300 mV); (c) Brick-wall arrangement obtained by increasing the surface coverage. (imaging conditions:

10pA, 100 mV).

of 16.65 x 24.97 A?), with x axis along the (100) direction and
y axis along the (010) direction. The Brillouin zone was
sampled with only the gamma point in the reciprocal space for
preliminary calculations and a 3x3x3 k-point sampling for the
electronic structure analysis. The vacuum space was set to
18.32 A (about 12 A from the Ag surface). The dipole
correction was considered in the z direction to compensate the
interface dipole effect during the energy minimization.

The activation barriers to detach iodine or bromine atom
from the DITP and DBTP precursors, and to detach Ag atoms
from the organometallic complexes were estimated with the
transition stats obtained by using the Climbing Image Nudged
Elastic Band (CI-NEB) method as implemented by the
Henkelman group [42,43]. With this method, the minimum
energy reaction path was identified, by optimizing the forces
perpendicular to this path to be lower than 0.5 eV/A on each
of equally separated intermediate images.

2.2 Halogen bonding driven self-assembly

When deposited onto Ag(100) maintained at 78 K, DBTP
formed self-assembly islands stabilized through halogen
bonding, indicating that at this temperature, diffusion was
high enough to allow molecular rearrangement onto the
surface (fig.1a). Nevertheless, self-assembly did not take
place spontaneously but was induced by rising the voltage up
to a threshold bias of 1.2 V. In fig 1a, a constant current STM
image recorded at 78 K revealed a pseudo square molecular
reconstruction extending over the whole terraces with some
disordered areas along the step edges and on narrow terraces.
Noisy areas corresponding to locations where the molecules
were still diffusing during the scan are also visible at the top
left corner of the STM image in fig.1a. The transition between
ordered and noisy areas was fuzzy and structural ordering was
clearly induced by repeated scans and self-healing defects
evolving with time and number of scans on the same area.

Lowering the bias below the threshold value resulted in noisy
STM images dominated by molecular diffusion, indicating
that the reconstruction is unstable. A closest look at the nodes
of the reconstruction, where a windmill shape (WM) is
observed, reveals a mixture of left and right handedness giving
rise to square, rectangular and trapezoidal cells. For the sake
of comparison, the same experiment was conducted with
DITP precursors. The stability of the molecular layer
arrangement with respect to the tip bias was found to be much
stronger for DITP compared to DBTP allowing scanning at
lower bias without losing the structural order. These results
are in good agreement with previous halogen bonding studies
that have proven that the strength of the interaction is related
with the increasing polarizability of the halogen (I>Br) and
decreasing electronegativity [44]. Another difference worth to
be mentioned is that the same chirality was found at each node
of the WM arrangement yielding a perfect square arrangement
(see fig2.Sl). In order to elucidate the phenomenon at the
origin of this bias induced molecular arrangement, a series of
scans were conducted on non-ordered areas (diffusing
molecules) at various tip-sample distances by approaching the
tip by steps up to AZ=-1nm from a setpoint at 10 pA, 100 mV
in order to check for electric field effect. No any order was
induced by proceeding in such a way, excluding readily
electric field effect on the molecular ordering. In contrast,
another study on terarylene molecules on Cu(111) reporting
on tip-induced formation of a supramolecular network where
the 2D assembly stabilized by n-r stacking and van der Waals
interactions was observed [45]. The main difference between
the two systems DIPT/Ag(100) and terarylene/Cu(111) is that
the dipole of the latter was found to be aligned with the vertical
electric field induced by tip pulses, while in our case, the
dipole would be lying rather parallel to the surface. Therefore,
for our system, the ordering is energy dependent and related
to a resonance of electronic states corresponding to the lowest
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unoccupied state (LUMO) (see fig3.Sl). By increasing the
surface coverage of DBTP, a brick-wall ordering was found to
become more favorable with higher density packing as shown
in fig.1c. The surface area covered by unit cell in the WM
arrangement was found to be about 4.81 nm? with 2 molecules
per unit cell while the brick wall unit cell occupies about 1.6
nm? as well for 2 molecular units confirming the more
compact structure for higher coverage [31]. This brick-wall
arrangement with interconnected digits is more compact as
already reported for both DBTP and DBQP on Au(111) and
was also obtained for higher surface coverage. The structure
is stabilized by halogen bonding as for the WM arrangement.
In opposition to the WM structure, the brick wall self-
assembly was not induced by tip scanning but spontaneously
formed on the surface after deposition. WM on Ag(100)
surface corresponds to a meta-stable configuration with a local
minimum of potential energy surface (PES). This “stability”
could be reached only when an additional energy was
provided by applying a bias voltage during imaging.

2.3 From DBTP to PPP
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Figure 2: Current constant STM images of DBTP precursors on
Ag(100) (a) light activated precursors yielding the formation of
OGM intermediate phase obtained at 300K (imaging conditions:
1pA, 300 mV). (b) OGM wires along the [100] direction of the silver
substrate presenting misalignment with a jump of half unit cell.
(imaging conditions: 20pA, 100 mV). (c) After annealing at 423 K
together light, some short oligomers start to be formed along the
OGM wires by elimination of one bridging silver atom. (imaging
conditions: 5pA, 30 mV). In the first row, Ag bridging atoms are
depicted as blue circles and halogen atoms as red circles. (d)

Completed Ullmann coupling obtained at 470 K with light exposure
displaying PPP wires separated by halogen atom rows.

The DBTP precursors were then exposed to light and
annealed at different temperatures to complete Ullmann
coupling. At 300 K, the C-Br bonds remain intact yielding the
same windmills ordering induced by tip bias as observed for
the 78 K deposition. Light exposition at 300K or annealing at
340 K without light provokes debromination and generates
radicals with unsaturated C-bonds which form an
organometallic intermediate (OGM) by picking up adatoms
from the substrate as shown in the STM overview presented
in fig.2a. The Ag atoms involved in these OGM wires are
either adatoms diffusing from low coordinated step edge sites,
but also atoms from the substrate lattice can participate in the
chain formation. The chains thus formed by alternating
terphenyl groups (Ph)3 and Ag are aligned along the [100] and
[010] main crystallographic directions of the substrate but
some misalignment along the chains is observed provoking
fluctuation along the main direction as could be seen in fig.
2b. When integrated in the OGM structure, the bridging Ag
atoms are positively charged, in contrast with the halogen
atoms which are negative due to charge transfer from the
substrate. Therefore, along the OGM wires, the Ag atoms are
very often surrounded by these negatively charged halogen
atoms, which can be nevertheless, found also at other locations
along the chains. After light exposition and annealing at 373
K for 3 hours, the same OGM structure was observed on the
surface without noticeable change. The next stage of the on-
surface Ullmann reaction consists of eliminating the bridging
silvers giving rise to short oligomers obtained by light-assisted
annealing at 423 K. This stage is illustrated in the high
resolution STM image displayed in fig. 2c, where some (Ph)s
oligomers resulting from the elimination of 1 bridging silver
atom are clearly identified. In the last stage, the complete
Ullmann coupling yielding PPP formation (fig. 2d) was
reached for light-assisted annealing at 473 K. The PPP wires
are surrounded by halogen rows and are now aligned along the
<110> direction. More details on the OGM chains could be
extracted from fig.3a where atomic resolution was achieved
on the silver substrate. The OGM is oriented along the <100>
direction and along the perpendicular <010> direction. In gas
phase, the Ag-(Ph)s-Ag distance was found to be dag-a,=1.564
nm. Experimentally, a statistical analysis of the Ag-Ag
distance gave a distance dag-ag= 1.596 nm = 0.02 nm, proving
an adaptation of the monomer to fit the substrate lattice by
stretching the C-Ag bonds. On Cu(111), this distance was
reported to be 1.62 nm [30] which demonstrates the strong
substrate influence on the adsorption geometry. The
energetically most stable locations of the Ag bridging atoms
are the 4-fold hollow sites at the center of the Ag(100) reduced
unit cell.

In the OGM chain, they occupy approximately every 4th
position with a distance of 4*aAg = 1.632 nm where axq is the
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Figure 3: (a) Current constant STM images of OGM chain on Ag(100) with atomic resolution on Ag(100) together with OGM chain allowing
to locate precisely the Ag bridging atom and the main crystallographic directions of the substrate (imaging conditions: 10pA, 100 mV). (b)
Schematic representation of OGM wires along the [100] direction of the silver substrate presenting a tilted molecule explaining the
misalignment of the chain with a jump of half unit cell. (c) Current constant STM images of OGM chain on Ag(100) recorded at 1.9V where
the tilted monomer appear with a different brightness revealing a change of the LUMO state associated with a different adsorption site and

bonding. Imaging conditions:1.9V, 3pA.

lattice constant of the Ag(100) face centered cubic single
crystal. Every fourth monomer is therefore tilted in order to
compensate the remaining mismatch of 0.036 nm between the
stretched molecular length and the lattice parameters of the
substrate (fig. 3b). In long chains, it might necessarily result
in dislocations or chain disruptions to reduce strain and to
allow relocation of Ag atoms and (Ph)s. The distance
between.the blue lines drawn in fig. 3a equal to aag/2=0.144
nm corresponds to half unit cell. On various other STM
images, multiples of aAg/2 are also found.

Other studies conducted on similar precursors report a
bending of the outer phenyl rings toward the Ag surface
caused by the C-Ag-C bonds [46]. In order to understand
which are the parameters governing the reaction and the effect
of light exposition on the different stages of PPP formation, a
comparison of the temperatures required for each step of the
Ullmann coupling was carried out with and without light on
both Ag(100) and In the OGM chain, they occupy
approximately every 4th position with a distance of 4*aag =
1.632 nm where aag is the lattice constant of the Ag(100) face
centered cubic single crystal. Every fourth monomer is
therefore tilted in order to compensate the remaining
mismatch of 0.036 nm between the stretched molecular length
and the lattice parameters of the substrate (fig. 3b). In long
chains, it might necessarily result in dislocations or chain
disruptions to reduce strain and to allow relocation of Ag
atoms and (Ph)s. The distance between the blue lines drawn in
fig. 3a corresponds to half unit cell equal to aag/2=0.144 nm.
On various other STM images, multiples of aag/2 are also
found. Other studies conducted on similar precursors report a
bending of the outer phenyl rings toward the Ag surface
caused by the C-Ag-C bonds.

In order to understand which are the parameters governing
the reaction and the effect of light exposition on the different
stages of PPP formation, a comparison of the temperatures
required for each step of the Ullmann coupling was carried out
with and without light on both Ag(100) and Ag(110) surfaces.
The main results are summarized in table I.

Ag_ | Light | 300K | 373K | 423K 473K | 523K
ON | oM | ogm | ©lig* PPP
100 PPP
Olig. +
- | wm | ocM | ocMm oo | PPP
111 | _ON [ OGM | PPP
OGM | Olig. PPP

Table I: Synthetic view of the results obtained on Ag(100) and
Ag(111) at different annealing temperatures with and without light
exposition. As could be seen directly from this table, the different
steps of the reaction occurred at a temperature lowered by 50 K when
a combination of light and annealing temperature was used.

To achieve only PPP islands, the temperature of annealing
has to rise up to 473K with light and up to 523 K without light.
We can conclude that the use of light in our case allows to
lower the reaction temperature by 50 K at all stages of the
Ullmann reaction i.e. (i) activation of the precursors by C-Br
bond cleavage, (ii) formation of the oligomers by some C-Ag
bond cleavages and (iii) complete Ullmann coupling by the
remaining C-Ag bond cleavage and reorientation of the PPP
along the <110> axis of the Ag(100) surface. The quinoid
forms inside PPP islands as shown by Yuan et al. [33] on
Cu(111) surface were not observed instead these PPP wires
adopted a planar conformation as confirmed by DFT
calculation.
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Br(Ph),+Br

0.83 eV

Ag+(Ph) +Ag

Ag(Ph)3+Ag

Figure 4: Energy barriers calculated by CI-NEB to overcome in order to detach (green arrow) and to attach (red arrow) (a) the first and the
second bromine atoms from/to the DBTP precursors; (b) the first and the second Ag bridging atoms from/to the OGM.

Ag(111) is known to be more reactive than Ag(100),
therefore, as displayed in table I, the reaction temperature
stages were found to be lower than the ones on Ag(100), as
expected. The interaction of DBTP with the metal surface
seems to be rather weak since the same square WM
arrangements of the intact molecules were found on this 3-fold
symmetry substrate. The WM centres present alternate right
and left handedness (SI. Fig4a). This is in striking contrast
with respect to the 3-fold symmetry of the self-assembly
precursors reconstruction that was found on Cu(111) [30]. As
on Ag(100), the molecular self-ordering was bias energy
driven and not stable at low bias. As mentioned previously,
the stability of WM structures is ensured by the intermolecular
halogen bonds as demonstrated by Chung et al. [47] In
contrast with the OGM wires obtained on Ag(100), the OGM
were not anymore aligned with the main crystallographic axes
of the substrate but rather formed loops starting and ending at
a step edge (SI fig. 4b). Another difference regards the
location of the halogen atoms which are not anymore located
around the Ag bridging atoms but besides the (Ph)s (Sl fig.
4c). The PPP were achieved at 373 K using light assistance
and at 423 K without light (Sl fig.4d). Without light, thermal
annealing duration of 15 min and longer yield the same results.
In opposite, a minimum light exposition duration of 5 hours
was needed to achieve PPP, which is partly due to our
experimental setup, since at the exit of the optical fibre, the
intensity was measured to drop at least by a factor 10. This is
worth to mention that ordering was largely improved by the
use of light with respect to only heat specially on Ag(111) as
already reported in Basagni et al. [48] on 5,11-di-
bromotetracene on Au(111). The comparison between thermal
and light dissociation has shown that at 410 K, thermal process
yields disordered area with rare zones where OGM dimers
were observed while a significant increase of surface order
was obtained by using milder conditions (room temperature)
together with 405 nm light irradiation. In order to better
understand, the energy barriers at play in this process, DFT
calculations were carried out. The diffusion barrier calculated
by using the Climbed Image-Nudge EB method shows a

relatively small value 0of 0.172 eV and 0.171 eV for DITP and
DBTP molecules respectively. These values explain the free
diffusion of these molecules even at relatively low
temperature of 78 K. Debromination follows a two-step
process as depicted in fig. 4a. To detach the first bromine atom
from the DBTP molecule adsorbed along the <100> direction,
the energy to overcome the barrier was estimated to 0.59 eV.
The detachment of the second Br atom requires a higher
energy of 0.73 eV (fig. 4a). To provide enough energy to
overcome these debromination barriers, an annealing of the
substrate at 373 K was therefore necessary. The detached
bromine atoms diffuse easily as their diffusion barrier was
estimated as low as 0.1 eV. Remaining at this temperature of
373 K, the thus formed para-terphenyl diradical should
spontaneously coordinate with diffusive Ag adatoms to form
Ag-(Ph)3-Ag chains, thanks to the low coordination barriers
of 0.36 eV to attach the first Ag adatom and 0.39 eV to attach
the second Ag atom. In addition, the diffusion barrier of Ag
adatoms is estimated to be about 0.3 eV, which favours the
approach of these atoms to the reactive terphenyl diradicals.
The formation of OGM is an exothermic reaction releasing
1.05 eV. The thus formed OGM complex adsorbed along the
<100> direction has a length of 1.596 nm, which is 4% shorter
than the distance between surface cells (1.665 nm). This
length mismatch is at the origin of the misalignment detailed
in fig. 2b and fig 3a. Furthermore, the adsorption energy of
OGM is -6.311 eV along <100> and -6.083 eV along <110>
direction. This difference in adsorption energy could be the
reason why only OGM along <100> (or <010>) are observed.
Starting from the OGM structure, the C-C coupling also
requires the formation of para-terphenyl diradicals. Fig. 4b
shows the CI-NEB calculated the activation barrier to cleave
the Ag-C coordination bond which is much higher
(respectively 0.97 eV and 0.83 eV to detach the first and
second Ag atom) than the energy necessary to attach Ag
adatoms to this diradical (0.39 and 0.36 eV). This higher
activation energy could be the reason why an annealing
temperature as high as 473 K was necessary for this last step.
However, a question could be raised here, which is why no
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direct formation of PPP through C-C coupling immediately
after the p-terphenyl diradical formation is observed. To
answer this, we have calculated the diffusion barrier of the
terphenyl diradical to be about 1.98 eV. Thus, the direct C-C
coupling when diradicals are lying parallel along the <100>
direction is strongly diffusion limited. This conclusion is at
first glance in contradiction with the case of benzene radicals
coupling on Ag(111) and Au(111) where no energy barrier
was found to establish the C-C bonds as calculated by Borjk
et al. [49].

However, a closer look reveals that the weak activation
barrier corresponds in fact to the C-C coupling when two
phenyl radicals were positioned face to face at a distance close
to the C-C bond. To bring these radicals to such positions, the
diffusion barrier was evaluated to be about 0.3 eV on Ag(111).
In the present case of diradical, there is one radical at each
extremity and the whole diradical is 3 times longer than a
single phenyl radical. Such a diradical requires an activation
energy to diffuse much higher than the energy required for
diffusion of a coordinated species Ag-(Ph)s-Ag and for the
(Ph); core. Finally, the co-existence of OGM and PPP could
be explained by the competition between C-C covalent bond
formation and C-Ag bond formation among the remaining
diradicals which might form either PPP or OGM complexes.
Therefore, to ensure 100% of the diradicals to interact to form
pure C-C bonds, a substrate temperature as high as 473 K was
necessary. This qualitative and quantitative DFT study fully
agrees with the experimental results and provides a clear
picture of the Ullmann coupling process taking place at
surfaces.

From these results, a number of conclusions can be
drawn. Using light in combination with annealing temperature
permits the formation of OGM at 300 K. Furthermore, the
catalytic activity of the Ag(100) substrate is enhanced and
becomes similar to that of Cu(111). A comparative table of
Ullmann coupling reaction of the brominated precursors onto
various substrates is shown in table II.

Precursor | Subst. OGM Oligomer | PPP

DBBP [29] Aulll No 500 K No

DBT[49] Aulll 410K -

DBTP? Ag100 RT+ 423 K+ 473 K+
light light light

DBBP [29] Aglll RT 373K 473K

BHydroxyB | Aglll | 80K - RT (A=266

P[50] diradical nm)

DBTP [30] Culll RT 393K 473K

DBBP[29] | Cuilli <RT - 450K

Table Il: Comparative table of on-surface Ullmann reaction
temperatures on different substrates. (%) refers to this work. For
the same DBTP precursors, the use of light enhances the
catalytic activity of the Ag(100) to Cu(111) level.

Moreover, X-ray Photoemission Spectroscopy (XPS)
analysis has revealed coverage decrease due to thermal
treatment while the disorder was assigned to molecular

fragmentation. Another study carried out on 4-bromo-4’
hydroxybiphenyl on Ag(111) has shown that upon radiation
using a 266 nm UV laser at 80 K, debromination and
dihydroxylation were achieved giving rise to covalently
bonded polyphenylene polymer chains after annealing at RT
[50]. Other photoinduced reactions involving C—X (X=Br, Cl)
bond breaking have been also used as a direct route to form
covalent bonding between molecular bilayers on the Si(111)-
(7x7) surface [51]. In all these studies, light effect was studied
only on the first step of the Ullmann reaction regarding C-X
bond cleavage. Here, we have used light combined with
temperature at each stage of the reaction to benefit from milder
conditions. This strategy allows as well to decouple the
diffusion step (activated by temperature) from the bond
cleavage.

Regarding the mechanism of the photochemical effect,
shining light on solids to activate surfaces has been used for
the last 40 years, in particular in the domain of catalysis to
enhance activity or selectivity properties of metals or oxides
towards more effective dissociation of small molecules such
as oxygen or water [52,53]. The mechanisms at play involve
different processes, either direct photon absorption by the
adsorbates, or photon absorption by the substrate, or a
combination of both of them. Then, in case of direct
absorption by the adsorbate, electronic excitation might decay
into photon emission, vibrational states de-excitation or
through other de-excitation channels opened by the presence
of the substrate [53]. When the photons are absorbed by the
substrate, different phenomena might occur such as
photoelectrons emission, surface plasmon excitation, surface
phonon, electron-hole creation and subsequent electron
transfer to the adsorbate giving rise to negative ion resonances
(NIRs) [54-56]. The main advantage to use light instead of
heat is to favor the polymerization process under milder
conditions, but also to enhance selectivity promoting only
certain chemical reactions.

In this study, due to the interaction between precursors and
metal, direct excitation of the vibrational transitions of DBTP
or (Ag-Ph)n through light absorption can be readily discarded
since it would relax faster into the heat bath provided by the
substrate than into energy transfer to the low frequency
molecule surface mode required for bond dissociation. In the
same way, short-lived electronic excitation of the adsorbate
decays into the molecule-surface vibration. However, due to
short lifetimes, only a small fraction of the excited molecules,
would gain sufficient energy to allow bond cleavage.
Therefore, the dissociation of molecular bonds by direct
adsorbate excitation occurs very rarely on metal surfaces. The
origin of electronic excitation short lifetimes lies in the strong
coupling of the adsorbate excited states with the nearly infinite
number of electron-hole pair states provided by the substrate.
Therefore, on metallic flat surfaces, the direct photoexcitation
channel of the adsorbate is quenched [57,58]. From these
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considerations, we can conclude that the underlying
mechanism of light effect on the temperatures at which occurs
the different bond cleavages could not be explained by a direct
photon absorption exciting either vibrational or electronic
transitions of DBTP and (Ag-Ph), groups.

The mechanism with the highest cross section and thus
more likely to occur upon light irradiation is plasmon
excitation [59-61]. Resonant optical excitation of the metal
surface plasmon produces hot electrons that facilitate
chemical reactions. Two processes might concomitantly occur
(i) when hot electrons have energy enough to directly populate
the LUMO states of the adsorbate, they transfer, in our case,
into the antibonding state of the C-Br bond producing the bond
cleavage (ii) if hot electrons do not have energy enough to
induce a direct electronic excitation, they might result in bond
dissociation depending on the cumulated vibrational energy
by thermal effect. This latter will induce an increase of the
sample temperature which should be reflected in the
temperature measurement. This hot electron mediated
mechanism is supported by numerous examples where the
initial photoexcitation of the substrate produces hot electrons
that scatter into the molecular resonance state, leading to the
dissociation of the adsorbate [59,62,63].

As pointed out in Barragan et al. [64] , heating induced by
vibrational modes plays a negligible role in bond dissociation
with respect to electronic population of the C-Br* antibonding
state whenever the electron energy is high enough [65].
Spatially, photon absorption extends over the range of the
penetration depth of the incoming light. The electron mean
free path, which depend on the electron energy, is of the same
order. Therefore, the initial hot electrons, created by photon
absorption, will reach the surface with high probability. On
metallic surfaces, the penetration depth of photons with an
energy of a few eV is in the order of ~ 10nm, corresponding
to the electron mean free path at this energy [52]. The hot
electron generation phenomenon appears to be correlated with
localized surface plasmon resonance enhancing the life time
of these hot carriers to convert them into an efficient pathway
for photochemistry on metal surfaces or semiconductor metal
heterojunctions [52,53,58,59]. The hot electrons created by
metal photon absorption might then tunnel into the LUMO
state of the molecules forming thus a transient anion by “Hot
Electron attachment” (HEA) that leads to intramolecular bond
dissociation, by “Dissociative Electron Attachment” (DEA).
In addition, in noble metals as Ag, strong plasmon resonances
arising from the Drude-like property of sp-electrons enhance
HEA efficiency. An angle-resolved high-resolution electron-
energy-loss-spectroscopy (AR-HREELS) electron study
reports on a single loss energy observed at 3.69 eV on Ag(100)
[66], corresponding to a wavelength of 336 nm. The Xe-arc
discharge lamp used in this study covers a wide range of
wavelength rendering surface plasmon excitation and hot
carrier generation highly probable to occur. To conclude this

discussion, the temperature of the different reaction stages is
most probably reduced by 50 K with respect to purely thermal
processes through photon absorption by the Ag(100) substrate
generating hot electrons whose lifetime is enhanced by surface
plasmon excitation occurring through the same photon
absorption process.

3. Conclusion

In summary, a detailed study of light assisted Ullmann
reaction at Ag(100) surface was carried out starting from
DBTP precursors. We found that the temperature at each stage
was reduced by 50 K upon light exposition for each stage of
the reaction including debromination, C-Ag bond cleavage of
the OGM intermediate to achieve oligomers and finally PPP
wires. The energy barriers to overcome were calculated by
DFT and explained the experimental results. The underlying
mechanism of light was explained by hot electron generation
supported by surface plasmon excitation through photon
absorption by the metallic substrate. A better ordering of the
intermediate and final products was found when light was
used. This original method to lower the reaction temperature
provides an additional parameter to better control on-surface-
synthesis by separating the activation phase from the diffusion
occurring at the same time in case of purely thermal activation.
This approach could be extended to other systems in particular
for fragile precursors to avoid desorption or undesired
fragmentation.
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