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Abstract: On-surface synthesis has become a powerful approach to produce low-dimensional carbon-based
nanostructures with atomistic precision. A large variety of analytical tools and methods are available to provide
efficient monitoring of on-surface reactions, among which, scanning probe microscopy (SPM) has proven to be
particularly efficient to characterize reaction intermediates and products down to the atomic scale. Nevertheless,
due to limited temporal resolution, difficulties to explore the full temperature range, and lack of identifying the
chemical environment of all elements involved in on-surface processes, SPM is ideally complemented with tem-
perature programmed X-ray photoelectron spectroscopy (TP-XPS). In this short review, we aim to unveil some
of the capabilities of synchrotron-based TP-XPS reporting on our own research on Ullmann-type on-surface
coupling reactions.
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1. Introduction
The initial report of thermally activated dehalogenative aryl–

aryl coupling on the well-defined, atomically flat single-crystal-
line gold surface under ultrahigh vacuum (UHV) conditions by
Grill et al. in 2007,[1] provided the proof of concept for today’s
success of on-surface synthesis. This success stems from a reliable
bottom-up approach to fabricate large, atomically precise molecu-
lar systems, whose structure can be controlled by appropriately
designing the molecular precursors used as building blocks.[2–7]
Moreover, on-surface synthesis circumvents several drawbacks
of wet chemistry processes, such as the solubility problem par-
ticularly with regard to the products. Furthermore, because the
synthesis takes place in UHV, the degradation of air-sensitive
molecules is suppressed, and the occurrence of unwanted side re-
actions reduced, also due to the 2D templating effect of the sub-
strate. The simplicity, reproducibility, and flexibility of on-surface
synthesis resulted in the creation of numerous, and in many cases
entirely new and long-sought-for, molecular structures, such as
graphene nanoribbons (GNR) with controlled width and edge ter-
mination (Fig. 1),[8–12] magnetic nanographenes,[13–18] 1D organic
spin chains,[19] or extended 2D organic networks.[20–22]

In this review article, we focus particularly on the investigation
of dehalogenative aryl–aryl coupling, also referred to as Ullmann-
type coupling, whose reaction process is illustrated in Fig. 1a,b,
because it represents the most frequently encountered on-surface
reaction scheme. Numerous other on-surface chemical reactions
have been reported and are discussed in the reviews, e.g. from Shen
et al.[5], Di Giovannantonio and Contini,[23] or Clair and Oteyza.[6]
The initial step in the on-surface Ullmann-type coupling consists
of the deposition of the precursor molecules on a metal surface in
UHV, followed by a subsequent heating step to thermally activate
the dehalogenative aryl–aryl coupling and thus the formation of
covalent bonds between the precursor molecules. In some cases,
an additional heating step is required to activate intramolecular
cyclodehydrogenation to arrive at the targeted product.

Fig. 1. a) Schematic illustration of on-surface GNR synthesis on Au(111)
with (1) deposition of molecular precursors, (2) surface diffusion and
elimination reaction of functional groups, (3) polymerization, and (4)
cyclodehydrogenation. b) Reaction scheme for the on-surface synthesis
of 9-AGNRs from (3',6'-dibromo-1,1':2',1'-terphenyl), on Au(111). c)
STM and nc-AFM of a 9-AGNR segment (scale bar: 1 nm). (a) has been
adapted from ref. [47], (b,c) with permission from ref. [48], copyright
2017 American Chemical Society.
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band-gap GNR in a field effect transistor. Finally, we discuss the
potential of TP-XPS to determine kinetic information for asym-
metric on-surface reactions.[43]

2. Reversibility of On-surface Chemical Reactions
Even though the first experimental study of thermally induced

on-surface dehalogenative aryl–aryl coupling dates back to 2007,
the combination of STM, nc-AFM and XPS investigations could
so far only establish the nature of the thermodynamically stable
states along the reaction pathway.[42] On Au(111), the halogen
elimination and carbon–carbon bond formation processes usu-
ally occur simultaneously,[28,30,31] hence no intermediate molec-
ular species are observed. In contrast on Cu(111), the halogen
elimination occurs at lower temperatures as the carbon–carbon
bond formation.[31,33,51,52] Therefore, the formation of an organo-
metallic (OM) phase in which the dehalogenated molecules bind
with the radical site to copper adatoms is commonly observed.
Although TP-XPS experiments have been conducted to gain fur-
ther insight into the reaction pathway, the determination of the
corresponding energetics has only be determined for a limited
number of cases by using the Polanyi-Wigner equation, which is
commonly applied for the analysis of the desorption kinetics in
TPD experiments.

One implicit assumption connected to the Polanyi-Wigner
equations is the irreversibility of the reaction process, which is not
evident for on-surface reactions and should be explicitly clarified
by experiment. In particular, assuming that the halogen elimina-
tion process is reversible instead of irreversible, it should then be
possible to passivate the dehalogenated carbon site with another,
stronger bound halogen species.[53]Consequently, we investigated
the reversibility of the dehalogenation process by checking with
TP-XPS whether the bromine atoms of the prototypical 4,4''-di-
bromo-p-terphenyl (DBPTP), which polymerizes into poly(para-
phenylene) (PPP), could be exchanged by chlorine atoms on the
Au(111) and Cu(111) surfaces (Fig. 3, Fig. 4).

Creating extended molecular structures on metal surfaces ide-
ally enables their investigation by surface science techniques such
as scanning tunneling microscopy and spectroscopy (STM/S),
which provide structural and electronic information of the nanoar-
chitectures with intramolecular resolution. In the case of non-con-
tact atomic force microscopy (nc-AFM) with CO-functionalized
tips[24,25] it is even possible to resolve intramolecular bonds (Fig.
1c). Although these scanning probe techniques have proven pow-
erful[26] to identify the stable molecular structures for each reac-
tion step,[6] they can neither identify the chemical environment
of each element nor provide information about reaction kinetics
due to poor temporal resolution and restricted temperature of op-
eration. Therefore, the scanning probe techniques are commonly
complemented with density functional theory (DFT) calculations,
and from the experimental side, for instance with temperature
programmed desorption (TPD)[27–29] or temperature programmed
X-ray photoelectron spectroscopy (TP-XPS, previously also
called fast-XPS).[29–46]

In TPD, desorbing species are detected by their mass during a
controlled annealing of the sample. Therefore, TPD typically pro-
vides information on the kinetics of reactions in which the reaction
products instantly desorb from the surface. On the other hand, TP-
XPS accesses the chemical environment of each elemental species
present at the surface by its core level shift according to the ele-
ment’s Madelung potential in a temperature-resolved manner.[49]
Hence, when investigating a reaction, these two temperature-pro-
grammed techniques provide complementary insights, in particu-
lar, TPD regarding desorbing species and TP-XPS regarding the
kinetics of surface confined reactions.

In TP-XPS, element-selected core-level spectra are continu-
ously acquired to follow their evolution in time, mostly during a
constant heating ramp, which correlates the temporal succession
of the spectra with temperature. To achieve high temporal resolu-
tion, which translates to high-temperature resolution, synchrotron
facilities in combination with display electron analyzers are par-
ticularly well suited. The former due to their high brilliance to
enhance the signal to noise ratio and variable photon-energy to
optimize the surface sensitivity, the latter due to its fast spectrum
acquisition.A representative dataset of a TP-XPS measurement is
shown in Fig. 2. The TP-XPS map of the Br 3d core level in Fig.
2a monitors the on-surface dehalogenation process of bromine
detaching from 5-bromo-7-methylbenz(a)anthracene (BMA), its
transitory chemisorbed state on the gold substrate and finally its
desorption.[43] Each of the roughly 200 horizontal lines of the TP-
XPS intensity map corresponds to an individual XPS spectrum of
the Br 3d core level doublet (Br 3d

5/2
and Br 3d

3/2
) with a tempera-

ture resolution of about 2 K. Starting with the pristine molecule
from below 200 K, we observe that around 350 K, the Br 3d dou-
blet shifts within a relatively narrow temperature range by about
2 eV to lower binding energy (BE) before the overall intensity of
the doublet decreases above about 420 K. The shift to lower BE
is a result of the detachment of bromine from the molecule and its
subsequent chemisorption on the Au(111) surface. The decrease
of the overall intensity of the Br 3d doublet corresponds to desorp-
tion of the bromine atoms. In Fig. 2b, representative line profiles
of the TP-XPS map in Fig. 2a are extracted to show the Br 3d
doublet for each of the three different states.

Although there are several studies usingTP-XPS,wewill illus-
trate its capabilities based on investigations of our research group,
which all have been carried out at the PEARL endstation[50] of the
synchrotron facility at the Paul Scherrer Institute in Switzerland.

We will first discuss how TP-XPS evidenced the reversibility
of the halogen elimination process in the on-surface dehalogena-
tive aryl–aryl coupling on Au(111).[42]As a second illustration of
the method, we will review the impact of the halogen type in the
precursor molecule[29] or the precursor molecules’ coverage[45] on
the GNR length, which enabled the successful integration of small

Fig. 2. a) TP-XPS map of the Br 3d core level doublet during a heating
ramp of 0.1 K·s−1 of BMA on Au(111). b) Horizontal profiles extracted
from a at specific temperatures. Figure adapted from ref. [43].
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(i.e. PPP), respectively, while k
1
, k

–1
, and k

2
are the kinetic constants

for dehalogenation, re-halogenation and polymerization. The kinet-
ic constants are assumed to be of the form 𝑘𝑘! = 𝜈𝜈 ∙ 𝑒𝑒 ∆#!$"% where ν is the
attempt frequency (set to 1013s–1),∆E

i
is the activation energy of the

process, k
B
is the Boltzmann constant, and T is the temperature.

This aforementioned reaction pathway is described
by the following set of differential equations (Eqn. (2)):

As our experiments were performed with a constant heating
rate α, the derivative with respect to time t can be replaced by the
one with respect to temperature T: !!" = #$ !!%. When fitting the experi-
mentally determined kinetic curves for all chemical environments
of the bromine and carbon atoms for the dehalogenative aryl–aryl
coupling of DBPTP on Au(111) (Fig. 5a) with the whole set of
equations, we can experimentally determine the energetics of the
whole reaction path (Fig. 5b). We find energy barriers of 0.95 eV,
0.67 eV, and 0.70 eV for the debromination, re-bromination and
polymerization process, respectively. Importantly, fitting the kinetic
curves without taking into account the reversibility of dehalogena-
tion step fails to reproduce the experimental data.

In the case of DBPTP/Cu(111), the intermediate corresponds
to an OM compound, which is energetically more stable than pris-
tine DBPTP adsorbed on Cu(111). Hence the kinetic constant for
re-bromination k

–1
becomes negligibly small, reducing the rate

equations to (Eqn. (3)):

(2)

⎩⎪⎪⎨
⎪⎪⎧ ![#]!% = −𝑘𝑘&[𝐴𝐴] + 𝑘𝑘'&[𝐵𝐵][𝑋𝑋]![(]!% = 𝑘𝑘&[𝐴𝐴] − 𝑘𝑘'&[𝐵𝐵][𝑋𝑋] − 𝑘𝑘)[𝐵𝐵])![*]!% = 𝑘𝑘&[𝐴𝐴] − 𝑘𝑘'&[𝐵𝐵][𝑋𝑋]![+]!% = 𝑘𝑘)[𝐵𝐵])

(3)

⎩⎪⎪⎨
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As seen in the temperature dependence of the Cl 2p core level
doublet for the reaction on Au(111) in Fig. 4b, there is a distinct
shift of some intensity to higher BE starting around 400 K (in-
dicated with a white circle in Fig. 4b), which coincides with a
shift to lower BE in the Br 3d doublet in Fig. 4a. The shift in the
Br 3d doublet corresponds to the detachment of bromine from
the molecules, while the shift in the Cl 2p doublet to higher BE
can be attributed to the formation of covalent carbon–chlorine
bonds. Since the two processes coincide in temperature – which
is best seen by extracting the relative intensity curves, further re-
ferred to as kinetic curves, of each chemical state of the halogens
shown in Fig. 4c – we have strong evidence that chlorine binds
to the debrominated carbon site of the DBPTP molecule and thus
that the dehalogenation process is reversible on Au(111). On the
other hand, when performing the same experiment on Cu(111),
we observe no chemical shift in the Cl 2p doublet over the whole
investigated temperature range (Fig. 4d,f), indicating the deha-
logenation to be irreversible due to the formation of stable OM
intermediates.

The reaction scheme for the dehalogenative aryl–aryl coupling
including a reversible halogen elimination process reads (Eqn. (1)):

where A, B, X and C are the amount of precursor molecules (i.e.
DBPTP), of debrominated molecules, of halogen atoms chemi-
sorbed on the surface and of covalently coupledmolecular products

(1)!𝐴𝐴 "#$!⎯⎯⎯⎯⎯#"$$⎯⎯⎯⎯⎯%𝐵𝐵 + 𝑋𝑋2𝐵𝐵 &%&⎯⎯( 𝐶𝐶

Fig. 3. Reaction overview of DBPTP polymerization on Au(111) and
Cu(111). Adapted with permission from ref. [42], licensed by Wiley VCH.

Fig. 4. Temperature evolution of DBPTP + Cl on (a–c) Au(111) and (d–f) Cu(111). TP-XPS maps of Br 3d (a,d) and Cl 2p (b,e) doublets during the an-
nealing of DBPTP + Cl on the respective metal surface. Temperature dependence for all chemical states of Cl and Br, together with the total carbon
coverage (c,f). The trend of each experimental curve (dots) is indicated with a spline (solid line). Adapted with permission from ref. [42], licensed by
Wiley VCH.
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both systems individually, the processes of halogen detachment and
aryl–aryl coupling proceed over the same temperature range.

The difference in halogen elimination temperature for DITP
and DBTP has profound consequences. Unlike DITP, a large
number of DBTP molecules desorb rather than debrominate, as
evidenced by the strong decrease in the integrated C 1s and Br 3d
core level intensities shown in Fig. 7b. Moreover, for DITP the
halogen elimination process is farther separated in temperature
from the cyclodehydrogenation process (expressed as a shift in
the C 1s core level of about 0.3 eV to higher BE in Fig. 7e,f),
which planarizes the polymers and is initiated above 550 K for
both precursor molecules. According to the hypothesis that the
length of the polymers is limited due to passivation of the reac-
tive carbon site by atomic hydrogens released during the cyclo-
dehydrogenation process, a larger temperature separation of the
halogen detachment and cyclodehydrogenation, controlled by the
choice of the halogen species in the precursor molecule, results in
significantly longer 9-AGNRs.

The first of these equations describes the irreversible DBPTP
debromination and corresponds to the Polanyi-Wigner equation
for a first-order reaction, while the fourth equation, depicting the
polymerization, is a Polanyi-Wigner equation for a second-order
reaction. As the debromination and polymerization processes are
well separated in temperature, they can be analyzed independent-
ly. The successful fitting of experimental data (Fig. 5a) results in
a debromination energy barrier of 0.62 eV and polymerization en-
ergy barrier of 1.08 eV for Cu(111) (Fig. 5b). The experimentally
determined energy barriers are in good agreement with those es-
timated using DFT[36,54] calculations for the dehalogenative aryl–
aryl coupling of DBPTP on both Au(111) and Cu(111).

Such insight into awidely exploited on-surface dehalogenative
aryl–aryl coupling is a prerequisite for improving its efficiency
and selectivity. In particular, onAu(111), the rate-limiting step for
this polymerization reaction is the breaking of carbon–bromine
bonds. By choosing molecular precursors with weaker bonded
halogens, the dehalogenation process occurs at lower tempera-
tures, thus decreasing the likelihood of unwanted side-reactions.
[29] As discussed in the next chapter, exchanging bromine with
iodine in the precursormolecule has accordingly a profound effect
on the length distribution of 1D-polymers.

3. Controlling the Length of 1D-polymers by
Optimizing the Halogen Functionalization

The impact of exchanging bromine with iodine in the precur-
sor molecule is exemplarily illustrated for the synthesis of 9-arm-
chair GNR (9-AGNRs, see Fig. 1 for the reaction scheme) in Fig.
6.[29] STM investigations revealed that the usage of iodinated
(3',6'-diiodo-1,1':2',1''-terphenyl (DITP)) instead of brominated
(3',6'-dibromo-1,1':2',1''-terphenyl (DBTP, Fig. 1b)[48]) precursor
molecule lowers the polymerization temperature and triples the
average length of the formed 9-AGNRs from 15 nm to 45 nm
(Fig. 6c). In this context, increasing the length of 1D-polymers is
of profound technological relevance, as it allows a more efficient
and reliable bridging of the electronic contacts in devices.[55]

To shed light onto the detailed mechanism leading to longer
9-AGNRs for DITP than for DBTP, wemonitored the temperature
evolution of the C 1s and the respective halogen core level by TP-
XPS – the results are presented in Fig. 7. Extracted from the TP-
XPS maps (Fig. 7c–f), Fig. 7b displays the total intensities of the
halogen and carbon core levels as a function of temperature. Fig. 7g
shows the normalized intensities of each chemical state of the halo-
gen and the molecular backbone for DITP/Au(111). In a first step,
we focus on the dehalogenation process, which is associated to the
shift towards lower BE of the halogen doublets and a corresponding
shift to lower BE in the C 1s core level.As expected from the previ-
ous discussion, the halogen detachment process occurs at signifi-
cantly lower temperatures for DITP as compared to DBTP, namely
around 350 K instead of 440 K. For both precursor molecules, the
halogen detachment process is the rate-limiting step, because for

Fig. 5. a) Temperature evolu-
tion of Br–C, Br-metal and PPP
normalized signals extracted
from the TP-XPS maps (mark-
ers) and fitted with the kinetic
models for Cu(111) and Au(111)
described in the text (solid lines).
b) Experimentally derived energy
profiles for the PPP formation
from DBPTP on the two sub-
strates. The energy barriers have
been obtained by fitting the ki-
netic curves in (a). Adapted with
permission from ref. [42], licensed
by Wiley VCH.

Fig. 6. STM images showing the different length of 9-AGNRs obtained
from DBTP (a) and DITP (b). The histograms in (c) report the length
distribution determined for the two systems using large-scale STM im-
ages. Adapted with permission from ref. [29], copyright 2018 American
Chemical Society.
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In addition to the insights into the length dependence, the evo-
lution of the kinetic profiles shown in Fig. 7g represent a valuable
tool to quantitatively analyze reaction mechanisms. Here, we can
relate the dehalogenation and concurrent polymerization processes
to second-order kinetics with onset of 320 K and activation energy
of about 1.0 eV, assuming a pre-exponential factor (attempt fre-
quency) of 1013 s–1. On the other hand, the more complex kinetic
curves for the cyclodehydrogenation process could be fitted with
linear combination of Polanyi-Wigner equations, but a proper in-
terpretation requires extensive additional experimental and theo-
retical investigation to settle the reaction mechanism.[56,57]

4. Controlling the Length of 1D-polymers with the
Precursor Coverage

Interestingly, for the synthesis of 9-AGNRs, the onset of the
cyclodehydrogenation process coincides with the onset for the
halogen desorption. According to TPD experiments (Fig. 7a), the
halogens desorb as XH, X = {Br,I}, hence the halogen atoms seem
to act as drain for the atomic hydrogen created during cyclode-
hydrogenation. Abyazisani et al.[58] reported a similar observa-
tion, namely that they could remove halogens created during the
dehalogenative aryl–aryl coupling by exposing the metal surface
to atomic hydrogen. As outlined in the following, we relate the
significant increase of average 5-AGNR length when using mo-
lecular precursor coverages exceeding 1 monolayer (ML) to a
depletion of atomic hydrogen by the increased amount of atomic
iodine available on the surface.[45]

In Fig. 8, we present STM investigations of the synthesis of
5-AGNRs[44,59] grown from low (0.9 ML, Fig. 8b) and high (1.5
ML, Fig. 8c) initial diiodo-perylene (DIP, Fig. 8a) coverage on
Au(111). Based on the STM images in Fig. 8b,c, we could de-
termine the 5-AGNR length distribution for the two cases, as
presented in the histogram in Fig. 8d. The length of 5-AGNRs
is limited to a few nanometers for the low coverage case but in-
creases to about 17 nm for the high coverage case.

To explore the origin of this very pronounced dependence of
the average 5-AGNR length on the initial precursor coverage, we
again performed TP-XPS, the results of which are summarized
in Fig. 9. As evidenced by the temperature evolution of the I 4d
doublet (Fig. 9a,d) and the shift of the C 1s core level (Fig. 9b,e),
the molecular precursor coverage has a minor effect on the halo-

gen elimination temperature. On the other hand, the temperature
window in which iodine desorbs strongly depends on the initial
DIP coverage. Iodine desorption occurs between 580 K and 650 K
and between 430 K and 590 K for low and high coverage, respec-
tively (Fig. 9c,f). Interestingly, the desorption kinetics in the low
coverage case is very similar to the desorption of iodine alone, i.e.
without the presence of concomitant cyclodehydrogenation and
the associated release of hydrogen.

The temperature evolution of theC 1s core level exhibits a strong
shift to lowBE after the halogen elimination process, which is attrib-
uted to the formationofanOMphase,asalsoobservedbyBerdonces-
Layunta et al.[44] As seen in Fig. 9c,f, the temperature dependence
of the relative intensity of the OM phase, which is transformed into
5-AGNRs by simultaneous polymerization and cyclodehydrogena-
tion, strongly depends on the initial DIP coverage. Specifically, the
intensity of the OM phase decreases between 390 K and 470 K and
between 430 K and 590 K for low and high initial DIP coverage,
respectively.While the temperature ranges for theOMdepletion and
iodine desorption are well separated by 190 K in temperature for
low initial DIP coverage, they occur over nearly the same tempera-
ture range for high initial DIP coverage. This suggests that for high

Fig. 7. a) TPD curves showing the desorption rates of HBr and HI as a function of increasing temperature (heating rate of 1 K·s−1). b) Normalized
total area of each horizontal profile of the TP-XPS maps. c–f) TP-XPS maps of Br 3d, I 4d, and C 1s recorded during the annealing (heating rate of
0.2 K·s−1) of the Au(111) surface after deposition of DBTP (c,e) or DITP (d,f) at 300 K. Because of DBTP desorption upon annealing, the map in (e)
has been normalized by the total area to highlight the energy shift. g) Kinetic curves extracted from the C 1s (black) and I 4d (cyan) TP-XPS maps of
DITP. The maximum intensity of each signal corresponds to the fraction of elements in the appropriate chemical environment and has been normal-
ized to 1. The kinetic curve for the desorption of iodine alone is shown for comparison (red empty circles). Adapted with permission from ref. [29],
copyright 2018 American Chemical Society.

Fig. 8. a) Molecular precursor and reaction pathway for the on-surface
synthesis of 5-AGNRs on Au(111). STM image of 5-AGNRs synthesized
from low (b) and high (c) initial precursor molecule coverage resulting in a
length distribution presented in the histogram in (d). Adapted from ref. [45].
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portance, especially in pharmaceutical, agricultural, or food indus-
try.[60,61] In this context, the application of chiral heterogeneous
catalysts promise increased stability and facilitated separation and
recycling, but remained largely unexplored. Here, we employ pro-
totypical, chiral, intermetallic PdGa{111} surfaces[43] for the in-
vestigation of an asymmetric halogen elimination reaction. Owing
to its non-centrosymmetry, PdGa exists in two enantiomorphs that
are denoted PdGa:A and PdGa:B.[62,63] Of particular interest are
the two structurally inequivalent, threefold symmetric, chiral

and PdGa:A(111)Pd
1

surfaces (denoted as
A:Pd

3
andA:Pd

1
, respectively), which terminate by Pd trimers and

isolated single Pd atoms, respectively. Specifically, for prochiral
BMA (Fig. 10a) we demonstrate the enantioselective debromina-
tion,which as described above, is the first step not only inUllmann-
type aryl–aryl coupling,[6] but also for several other on-surface
reactions.[64–66] BMA is deposited on the A:Pd

3
, A:Pd

1
and as a

reference substrate onAu(111), and appears as racemicmixture (of
its prochiral surface enantiomers S and R) on all three surfaces in
its pristine form, as evidenced by SPM (Fig. 10b,c).

Upon annealing to 250 K, we observe by SPM that only one of
the two BMA surface enantiomers remains pristine, while all the
opposite S(R) surface enantiomers debrominate on A:Pd

3
(A:Pd

1
)

(Fig. 10b,c). Interestingly, the sequence of debromination for the
two surface enantiomers is reversed between A:Pd

3
and A:Pd

1
.

Again, SPMcannot deliver detailed information on the enantiospe-
cific reaction kinetics, thus we performed TP-XPS (cf. Fig. 10d–
g). The kinetic curves assigned to bromine bonded to the molecule
(Br–C) and bromine adsorbed on the surface (Br–M,M={Au,Pd})
are shown in Fig. 10g for all three surfaces. The decrease of the
Br–C intensity, which corresponds to debromination of BMA oc-
curs between 300 K and 400 K onAu(111), but already takes place
between 200 K and 290 K and between 200 K and 300 K for the
Pd

3
- and Pd

1
-terminated PdGa{111} surfaces, respectively.

Closer inspection of the Br–C kinetic curves for the three sur-
faces reveals that they not only decrease in a dissimilar tempera-
ture range, but also exhibit different line shapes. In particular, the
Br–C signal declines in a sigmoidal, linear, and double-sigmoidal
shape for Au(111), A:Pd

3
, and A:Pd

1
, respectively. This behavior

is investigated in more detail by describing the debromination
kinetics more quantitatively by assuming the reaction scheme
shown in Fig. 11 and applying the resulting rate equations in Eqn.
(4) to calculate the energy barriers.

The subscript X represents the two surface enantiomeric forms
of BMA, thus taking into account the possibility of enantiospe-
cific reaction pathways.While the Br–C signal obtained for BMA
on Au(111) could be fit with Eqn. (2), i.e. without assuming en-
antiospecific reaction kinetics, we had to include enantiospecific
reaction pathways to achieve a reasonable match for the Br–C
signal for BMA on A:Pd

3
and A:Pd

1
. In Eqn. (4), we assume the

reaction to be enantioselective because of different debromination
energies of the BMA enantiomers, i.e. k

1S
≠ k

1R
; k

–1S
= k

–1R
; k

2R
=

k
2S
, which is illustrated in Fig. 11b. From the fitting of the TP-XPS

data in Fig. 10g with Eqn. (4), we could determine the mean de-
bromination temperatures for each BMA surface enantiomer to be
T
DebR

= T
DebS

= 367 K for Au(111), T
DebR

= 258 K and T
DebS

= 219
K for A:Pd

3
, and T

DebR
= 228 K and T

DebS
= 275 K for A:Pd

1
.

Moreover, for the enantiospecific reaction paths in Fig. 11b, we

PdGa:A(1"1"1")Pd3

(4)

⎩⎪⎪⎨
⎪⎪⎧ ![#!!]!% = − &' (𝑘𝑘&![𝐸𝐸𝐸𝐸(] + 𝑘𝑘)&![𝐵𝐵𝐵𝐵][𝐼𝐼𝑛𝑛𝑡𝑡(])![*+]!% = &' (𝑘𝑘&![𝐸𝐸𝐸𝐸(] − 𝑘𝑘)&![𝐵𝐵𝐵𝐵][𝐼𝐼𝑛𝑛𝑡𝑡(])![,-.!]!% = &' (𝑘𝑘&![𝐸𝐸𝐸𝐸(] − 𝑘𝑘)&![𝐵𝐵𝐵𝐵][𝐼𝐼𝑛𝑛𝑡𝑡(] − 𝑘𝑘/![𝐼𝐼𝑛𝑛𝑡𝑡(]/)![0!]!% = &' (𝑘𝑘/![𝐼𝐼𝑛𝑛𝑡𝑡(]/)

initial DIP coverage, the iodine desorption and GNR formation are
inherently connected. Based on the TPD results for 9-AGNRs in
Fig. 7a, iodine atoms might act as trap for atomic hydrogen, which
reduces unwanted passivation of the dehalogenated carbon sites by
atomic hydrogen in the growing 5-AGNRs.As one can imagine, the
efficiency of such a trapping process can be strongly dependent on
the availability and proximity of iodine atoms and thus on the initial
coverage of the precursor molecules.

Only thanks to the increased length, 5-AGNRs could be success-
fully integrated into field-effect switching devices that can be operated
at room temperature by bridging Pd electrodes and in the present case
showed on-off ratios of up to 103 and on-currents of up to 0.4 µA.[45]

5. Enantioselective Dehalogenation
Recently, we have extended the scope of TP-XPS investiga-

tions from symmetric on-surface reactions (like the GNR synthe-
sis) to asymmetric ones. Asymmetric synthesis, which contrasts
the resolution of racemic mixtures, has become of paramount im-

Fig. 9. TP-XPS maps of I 4d and C 1s core levels recorded during the
heating (rate of 0.2 K·s−1) of the low (~0.9 ML) (a,b) and high (~1.5 ML)
(d,e) DIP coverage samples. The maps with high precursor coverage in
(d,e) are normalized by the total area to highlight the energy shift. c,f)
Kinetic curves showing the temperature evolution of the OM phase and
chemisorbed iodine. The kinetic curve of pure iodine on Au(111) in (c)
is included for comparison (yellow curve, from ref. [29]). The markers in
(c,f) are the experimental data, and the solid line is a spline and serves
as guide for the eye. Adapted from ref. [45].
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determined the energy barrier differences for the debromination
of the BMA surface enantiomers of 0 meV, 40 meV, and 55 meV
onAu(111), A:Pd

3
, and A:Pd

1
, respectively.Based on the TP-XPS

results, we could demonstrate the enantiospecific halogen elimi-
nation process of prochiral BMA with unprecedentedly high dif-
ferences in debromination temperatures of the two surface enantio-
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Fig. 10. a) Molecular structure of BMA. Temperature evolution of the
BMA surface enantiomers on (b) and PdGa:A(111)
Pd1 (c) determined from SPM experiments. TP-XPS maps of the Br 3d
core level doublet for BMA adsorbed on Au(111) (d),
(e) and PdGa:A(111)Pd1 (f). g) Temperature dependence of the Br–C and
Br–Au/Br–Pd components extracted from the Br 3d TP-XPS maps and
normalized to the initial bromine signal. The shaded areas beneath each
curve show fits with Eqn. (4); the contribution of each BMA surface en-
antiomer, with the enantiomeric form as determined from SPM, is dis-
played in a different color. The temperatures at which half of the respec-
tive surface enantiomer is debrominated are given in the legend.
Adapted from ref. [43].

PdGa:A(1"1"1")Pd3
PdGa:A(1"1"1")Pd3

mers of 36 K and even 46 K on the Pd
3
- and Pd

1
-terminated

PdGa{111} surfaces, respectively. Moreover, the observation that
on Pd

3
- and Pd

1
-terminated PdGa{111} surfaces of the same

enantiomorph the opposite BMA surface enantiomer debrominates
at lower temperatures (cf. Fig 10b,c) evidences a strong geometrical
ensemble effect[67] due to the different surface atomic arrangement
between Pd

1
and Pd

3
, and emphasizes the significance of the atom-

ic details of the entire molecule-substrate system.

6. Conclusion
Based on the selected examples presented in this topical short

review, we conclude that TP-XPS offers valuable information on the
reaction kinetics and unique insights into on-surface reaction mech-
anisms. In particular, the energy barriers of several reaction steps can
be determined, which allows the identification of the rate-limiting
step and sets the basis to optimize the reaction path. It needs to be
emphasized that TP-XPS is neither restricted to the presented de-
halogenative aryl–aryl coupling nor to thermally induced reactions
but could be applied to any on-surface reaction initiated by various
stimuli, or just occurring over time. In general, the combination of
SPM techniques providing information with high spatial resolution
and TP-XPS to obtain significant thermal resolution is highly com-
plementary and allows unprecedented understanding of complex
on-surface processes.With the PEARL beamline at the Swiss Light
Source at PSI, the Swiss and the international research communities
has an excellent instrument at their disposal to perform high resolu-
tion TP-XPS for the elucidation of surface-confined reactions.
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Fig. 11. a) Reaction scheme with educt (Ed), intermediate (Int) and prod-
uct (P). b) Asymmetric reaction pathway assumed for the determination
of the energy barriers from the temperature-dependent relative XPS in-
tensities in Fig. 10g. Adapted from ref. [43].
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