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On-surface synthesis (OSS) facilitates the coupling of larger molecules on solid surfaces into extended
covalent nanostructures that are difficult or impossible to achieve by wet chemistry. Its primary
analytical tool is scanning probe microscopy (SPM), which provides submolecular views of reactants,
products and sometimes intermediates. However, relevant aspects such as subtle chemical changes and
structural details remain inaccessible. In addition, direct monitoring of reaction progress in real time by
SPM is challenging. This analytical gap is increasingly being filled by complementary analytics: mass
spectrometry can be used not only to detect volatile by-products that are released during the reaction,
but also to monitor intermediates and higher oligomers. Surface sensitive vibrational spectroscopy,
either with electrons or photons, is advantageous for the identification of perceived reaction products,
even in cases where the routine approach based on X-ray photoelectron spectroscopy (XPS) is not very
promising. X-ray standing wave (XSW) analysis is a less common technique in OSS but well established
in surface science, providing experimental access to adsorption heights with picometre accuracy. Its
value for detailed comparison and validation of prevailing density functional theory (DFT) based structure
calculations cannot be overstated. Recent examples also show the benefits of XSW for less regular
structures, such as those often obtained in OSS. Finally, the assessment of reaction kinetics has
considerable potential to provide fundamental insights into elementary processes and hidden reaction
partners for the unique coupling of larger molecules on surfaces into extended structures. Real-time
XPS has sufficient chemical and temporal resolution to monitor reaction kinetics for coupling on
surfaces. Ideally, mechanistic insights can be gained by modelling. However, the typically applied linear
temperature profiles have limitations that can be overcome by exploring new temperature profiles.

Received 30th April 2025, Again, the accurate determination of kinetic reaction parameters, such as activation energies, is of

Accepted 16th June 2025 paramount importance for benchmarking DFT calculations. Although spectroscopy is already applied for
OSS its broader and more systematic implementation appears highly promising for the advancement of
the fundamental understanding of OSS, hence eventually also for optimizing the reaction protocols and

outcomes.
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studies of supramolecular self-assembly on surfaces. The
functionalisation of molecules for intermolecular hydrogen

Introduction

On-surface synthesis (OSS) has evolved from molecule based
surface science into an independent and highly vibrant field of
research that has started to breach out into various other fields,
as molecular electronics and catalysis." In the history of surface
science, adsorbed organic molecules soon proved to be inter-
esting study objects that endow surfaces with new defined
features such as discrete electronic states and quantized excita-
tions for spectroscopy. On the other hand, organic molecules
were versatile and instructive model systems for fundamental
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bonding,” for example, has opened up a wide field of study
with the aim of understanding and ultimately controlling
structure formation in two dimensions under the additional
influence of a periodic potential exerted by a crystalline sup-
port. This research took a clear turn, with reactive molecules on
metal surfaces undergoing chemical changes and also coupling
with each other, marking the dawn of OSS. In the early days,
boronic acids and halogenated precursors were the primary
targets,” but it soon became apparent that many other func-
tional groups also had potential for coupling on surfaces.® OSS
is similar to heterogeneous catalysis in some respects with the
crucial difference that the typical educts are larger, non-volatile
molecules and, accordingly, the even more extended products
do not desorb anymore. As a result, product identification no
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longer relied on desorption techniques such as temperature
programmed desorption (TPD), but required alternative techni-
ques. While the initial focus was on understanding chemical
changes, there was soon a strong interest in more detailed
structure determination and property characterization. Evidently,
the mechanisms for chemical reactions on surfaces can be very
different from those in solution chemistry,” due to the two-
dimensional constraint and the chemical involvement of the
surface, sparking a keen interest in elucidating mechanisms.
Initially, many relevant research questions could be addressed
using conventional scanning tunnelling microscopy (STM),?
as discussed in the next section. With the advent of more
advanced and powerful scanning probe microscopies (SPM),
particularly bond-resolved imaging,” more subtle problems
could also be tackled. However, as is often the case in chemical
analytics the use of complementary techniques promotes a
fuller understanding. The aim of this review is to provide an
overview of the different analytical techniques successfully
employed in OSS, their specific applications, assets and limita-
tions, and to identify possible future directions. This review is
organised around the main themes of product identification,
structure determination and kinetic studies. Ideally, it will
provide assistance in addressing specific analytical questions
in OSS.

Product identification

OSS is often aimed at reticular synthesis, i.e. employing judi-
ciously designed molecular building blocks to materialise a
desired product with a defined structure. Accordingly, product
verification is the primary objective of the analytics. However,
deviations from the intended reaction pathway are not uncom-
mon, with side reactions or defect formation leading to different
products or distributions, or to metastable intermediates.**°*
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High resolution SPM imaging

A prominent example of intermediates from before the field
was called OSS are the organometallic chains formed in
surface-assisted Ullmann coupling, originally called ‘proto-
polymers” in the pioneering work of Weiss."” The linking
metals were invisible to the STM, which later turned out to be
prototypical. But the bond lengths measured by STM proved
sufficiently accurate to exclude covalent bonds, which are
approximately 0.25 nm shorter.>'" In the end, the appropriate
conclusions were arrived at through chemical reasoning com-
bined with consideration of specific surface influences. Yet,
conventional STM imaging is not always exhaustive in distin-
guishing structures that differ only in subtle details. An inter-
esting example is the unique identification of the bond order in
carbon-carbon bonds."? In particular for chains and rings of
carbon atoms it became important to distinguish between the
cumulenic form (double bonds only) and the polyynic form
(alternating single and triple bonds)."* 0SS is primarily carried
out on metal surfaces where the products are strongly adsorbed
and their frontier molecular orbitals hybridized with metal
states. The result is often a featureless, uniform STM contrast
with little relevant information content other than geometry.
Decoupling from the metal surface by a thin insulating layer
can bring the unperturbed molecular frontier orbitals to light."®
This principle was adapted to OSS by lateral manipulation of
reaction products onto patches of an insulating NaCl layer.'®
But decoupling on the scale of the entire sample remains
intricate. However, for some intramolecular reactions, most
notably cyclodehydrogenations, the footprint of the molecule
does not change significantly. In most cases this chemical
change planarizes an initially non-planar molecule, hence can
still be recognized in STM. But the precise chemical structure,
for instance the degree of cyclodehydrogenation, can more
clearly be deduced from direct imaging of the molecular scaf-
fold by bond-resolved STM (BR-STM) or frequency-modulated
atomic force microscopy (FM-AFM) using CO-functionalised
tips.” This approach has been particularly fruitful for flat
polycyclic hydrocarbons, where the structure elucidation of
truly unknown molecules, either from crude oil, combustion
or from outer space, has been a particular highlight.'” However,
FM-AFM quickly becomes challenging and reaches its limits
with deviations from planarity.'®

Although SPM is an obvious, extremely powerful and reason-
able first approach to structure determination, it comes with
caveats. In its standard mode of operation STM is sensitive to
the electronic states around the Fermi energy, but not directly
to the atomic positions. For instance, the structure assignment
of the chiral graphene nanoribbons (GNR) synthesized from
10,10’-dibromo-9,9’-bianthryl on Cu(111) based on STM imaging
was controversial and gave rise to long-standing discussions.™
Although BR-STM or FM-AFM in principle allows direct imaging
of the atomic scaffold, functionalised tips are required. But
wiggling of the typically used CO molecules on the tip causes
not only image distortions but also artefacts.>® Nevertheless, the
topology of reaction products can be assessed, for instance the
number of atoms in a carbon (hetero)cycle can be determined,*
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while the exact atomic positions remain inaccessible. Although
the accuracy can be improved by using probes terminated by
tightly bound oxygen,** this major shortcoming also exacer-
bates the Achilles heel of SPM, namely the accurate determina-
tion of bond and dihedral angles or adsorption heights. The
latter, however, contain important information about both
the conformation of the nanostructures and the strength of
the interactions with the surface, both of which influence the
electronic properties.

In summary, despite the unprecedented resolving power
of SPM and the new contrasts attained by advanced imaging
techniques, using multiple complementary methods is still
essential in order to arrive at conclusive structures with fine
details resolved.

Scanning tunneling spectroscopy

At the next level, a detailed assessment of the local electronic
structure can be helpful when high-resolution imaging does
not provide sufficient information. This is particularly useful in
cases where a limited number of conceivable products differ
greatly in their electronic properties. STM is therefore pre-
destined to measure either the energy dependence of the local
density of states or the spatial distribution of distinct electronic
states. A particularly intriguing example are open shell struc-
tures, where the ground state is not always obvious, i.e. electro-
nic structures can differ even for the same atomic structure.*
In addition, imaging the spatial distribution of specific electro-
nic states by dI/dV mapping at the appropriate energy and
comparison with calculated frontier molecular orbitals can also
be the key to successful product confirmation.>*

Vibrational spectroscopy

Optical vibrational spectroscopy is the standard in analytical
chemistry for the identification of specific chemical groups.
The two common variants, infrared (IR) absorption and Raman
spectroscopy, can both also provide sub-monolayer sensitivity*>>®
and high spatial resolution on surfaces.

Vibrational spectroscopy can be particularly useful when
X-ray photoelectron spectroscopy (XPS), the main complemen-
tary analytical technique of OSS, remains inconclusive, because
the chemical core level shifts that are associated with the
reaction are either too small (e.g. sp® versus sp> hybridised
carbon) or affect only a minor fraction of the respective
element. On electrically conductive surfaces, image charges
screen the electric dipole parallel to the surface, imposing the
selection rule for IR absorption spectroscopy that only vibra-
tions with a dipole component perpendicular to the surface can
be detected. This could potentially be limiting for adsorbed
structures, if there are too few IR-active vibrations with suffi-
cient oscillator strength. While Raman cross-sections are gen-
erally lower, the surface selection rules are more complicated.””
However, of particular relevance to OSS, graphene nanostruc-
tures exhibit exceptionally high Raman cross sections, and
submonolayer spectra can even be acquired with conventional
spectrometers.”® By contrast, IR absorption spectroscopy of
(sub)monolayers often requires dedicated instrumentation,
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such as for polarisation modulation infrared reflection absorp-
tion spectroscopy (PM-IRRAS).

Raman spectroscopy is particularly useful for distinguishing
sp- from sp*-hybridised carbon. This was convincingly demon-
strated in the study by Sedona and co-workers for molecular
wires with different sequences of phenyl rings and alkyne
linkages.>® Fig. 1a shows the ex situ acquired Raman spectra
of different molecular wires synthesised on Au(111) together
with their structural models and simulated spectra. The intense
peak at 2200 cm ™" is attributed to the stretching mode of the
C-C triple bonds and is consequently absent in the spectrum of
the para-poly-phenylene wire shown at the bottom. The small
peaks at 980 cm ™' and 1340 cm " in the top spectrum are
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Fig. 1 Vibrational spectroscopy in OSS. (a) Raman spectra of molecular
wires synthesised on Au(111) with different sequences of phenyl rings and
alkyne units: graphdiyne (GDY), graphyne (GY) and para-poly-phenylene
(PPP). The almost perfect agreement between experimental (top) and
simulated (bottom) spectra convincingly underlines the product confirma-
tion and peak assignment. (b) Nano-FTIR AFM study of the topochemical
photopolymerisation of self-assembled fantrip monolayers into 2D poly-
mers. IR absorption spectra were acquired at deliberately selected loca-
tions (marked by the arrows) identified in previously acquired AFM images
(center). The background spectra (grey) were acquired from the pristine
surface between the molecular domains. Characteristic IR absorption
bands can be assigned based on calculated modes (black bars) and
confirm the polymerisation. The monolayer structures of the initial fantrip
self-assembly (top) and the resulting 2D polymer (bottom) are shown on
the right. (c) HREELS of molecular wires (bottom) in comparison to both
calculated IR (full line) and Raman spectra (dotted line) of monomers
(chemical structure shown in green), dimers (chemical structure shown in
blue) and trimers. (a) Reproduced from ref. 25 with permission from the
Royal Society of Chemistry. (b) Complied from data previously published in
ref. 28 (c) Reproduced from ref. 29.
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assigned to the stretching mode of the C-C single bond
between two alkyne moieties and thus allow to distinguish
graphyne from graphdiyne wires. In addition, even the minor
peaks are well reproduced by the simulations, allowing unam-
biguous assignment.

Interestingly, high spatial resolution can be achieved for
both IR and Raman spectroscopy by exploiting the enhance-
ment of electric fields under metallized SPM probes by surface
plasmon resonances. Dedicated nano-FTIR AFM instruments
are commercially available and have already proved useful for
0SS as exemplified by the topochemical polymerisation of
fluorinated anthracene-triptycene (fantrip) monomers into 2D
polymers, summarised in Fig. 1b.>® The locations for acquisi-
tion of the IR absorption spectra were chosen in the previously
recorded AFM images shown on the right, which also allowed
background spectra of the pristine substrate to be obtained.
The top part of Fig. 1b shows an IR absorption spectrum of the
self-assembled fantrip monolayer prior to photopolymerisation
with a characteristic IR absorption band at 1360 cm . After
complete photopolymerisation, this band vanishes and a new
prominent band at 1500 cm ™" indicates the formation of the 2D
polymer by [4+4] cycloadditions between fantrip’s anthracene
blades. The main IR absorption bands are well reproduced by
density functional theory (DFT) calculations of free-standing
monolayers shown by the black bars with their respective oscil-
lator strengths. Interestingly, the self-assembled monolayer
shows two peaks at 1465 cm ™" and 1495 cm ™' (dashed lines
in Fig. 1b), whereas DFT predicts a single peak at the central
position of 1480 cm™*. More sophisticated calculations could
further explore the origin of this peak splitting, which could
possibly be caused by adsorption.

The caveat of nano-FTIR AFM is that, although technically
feasible, it is not usually implemented in an ultra-high vacuum
(UHV) environment, the preferred setting for OSS. This means
that air-stable and contamination-insensitive samples are required.
By contrast, tip-enhanced Raman spectroscopy (TERS) is now
routinely applied in UHV and its potential for submolecular
spatial resolution has been first demonstrated impressively
on single molecules.>® Consequently, its utility for OSS was
soon recognized and unlocked also for photopolymerized 2D
structures.”® But TERS was also instructive for characteris-
ing GNR intermediates and products.®” The use of femtosecond
light pulses and pump-probe schemes even allowed time-resolved
studies of ultrafast phonon dynamics in GNR to unravel coupling
and dephasing.®

Both IR and Raman spectra can be calculated based on DFT-
optimized structures using available tool boxes. Often calcula-
tions in free-standing structures can already reproduce the main
features,”® so the next level would be to interpret the surface
effects caused by the symmetry breaking upon adsorption.

In addition, more traditional surface science offers an electron-
based vibrational spectroscopy, namely high resolution electron
energy loss spectroscopy (HREELS), albeit typically with lower
resolution than optical spectroscopy. Vibrations are excited by
three independent scattering mechanisms, namely dipole and
impact scattering as well as negative ion resonances. As already

This journal is © The Royal Society of Chemistry 2025
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the name implies, dipole scattering obeys the same dipole selection
rules as IR absorption spectroscopy, while the two other scattering
mechanisms can also excite IR-inactive vibrations. Unfortunately,
examples are rare but even more so instructive.>>** Fig. 1c shows
the HREELS spectra of molecular wires of polymerized s-indacene-
1,3,5,7(2H,6H)-tetrone monomers synthesised on Ag(110) alongside
the simulated IR and Raman spectra of the monomer as well as
dimers and trimers.?® In particular, the peaks X1 and X2 become
prominent after thermal annealing. Although the simulations
suggest that both peaks are already present in the monomer, they
become more intense upon dimer and trimer formation, and thus
serve as an indicator of polymerisation.*®

Yet, HREELS offers an additional benefit: electronic interband
transitions can similarly be excited providing direct access to the
optical gap.

Mass spectrometry

In OSS mass spectrometry can be applied either for direct
identification of products and intermediates or alternatively
for the detection of volatile by-products as in temperature
programmed reaction spectroscopy (TPRS).>****”~*! An instruc-
tive example for the latter is the release of H, shown in Fig. 2a
to underscore the unexpected coupling of apparently inert
alkanes on apparently inert gold surfaces.*” In most cases,
standard TPRS is not suitable for direct confirmation of pro-
ducts in OSS because the high molecular weight products in the
kilo to megadalton range do not thermally desorb. Aside from
that, the mass range limits of conventional quadrupole mass
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Fig. 2 Mass spectrometry in OSS. (a) Detection of the hydrogen that is
produced and released by the coupling of alkanes as volatile by-product
by TPRS. (b) ToF mass spectrometry to monitor the growth of GNR in a low
vacuum of ~1.5 mbar. Oligomeric species in the initial polymer that are
deficient by 1-3 hydrogen atoms indicate premature cyclodehydrogena-
tion, which could counterintuitively be reduced by introducing H, gas.
(c) ToF-SIMS monitoring the photopolymerisation of fantrip monomers
into 2D polymers on hexacosane-passivated graphite. (a) From ref. 37.
Reprinted with permission from AAAS. (b) Reprinted with permission from
ref. 39. Copyright 2017 American Chemical Society. (c) Complied from
data previously published in ref. 28.
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analysers are quickly reached. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) is therefore the method of choice,
routinely detecting extremely high masses up to 10 000 amu. This
enabled the detection of up to the pentadecamer of the covalently
bonded, but not yet planarized, polymer during the growth of
chevron GNR.>> A high mass resolution of 1 amu is routinely
achieved, allowing the differentiation of reaction states that differ
by the presence or absence of a single hydrogen atom. Fig. 2b
shows the detection of trimer species, again in the covalent
but not yet planar polymer, during the growth of GNRs that were
a few amu too light by mass spectrometry.*® This was explained by
a premature onset of the cyclodehydrogenation, which was also
found to be detrimental to the growth of longer GNRs. In the on-
surface photopolymerisation of fantrip on hexacosane-passivated
graphite, both the hexacosane and the fantrip monomers could
be detected by ToF-SIMS in the positive channel prior illumina-
tion with laser light at 365 amu and 770 amu, respectively (Fig. 2c,
top).?® In addition, fantrip showed a defined fragment at 522 amu
with one anthracene blade missing. After illumination, the mono-
mers were absent in ToF-SIMS, while the hexacosane from
the passivation layer could still be observed (Fig. 2c¢, bottom).
However, the absence of the monomer alone is too weak an
evidence of successful polymerisation. But the presence of the 2D
polymer was further indicated by the continued detection of
fluorine by ToF-SIMS in the negative channel.”®

For mass spectrometry of larger entities in OSS, the limitations
of thermal desorption can be at least partially overcome by
inducing desorption with either a particle beam as in ToF-SIMS
or a modified matrix assisted laser desorption/ionisation
(MALDI).*® This allows the detection of positively or negatively
ionized desorbing species, with ionization working best on metal
surfaces. Fragmentation, which is common for electron impact
ionization also applies here, resulting in the detection of different
entities from (sub-)monomeric species to (higher) oligomers,
regardless of whether 1D or 2D structures are being probed.
Not necessarily, but often in practice samples have to be trans-
ferred through the atmosphere because the ToF mass spectro-
meter is not directly attached to the UHV growth chamber. This
poses a serious risk of contamination or further air-induced
chemical reactions. Accordingly, exploiting the full potential
of in situ mass spectrometry would offer new opportunities, as
demonstrated by the direct observation of the gradual hydrogen/
deuterium exchange reactions in polycyclic aromatic molecules
on hot metal surfaces.*!

For extended nanostructures, especially if they are comple-
tely planar like the GNR, desorption appears to remain the
main bottleneck for metals,*® urging for more weakly interact-
ing surfaces. Yet, these are often inferior to metals in terms of
ionisation, which may be solved by post-synthetic metal deposi-
tion as an ionisation agent for purely analytical purposes.

(Electronic) structure determination

Although the general chemical structure is known for verified
products, inferring structural details can be instructive to better
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understand and model other relevant properties. Accurate
structures are also important for comparison and benchmark-
ing with calculations. DFT is the most widely used method for
this purpose, as it offers the best compromise between accuracy
and manageable system sizes for meaningful models. The
DFT outcome, however, can dependend on the parameters
used, especially the functional,** and should not be taken for
granted.

SXRD and LEED

The gold standard for atomic structure determination are surface
sensitive diffraction techniques using either X-rays or electrons
as implemented in surface X-ray diffraction (SXRD) and low
energy electron diffraction (LEED).*® Both techniques offer
picometre accuracy in atomic coordinates. Unfortunately, SXRD
often requires synchrotron radiation and is therefore less
accessible, whereas LEED is available in many laboratories.
But recording a single or a few diffraction patterns is not
enough as the information about atom positions is contained
in the intensity variation of the diffraction peaks with electron
energy (voltage), as recorded in so-called I(V) curves." There are
two main limitations to the widespread application of LEED
I(V) to OSS, namely the crystallinity requirement and the
extensive theory involved. Obtaining highly regular covalent
two-dimensional structures remains a challenge and progress
is slow but steady,”®** whereas one-dimensional structures
with their defined sequence have better inherent order. How-
ever, to obtain a clear diffraction pattern, the 1D nanostruc-
tures must be uniformly oriented. Alignment is often improved
on more anisotropic surfaces, e.g. (110) of fcc metals.>****

The surface sensitivity of LEED originates in the strong
scattering of the low energy electrons. Consequently, the ana-
lysis of LEED (V) requires so-called dynamic theories that
take full account of multiple scattering. Although various
implementations and codes are available, the technique is
not as widely used as the benefits would justify. However, apart
from graphene,’® a complete structure determination of an
extended covalent nanostructure has not yet been reported.
On the other hand, OSS often results in differently oriented
domains that superimpose to form a complex diffraction pattern.
A promising strategy to cope with smaller domain sizes could be
micro-diffraction as implemented in low energy electron micro-
scopy (LEEM).*

ARPES and POT

Once uniform alignment of OSS nanostructures with respect to
a single-crystalline support has been accomplished, the sample
is suitable not only for LEED, but also for angle-resolved photo
emission spectroscopy (ARPES).*” Therefore, the effort would
be worthwhile. ARPES enables momentum-resolved measure-
ments of occupied electronic states, providing experimental
access to 2D electronic band structures and dispersion rela-
tions. Accordingly, photoemission spectroscopy can reveal flat
bands, which are of particular interest in strongly correlated
systems. It can also be used to determine the effective masses
of charge carriers, which is an important measure of their

This journal is © The Royal Society of Chemistry 2025
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mobility. Consequently, ARPES is particularly relevant for con-
jugated nanostructures intended for electronic applications,
with GNR being the prime 1D target.>® But, electronic conjuga-
tion becomes even more intriguing in 2D, where electronic
structures converge more quickly as the network
increases.”’ Pioneering ARPES measurements of these highly
promising yet challenging synthetic organic 2D materials have
already been reported.*>>>

For future studies photoemission orbital tomography (POT)
is an exciting extension of ARPES that promises direct access
to orbital wave functions.> It has already been applied to self-
assembled structures of Kekulene,* i.e. large aromatic macro-
cycles synthesized on Cu(111), and to the orbital mapping
of GNR synthesis reaction intermediates.”® The application of
POT to extended conjugated organic nanostructures is yet to
be realised. This exciting prospect provides an additional
incentive to strive for highly regular and aligned structures.

size

XSW and NEXAFS

As discussed in the section on SPM imaging, it is difficult to
accurately determine bond angles, lengths and adsorption
heights by relying on SPM alone. Fortunately, this gap can be
filled by two X-ray absorption techniques, near-edge X-ray
absorption fine structure (NEXAFS)***” and X-ray standing
wave (XSW).”® Both derive their chemical sensitivity from core
level binding energies of the respective elements and their
chemical shifts analogous to XPS. In other words, if a particular
species can be resolved in XPS, there is a good chance that it
can also be distinguished in NEXAFS or XSW. Although the
highest accuracies are achieved for commensurate adsorbate
structures, where each adsorbed molecular entity is an exact
replica of the other, even periodicity of the adlayer is not an
inherent requirement of either technique. However, some
degree of uniformity is certainly helpful. Broadly speaking,
NEXAFS can measure tilt angles of molecular moieties with
respect to the surface, while XSW allows accurate quantification
of adsorption heights.

Albeit synchrotron radiation is required, NEXAFS is fairly
well represented in 0SS,**™®' particularly for reactions that
planarize sterically hindered, highly non-planar reactants, such
as cyclodehydrogenations.”® Our group has used NEXAFS to
indirectly evaluate the strength of molecule-surface interac-
tions by measuring tilt angles in a polyphenylene honeycomb
network (see Fig. 3c for structure).”” For c-bonded phenyl
groups, the ortho-hydrogens give rise to a steric hindrance that
favours tilting of the phenyl rings relative to each other as
evidenced by the ~44° dihedral angle of biphenyl in the gas
phase.®® In the adsorbed state, attractive molecule-surface
interactions enforce a more or even completely planar geometry,
which is more favourable both in terms of adsorption energy and
n-conjugation. The actual dihedral angle results from the inter-
play of these two counteracting forces and can be used as gauge
for the strength of molecule-surface interactions.

On Ag(111) the covalent polyphenylene honeycomb network
was not entirely planar, with a NEXAFS-derived average tilt
angle of 15° £ 5°. Since direct synthesis of such a C-C bonded

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 XSW in OSS. (a) Pure phenylene and (b) mixed triazine—phenylene
honeycomb networks on Ag(111). (c) Chemical structure of the ideal
covalent network: R: C—H pure phenylene versus R: N mixed triazine—
phenylene network; in both cases the organometallic intermediate (top
row) and the covalent final product (middle row) were studied and gave
consistent results. The organometallic carbon atoms bind to Ag adatoms
and adsorb significantly lower than the rest of the molecular network. For
the mixed triazine—phenylene network, the decoupled stage was addi-
tionally studied after intercalation of a chemisorbed iodine monolayer
(bottom row). (a) Adapted from ref. 68 and (b) reproduced from ref. 69
with permission from the Royal Society of Chemistry.

network on more weakly interacting, i.e. inert surfaces is, as yet,
not possible, we have developed a protocol for post-synthetic
decoupling from the metal growth surface by intercalation
of an iodine monolayer,’®* which has been extended to
chlorine.®® After decoupling, the NEXAFS measured tilt angle
increased significantly to 35° & 5°, indicating weaker molecule-
surface interactions. Supported by characteristic changes in the
STM contrast, this provided strong, but indirect evidence of
successful intercalation. Particularly insightful was the compar-
ison with DFT-calculated structures in the terphenyl model
yielding flat or an energetically equivalent almost flat adsorp-
tion directly on Ag(111) versus a significant 19° tilt angle on top
of the iodine monolayer.®” In both cases the calculated tilt
angles are smaller than the experimental ones, suggesting
overbinding with the set of DFT parameters used. However, a
word of caution seems appropriate for both the experimental
and theoretical results. Two-dimensional networks are best
modelled with periodic boundary conditions. Yet, the inclusion
of the crystalline surface requires commensurability. It is therefore
necessary to ensure that the applied strain does not influence the
result, ideally by comparing two cases with minimized tensile and
compressive stress, while maintaining the experimentally derived
azimuthal orientation. On the other hand, NEXAFS is a global
technique, averaging over the macroscopic extension of the X-ray
beam. For the three-fold symmetric (111) surfaces of fcc metals, the
azimuthal dependence averages out.”® But in the polyphenylene
honeycomb network, not all phenyl rings are equivalent, as 25%
are vertices (green in Fig. 3c) and the other 75% (blue in Fig. 3c)
form the edges, each with different steric constraints, hence tilt
angles. In addition, Ullmann coupling of 2D networks typically
results in small rugged domains. Accordingly, the proportion of
undercoordinated phenyl rings at the periphery can be significant
and their contribution must not be ignored.
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More direct evidence for the strength of molecule-surface
interactions or the success of decoupling is provided by adsorp-
tion heights, i.e. vertical distances of adsorbate to topmost
surface atoms. When measured for different defined sites of a
molecular nanostructure it is also possible to extract quantita-
tive information about the conformation. Adsorption heights
can be accurately measured by XSW.>® In OSS this synchrotron-
based technique is more commonly applied to surface-grown
inorganic 2D materials such as hexagonal boron nitride,*® or
decoupled individual molecules adsorbed on top,®” but rarely
to covalent molecular structures.®®®® But inherent disorder is
not an insurmountable obstacle as XSW can deal with non-
uniform structures. In favourable cases distributions of adsorp-
tion heights can be recognized and, with additional knowledge
of the system, also disentangled.

XSW has been applied in OSS to both pure phenylene and
mixed triazine-phenylene honeycomb networks on Ag(111)
(¢f. Fig. 3c for structures).®®®® The latter was synthesized from
a 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (TBPT) precursor.
Initially, Saywell et al. measured for the polyphenylene network
the adsorption heights of both the organometallic intermediate
that emerged after debromination and the covalent final
structure that was obtained through additional heating.®® The
organometallic carbon atoms that directly bind to Ag give rise
to a shoulder in C 1s at lower binding energy, hence their
adsorption height can be measured separately. Interestingly,
XSW yielded a diminished adsorption height of 2.48 A of the
organometallic carbon atoms, while all other carbon atoms
reside at an average height of 3.0 A. This sheds light on the
controversially discussed nature of the organometallic bond:”°
the carbon atoms bind to lower lying Ag adatoms of the surface,
resulting in distortion of the network. By contrast, the covalent
networks exhibit a rather uniform adsorption height of 3.1 A
with respect to Ag(111). These results are largely consistent with
our results obtained for the mixed triazine-phenyl network
similarly on Ag(111), as summarized in Fig. 3b. The asset of
this system is that the large chemical shift of ~2.8 eV of the C
1s carbon atoms in the triazine ring to a higher binding energy
with respect to phenyl enables spectroscopic discrimination of
the triazine vertices and the phenyl edges of the honeycomb
network. Accordingly, we observe not only a slightly lower
adsorption height of the organometallic carbon atoms of
2.3 A, but also a slightly larger adsorption height of 3.1 A for
the triazine centres. For the covalent networks the adsorption
heights are virtually identical.

In addition, we characterized the covalent network after
decoupling from Ag(111) by intercalation of an iodine mono-
layer. Its adsorption height increased markedly to 5.92 A above
Ag(111), which converts to 3.60 A above the iodine layer, taking
into account the similarly measured iodine adsorption height
of 2.32 A. Moreover, the coherent fraction decreased substan-
tially after iodine intercalation, which in the light of previous
NEXAFS results®® can be interpreted as a relaxation of the
network due to tilting of the phenyl rings on more weakly inter-
acting surfaces. The adsorption heights of the mixed phenyl-
triazine network on pristine Ag(111) were well reproduced by
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DFT calculations, less so on the iodine monolayer for which
optimised parameters had not been established.

Reaction kinetics and mechanisms

Accurate kinetic measurements can provide a solid basis for
inferring reaction mechanisms or for obtaining kinetic reaction
parameters as activation energies for benchmarking DFT
calculations.”! Albeit STM can occasionally be used to assess
the kinetics of different elementary processes as nucleation,””
in OSS kinetic measurements are primarily performed by XPS,
which provides sufficient chemical and temporal resolution for
real-time studies.”® Typically, the temperature is ramped line-
arly and XP spectra are acquired continuously from an element
directly involved in the chemical reaction. Technically, this is
done either by scanning a small binding energy window on the
time scale of a minute per spectrum or in so-called snapshot
mode on the time scale of seconds using line detectors. Surface-
assisted Ullmann coupling and cyclodehydrogenations were
the early primary targets of such studies.’®*®”*”> Debromina-
tion, in particular, is straightforward to measure because the Br
3d core level exhibits a large chemical shift between its mole-
cule- and surface-bound states. In addition, the binding energy
region around 70 eV has a virtually flat background, improving
the accuracy of quantification. Looking closer at this seemingly
simple first step of the Ullmann reaction proved unexpectedly
revealing. As summarised in Fig. 4a, the direct comparison of
the debromination of 1,3,5-tris(4-bromophenyl)benzene (TBB)
on Ag(111) and Au(111) showed clear differences: a higher
onset temperature for Au(111), which is expected and well
established due to the lower reactivity.”® Interestingly, however,
while the debromination on Ag(111) was modelled reasonably
well by a first-order rate law, the reaction on Au(111) was much
more gradual and kinetic fits gave unphysical results. This was
resolved by postulating a thermodynamic control on Au(111),
which implies a dynamic equilibrium between debromination
and rebromination, ie. reversibility. By interpreting the XPS
measured degree of debromination as the equilibrium concen-
tration, the reaction energy was deduced from a thermo-
dynamic model and compared favourably with DFT-calculated
values.”” The unexpected reversibility of debromination on
Au(111) was underscored by subsequent studies.”” Specula-
tively, a possible explanation for the absence of rebromination,
and hence reversibility, on Ag(111) is its inhibition by the
formation of strong organometallic bonds with Ag adatoms.
However, in-depth analysis of debromination of TBPT on
Ag(111) revealed the inadequacy of simple first-order kinetics:
fitting with a grid search algorithm in the two-dimensional
parameter space of the rate constant k, consisting of activation
energy E, and pre-exponential 4, resulted in unexpectedly low
values in the order of 107 s~ for the latter (Fig. 4b and c).”® This
could indicate either surface diffusion as a rate-determining
step”® or a second-order rate law. Both interpretations imply
that debromination on Ag(111) is not a simple unimolecular
reaction. In fact, the fitting quality could be improved by

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Real-time XPS in OSS. (a) Debromination of TBB on Au(111) (yellow)
versus Ag(111) (blue). The solid lines represent fits with a kinetic model for
Ag(111) and a thermodynamic model for Au(111). (b) Debromination of
TBPT on Ag(111). The solid line shows a fit with an optimized combination
of E; and A as indicated and derived from the fitting map shown in (c). Its
colour code shows the root mean square derivation between experimental
and simulated traces calculated for all combinations of £, and A on a fine
1000 x 1000 grid, i.e. for 10° points. (d) Real-time XPS of the second
reaction step of Ullmann coupling, i.e. the conversion of organometallic
intermediates into covalent products. This comparison nicely illustrates
the influence of different heating rates in these kinetic measurements. The
chemical structures of the respective precursors are shown alongside the
experimental data. (a) and (d) Adapted with permission from ref. 75 and 80.
Copyright 2019 & 2016 American Chemical Society. (a) Experimental and
simulated debromination traces on both Ag(111) and Au(111), as published
in ref. 75, have been complied to enable direct comparison. In ref. 75 the
probability Pgena for the dehalogenated state was originally shown. Here,
to be compatible with the debromination trace, the probability for the
halogenated state Pp, is shown instead as Ppa = 1 — Pgepa (b) and (c)
Reproduced from ref. 78 with permission from the Royal Society of
Chemistry.

assuming a second-order rate law. Underscored by DFT calcula-
tions, we proposed that debromination on Ag(111) is assisted
by readily available Ag adatoms.”®

Also, the kinetics of the second reaction step of Ullmann
coupling, i.e. the conversion of the organometallic intermediate
to the covalent final state can be monitored in C 1s either by the
disappearance of the organometallic shoulder at lower binding
energies or by integral peak shifts.””®® Again, in combination
with modelling, interesting mechanistic insights were derived.
For instance, modelling the real-time XPS data shown in Fig. 4d
for the conversion of the organometallic intermediate into the
covalent product of poly-para-phenylene wires synthesized from
1,4-halogen-substituted benzene precursors revealed a two-step
mechanism based on initial nucleation and subsequent
growth.®® In a follow-up study, it was additionally shown that
the co-adsorbed by-products of the Ullmann coupling, i.e. the
dissociated halogens, exert a further significant influence on
the conversion kinetics.®!

As an approach to explore the accuracies and limitations of
real-time XPS for quantitative inference of kinetic reaction
parameters, we propose to first simulate temperature traces

This journal is © The Royal Society of Chemistry 2025
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with exactly known reaction parameters and then reduce the
data quality at will by thinning the data point density and
superimposing noise. In a second step, these artificial experi-
mental data of arbitrary quality are fitted to recover the original
reaction parameters.’” This approach emphasised a fitting
ambiguity already suggested by the actual experimental data:
different linear combinations of activation energy E, and the
logarithm of the pre-exponential In(A) can result in comparable
fitting quality as also evident by the line in Fig. 4c. A possible
workaround may be to use alternative temperature profiles that
are easy to implement experimentally. For example, isothermal
segments allow direct determination of the rate constant & for a
given temperature if the rate law is known. If this is not the
case, fits with different assumed rate laws can be evaluated
comparatively.”® An Arrhenius plot of the rate constants k
measured for different temperatures T then directly yields both
E, and A.°™® Furthermore, it would be instructive in future
studies to additionally validate the used models by applying them
to experimental data sets acquired at different heating rates.

But real-time XPS is not the only analytical tool that provides
a glimpse on reaction kinetics. Also fast STM achieving video
frame rates and above can be useful for exploring kinetic
aspects on the millisecond time scale.”®®?

Summary and outlook

In summary, the increasing use of complementary surface sensitive
analytics has contributed to a more holistic understanding of
coupling reactions on solid surfaces. This has led to a greater
appreciation of the unique role of the surface as template, catalyst,
reaction partner and supplier of additional, non-obvious reactants
such as adatoms, adsorbed reaction by-products (e.g. halogens or
hydrogen) or (activated) species form the residual gas, most notably
atomic hydrogen.®* Insights range from increased confidence in
product identification, to more detailed knowledge of (electronic)
structures, to a better understanding of the specific mechanisms of
reactions on surfaces.

Future directions could include the broader or more sophis-
ticated implementation of already applied surface science
techniques, or the implementation of hitherto underrepre-
sented techniques. For instance, a wider application of mass
spectrometry could benefit from more sophisticated probes,
e.g. size-selected gas cluster ions for ToF-SIMS.*

Sample homogeneity is a relevant and sometimes crucial
aspect of analytics, particularly for OSS, where chemically and
structurally distinct products are often obtained. In this con-
text, SPM data capable of resolving individual molecular enti-
ties is invaluable, especially considering the attractive prospect
of acquiring local vibrational spectra by TERS or nano-FTIR.
However, obtaining significant statistics by SPM is cumber-
some, whereas this comes naturally with globally averaging
techniques. For instance, the averaged chemical state can
readily be assessed by XPS on a macroscopic scale, regardless
of sample homogeneity. Although NEXAFS and XSW are
fairly tolerant, achieving a more uniform sample improves
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the interpretability and meaningfulness of the results. By
contrast, thus far underrepresented techniques such as LEED,
SXRD and ARPES, as well as the as yet not widely applied POT,
require full crystallinity, ie. uniform OSS products with a
defined epitaxial relationship on single-crystalline supports.
Pursuing this holy grail of OSS is extremely rewarding, not
least because it allows to harness the full potential of these
powerful, high-resolution techniques. Combining the various
techniques with SPM ultimately yields a complete picture.

Significantly increased time resolution would be a particu-
larly intriguing new direction. Two-photon photoemission
(2PPE) is readily available and was previously used to study
the electronic structure of GNR.>* However, 2PPE is highly
appropriate to also asses the dynamics of optically excited
states, allowing to learn more about optical properties of nano-
structures or the surface influence on emerging photo-
chemistry.?®*®® But despite its long history, SPM is still evolving.
Particularly inspiring are the advances in ultrafast, light-wave-
driven terahertz STM, which is leading to unprecedented time
resolution.®” Although previously applied to GNRs that were
conventionally synthesized on Au(111),*® more interesting
features and richer physics can be expected on inert supports.
However, in order to unearth these spectroscopic treasures, the
OSS of study-worthy nanostructures on inert surfaces needs to
progress.®

Most of the complementary information in OSS comes from
X-ray based techniques. For (real-time) XPS, intense synchro-
tron radiation beneficially increases both time and energy
resolution. Maximising the photoionisation cross-sections by
tuning the photon energies is an additional, arguably even
more important advantage of synchrotron radiation, especially
when the risk of beam damage prohibits high intensities.
By contrast, synchrotron facilities are mandatory for NEXAFS
and XSW. In this context, I would like to emphasise that
synchrotron facilities generally encourage beamtime applications
from less- to non-proficient users with appropriate, scientifically
rewarding questions. Competent beamline scientists will assist
throughout the entire process, from proposal writing to data
acquisition, analysis and interpretation.

The predestined path of OSS should lead from the identifi-
cation of suitable applications for the so produced novel nanoma-
terials to their realisation and would culminate in technological
implementation. This journey inevitably heralds a new era of
analysis aimed at characterising the unique properties relevant
to the intended application. Although it is conceivable that
selected properties, such as the electric field effect, may be
measured without breaking the UHV, other applications will
inevitably require relocation of samples to different environ-
ments. Gas permeation through ultrathin membranes can be
measured in UHV,’® but sample preparation is likely to require
transfer, for which fully UHV-compatible protocols have not yet
been developed.’® On the other hand, photocatalytic or electro-
catalytic performance will inevitably need to be measured in
gas atmospheres or in solution. These very worthwhile objec-
tives will require air-stable samples,’” to which inert supports
will contribute. In addition, as the field progresses closer to
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applications, characterisation will require different skills, expertise
and instrumentation - the perfect breeding ground for inspiring
and fruitful collaborations, an invaluable ingredient for the con-
tinued prosperity of OSS.
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