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Mechanistic insights into on-surface reactions
from isothermal temperature-programmed X-ray
photoelectron spectroscopy

Lukas Grossmann, {22® Manuela Hocke,? Gianluca Galeotti,® Giorgio Contini, (2 <¢
Luca Floreano, (2 ¢ Albano Cossaro, {2 ¢" Amit Ghosh, 2" Michael Schmittel, € f
Johanna Rosen,? Wolfgang M. Heckl,®° Jonas Bjérk € *9 and

Markus Lackinger (2 %P

On-surface synthesis often proceeds under kinetic control due to the irreversibility of key reaction steps,
rendering kinetic studies pivotal. The accurate quantification of reaction rates also bears potential for
unveiling reaction mechanisms. Temperature-Programmed X-ray Photoelectron Spectroscopy (TP-XPS)
has emerged as an analytical tool for kinetic studies with splendid chemical and sufficient temporal
resolution. Here, we demonstrate that the common linear temperature ramps lead to fitting ambiguities.
Moreover, pinpointing the reaction order remains intricate, although this key parameter entails infor-
mation on atomistic mechanisms. Yet, TP-XPS experiments with a stepped temperature profile comprised
of isothermal segments facilitate the direct quantification of rate constants from fitting time courses.
Thereby, rate constants are obtained for a series of temperatures, which allows independent extraction of
both activation energies and pre-exponentials from Arrhenius plots. By using two analogous doubly
versus triply brominated aromatic model compounds, we found that their debromination on Ag(111) is
best modeled by second-order kinetics and thus proceeds via the involvement of a second, non-obvious
reactant. Accordingly, we propose that debromination is activated by surface supplied Ag adatoms. This
hypothesis is supported by Density Functional Theory (DFT) calculations. We foresee auspicious prospects

rsc.li/nanoscale

“Physics Department, Technical University of Munich, James-Franck-Str. 1, 85748
Garching, Germany. E-mail: markus@lackinger.org

bDeutsches Museum, Museumsinsel 1, 80538 Munich, Germany

“Istituto di Struttura della Materia-CNR (ISM-CNR), Via Fosso del Cavaliere 100,
Roma, Italy

Department of Physics, University of Rome Tor Vergata, Via della Ricerca Scientifica
1, 00133 Roma, Italy

“Istituto Officina dei Materiali Consiglio Nazionale delle Ricerche, S.S. 14, km 163.5,
Trieste, 34149, Italy

JCenter of Micro and Nanochemistry and (Bio)Technology, Organische Chemie I,
Universitdt Siegen, Adolf-Reichwein-Str. 2, 57068 Siegen, Germany

$Linkdping University, Department of Physics, Chemistry and Biology, IFM, 581 83
Linkoping, Sweden. E-mail: jonas.bjork@liu.se

"Department of Chemical and Pharmaceutical Sciences, Universita degli Studi di
Trieste, via L. Giorgieri 1, 34100 Trieste, Italy

tElectronic supplementary information (ESI) available: Scanning tunneling
microscopy images; TP-XPS data; details of the models; additional grid search
results; fitting results; evaluation of second-order kinetics; additional DFT
results; synthesis and characterization of 2BPT. See DOI: https://doi.org/10.1039/
d4nr00468j

7612 | Nanoscale, 2024, 16, 7612-7625

for this TP-XPS variant for further exploring the kinetics and mechanisms of on-surface reactions.

Introduction

Reaction pathways in on-surface synthesis, and ultimately also
the products, are frequently governed by kinetics rather than
thermodynamics. The reason is that key reaction steps are irre-
versible either due to the large associated exothermic reaction
enthalpies or the concomitant irretrievable loss of reaction
byproducts by desorption.'” Accordingly, advancement in the
understanding and control of on-surface reaction products can
be expected from detailed kinetic studies. Thereby, the temp-
erature dependence of the rate constants provides access to
key parameters as pre-exponentials and activation energies. In
addition, determination of the reaction order, that is the
power law which describes how the reaction rate depends on
reactant concentrations, allows the derivation of the overall
chemical equation. This may reveal decisive but non-obvious
reactants, thereby opening a window for atomistic insights
into reaction mechanisms.

Various analytical tools are feasible for kinetic studies of
chemical reactions on solid surfaces. For instance, Scanning-
Probe-Microscopy (SPM) facilitates real space studies at the
atomic level with unique possibilities to identify reaction

This journal is © The Royal Society of Chemistry 2024
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sites.? In favorable cases, video-rate image acquisition can
even provide a glimpse on reaction mechanisms provided that
the reaction site is immobile.” Nevertheless, it remains chal-
lenging to obtain a time-resolved integral picture from SPM.
Alternatively, X-ray Photoelectron Spectroscopy (XPS) offers
enhanced chemical and sufficient temporal resolution.
Advantageously, XPS readily provides a statistically significant
ensemble average, because photoelectrons are excited and col-
lected from macroscopic surface areas. Unfortunately, this
global picture can obscure the role of active sites, where reac-
tion rates are greatly enhanced. But compared to hetero-
geneous catalysis with gaseous reactants and products that are
only transiently adsorbed, active sites play a minor role in on-
surface synthesis: the reactants are comparatively large mole-
cules that remain adsorbed during and after the reaction, and
surface coverages in the monolayer regime are used.
Accordingly, the reaction is necessarily distributed over larger
portions of the surface and is therefore less driven by active
sites. For thermally activated reactions, studies are established
where XP spectra are acquired while the temperature is
increased to enhance reaction rates until the turnover
becomes detectable. In its conventional implementation as
Temperature-Programmed XPS (TP-XPS), the temperature is
linearly ramped and spectra are swiftly acquired in the binding
energy range of the studied element. Many of the prevalent
studies tackle surface-assisted Ullmann type couplings.®™* Its
two elementary reaction steps, that is initial dehalogenation
and subsequent conversion of organometallic intermediates
commonly observed on copper and silver surfaces into
covalent products,””™*® can be monitored in the halogen (e.g.
Br 3d) and carbon C 1s core levels, respectively. For instance,
based on TP-XPS experiments a two-staged nucleation and
growth mechanism was inferred for the on-surface synthesis of
poly-para-phenylene from dihalobenzene precursors.®

Here, we explore the initial debromination of 2,4,6-tris(4-
bromophenyl)-1,3,5-triazine (3BPT) and 2,4-bis(4-bromophe-
nyl)-6-phenyl-1,3,5-triazine (2BPT) precursor molecules on Ag
(111) (see Fig. 1 for chemical structures and ESI, Section 71 for
synthesis and characterization). Their different bromine sub-
stitution has profound consequences for structure formation.
Three-fold brominated 3BPT results in two-dimensional reticu-
lated networks,'® whereas two-fold brominated 2BPT affords a
non-uniform mixture of one-dimensional topologies, i.e.
closed rings as well as straight and curved chains. This not
only applies to the final covalent structures, but already to the
organometallic intermediates (ESI, Fig. S1t and ref. 19). The
conceptual idea of this study is to explore possible influences
of bromine substitution pattern and dimensionality effects
already in the initial debromination.

Results
Linear temperature ramps

Initially, traces of debromination versus temperature were
acquired with linear temperature ramps at the ALOISA beam-
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line®® of Elettra Synchrotron (Trieste, Italy) for 3BPT and 2BPT
on Ag(111) (Methods and ESI, Fig. S2t). Low molecular cov-
erages in the submonolayer regime were deliberately used to
avoid additional influences from molecular crowding at the
surface, although this is associated with lower signal-to-noise
ratios (see Methods section). In principal, kinetic reaction
parameters can be extracted from fitting. In our previous study
of the closely related compound 1,3,5-tris(4-bromophenyl)
benzene (TBB, similar to 3BPT, but with a central phenyl
instead of a triazine ring) on Ag(111), we fitted analogous
traces by underlying first-order reaction kinetics.'® A coarse fit
was obtained for TBB on Ag(111) using the Density Functional
Theory (DFT) calculated activation energy of E, = 0.98 eV,
resulting in a pre-exponential of 4 = 3.25 x 10'° s™'. Here, for
3BPT and 2BPT on Ag(111), to elucidate finer details and to
also judge the appropriateness of the employed model, a
higher density of data points has been obtained by a slower
heating rate and enhanced acquisition speed for individual
spectra (Fig. 1(a) and (b)). Instead of resorting to calculated
activation energies, we aimed to derive both E, and A from
fitting. Yet, even linear temperature ramps do not allow for an
analytical solution of the temperature traces, but their numeri-
cal simulation is straightforward and computationally in-
expensive. To systematize the fitting procedure and to make it
more efficient, we now applied a grid search algorithm: the
fitting parameters E, and A were both independently varied in
a sensible range on a fine grid. For each grid point in this two-
dimensional parameter space a debromination versus tempera-
ture trace was numerically computed according to the respect-
ive model (ESI, Section 37). Then the root mean square devi-
ation (RMSD) between simulated and measured curve was cal-
culated and plotted as figure of merit of the fit, that is the
closer the RMSD is to zero the better the fit. For both mole-
cules the respective fitting maps for first-order kinetics in an
extened range of A and E, are shown in Fig. 1(c) and (d).
Interestingly, the best fit values display a linear correlation
between E, and In(4) in the fitting map over many orders of
magnitude in the pre-exponential, implying that the two para-
meters cannot be independently quantified within this
approach. Assuming A = 1 x 10"* s™* for the pre-exponential as
a standard value derived from transition state theory for uni-
molecular reactions in the gas phase, the corresponding opti-
mized activation energies are E, = 0.94 eV and E, = 0.92 eV for
3BPT and 2BPT, respectively (red crosses in Fig. 1(c) and (d)).
These figures compare favorably with DFT-calculated acti-
vation energies of debromination on Ag(111) terraces
(vide infra), but the corresponding simulated temperature
traces (red lines in Fig. 1(a) and (b)) result in unsatisfactory fit
quality with comparatively high RMSD values. However, the
extended parameter spaces of the grid searches, also reveal
weakly pronounced global minima for unexpectedly low values
of E, and A as indicated in Fig. 1(a) and (b). The activation
energies of 0.60 eV (3BPT) and 0.70 eV (2BPT) are 0.2-0.3 eV
lower than reported values from DFT calculations,>*'* and
the pre-exponentials in the order of 10’-10° s~* also appear to
be small. Yet, the corresponding simulated temperature traces
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Fig. 1 Debromination versus temperature traces for (a) 3BPT and (b) 2BPT acquired with linear temperature profiles (molecular structures are
shown as inserts). The solid squares depict the integrated photoelectron yield from the Br 3ds;, peak of bromine covalently bound to the molecule
(Bfmotecute)- The solid lines represent simulated debromination traces for first-order reaction kinetics. For this purpose, we either used a fixed pre-
exponential of A = 1 x 10 s7* in combination with the optimized E, (red lines) or we used E, and A that yield the global minima (blue lines). The
latter results in visibly improved fits with notably lower RMSD as indicated, but the corresponding E, and A come out lower than expected. Grid
searches (1000 x 1000 points) for optimization of fitting parameters for (c) 3BPT and (d) 2BPT. Note that A is plotted on a logarithmic axis. The color
coding represents the RMSD between experimental and computed traces. The absolute RMSD values depend on the length of the temperature
traces before the reaction starts and after the reaction is completed, where all reasonable models provide excellent fits. For comparability, the same
traces were used for all fits. Comparably good fits can be obtained for parameter combinations along valleys of minima (show as lines) in In(A) versus
E.. The minima obtained for the pre-exponential fixed at A = 1 x 10™* s7* and the corresponding optimized activation energies E, are marked with

red crosses, the global minima are marked with blue crosses.

(blue lines in Fig. 1(a) and (b)) provide visibly improved fit
quality with significantly lower RMSD. On the other hand,
comparatively small pre-exponentials are not uncommon for
surface reactions and are often associated with diffusion
control.** In conclusion, the situation of the global minima in
the grid searches (blue crosses in Fig. 1(c) and (d)) challenges
the simple view of debromination on Ag(111) as a unimolecu-
lar reaction proceeding with first-order kinetics on atomically
flat terraces without the need for mass transport.

Stepped temperature profiles

To resolve the fitting ambiguity experienced for the linear
temperature ramps, we devised an experimental approach with
the aim to independently determine E, and A. For that
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purpose, we propose an alternative temperature profile for
TP-XPS comprised of isothermal segments and stepwise temp-
erature changes instead of the commonly applied linear
ramps. Thereby, the time dependence of the reaction turnover
is disentangled from the dominating exponential temperature
influence. Consequently, rate constants can be directly
inferred at the respective temperatures from fitting the time
traces with analytical functions. Depending on the reaction
order, different time courses are expected: first-order results in
an exponential decay of reactant concentration in time,
whereas second-order yields a reciprocal relation between reac-
tant concentration and time (ESI, Section 5t). Acquisition of
debromination versus time traces for a series of temperatures
grants access to the temperature dependence of the rate con-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Debromination versus time traces for (a) 3BPT and (b) 2BPT acquired with a stepped temperature profile comprised of isothermal segments.
The respective temperature profiles are depicted as black lines. The grey lines represent the continuously measured integrated photoelectron yield
from the Br 3ds,, peak of bromine covalently bound to the molecule (Bryoiecute)- Segments of the time traces that were used for deriving rate con-
stants are colored and the associated temperatures are indicated. For 3BPT in (a), a beam dump occurred at the end of the 15 °C segment, where
the sample was preserved by cooling to a lower temperature and resuming the measurement at 20 °C when the beam was stable again.
Corresponding Arrhenius plots of the rate constants k for (c) 3BPT and (d) 2BPT obtained for assuming either first-order (red) or second-order (blue)
reaction kinetics (for 2BPT the last data point at 35 °C was discarded, because this short trace yielded an unacceptably large fitting error). The acti-
vation energies and pre-exponentials extracted from the respective slopes are indicated. For both compounds the first-order E, appear unreasonably
low, while the second-order E, are largely consistent with DFT calculations. Moreover, a second-order kinetics results in improved R? values in the
Arrhenius plots. The error bars represent only fitting errors of the time traces (ESI, Table S1f). The actual error bars are expected to be larger

because they include additional contributions from temperature measurement uncertainties, X-ray intensity variations, and detector noise.

stant, from which E, and A can be independently extracted.
The applied temperature profiles and the measured photo-
electron yield of molecule-bound bromine are depicted in
Fig. 2(a) and (b) for 3BPT and 2BPT, respectively. For each of
the isothermal segments we have extracted the time course of
the debromination. However, contrary to our expectations,
these kinetic traces did not allow a clear distinction between
first- and second-order rate laws (ESI, Fig. S77).

Accordingly, we fitted the debromination traces acquired at
constant temperatures with the analytical functions for both
first- and second-order kinetics as the most plausible reaction
orders, noting here that the reaction order does not necessarily
have to be an integer for more complex reaction scenarios.
Note that the lowest target temperature of 15 °C was
approached with a fairly high temperature rate, accordingly, a
long enough equilibration time ensured thermal equilibration
across the samples. From fitting, we obtained two data sets of
temperature dependent rate constants k for both first- and

This journal is © The Royal Society of Chemistry 2024

second-order (ESI, Table S11). Fig. 2(c) and (d) show the corres-
ponding Arrhenius plots for 3BPT and 2BPT, respectively. In
both cases, underlying a first-order rate law yields unexpect-
edly low activation energies of E, = 0.37 eV (3BPT) and E, =
0.55 eV (2BPT), especially compared to the 0.80-1.0 eV
obtained from DFT calculations.>?'™®* In addition, to match
the experimentally measured reaction rates, the low activation
energies are accompanied by small pre-exponentials of A =
2.73 x 10” s* (3BPT) and A4 = 1.49 x 10° s™' (2BPT). Although
the values of these kinetic parameters derived under the
assumption of a first-order kinetics are much smaller than
expected, they qualitatively reflect the global minima obtained
by fitting the temperature-dependent conversion with first-
order reaction kinetics (Fig. 1). In summary, the assumption of
first-order kinetics consistently results in low pre-exponentials
for both linear and stepped temperature profiles. One possible
interpretation is to attribute this to surface diffusion as a rate
limiting step.”* On the contrary, presuming second-order reac-

Nanoscale, 2024, 16, 7612-7625 | 7615
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tion kinetics yields activation energies of E, = 0.89 eV (3BPT)
and E, = 0.94 eV (2BPT) in the Arrhenius plots (Fig. 2), which
are more consistent with DFT calculations, indicating the
involvement of a second reaction partner (vide infra). The
description of debromination as a second-order process can
be viewed as an alternative approach to account for the
diffusion control indicated by the low pre-exponentials of the
first-order description. Similarly, optimization of the fit para-
meters of the temperature traces shown in Fig. 1(a) and (b) for
second-order kinetics by means of a grid search leads to global
minima with enhanced activation energies (ESI, Fig. S9%).
Moreover, the kinetic reaction parameters obtained by either
fitting the temperature traces or from the Arrhenius plots
exhibit a reasonable level of consistency (ESI, Fig. S107).
Finally, we also performed grid searches with the reaction
order and the pre-exponential as the free parameters (ESI,
Fig. S3 and S47). In each individual grid search, the activation
energy was kept fixed and multiple grid searches were per-
formed over an activation energy range of 0.70 eV to 1.10 eV.
Both 2BPT and 3BPT showed the same trend: the optimal reac-
tion order shifts monotonically from lower values around one
to values of two and above as E, is increased. Interestingly, for
a given activation energy the optimal reaction order was always
larger for 3BPT. This ambiguity in the optimal reaction order
may indicate more complex processes.

Second-order reaction kinetics

Second-order reaction kinetics indicates two reactants either of
the same or a different kind, thereby challenging the view of
debromination on metal surfaces being a unimolecular reac-
tion, a scenario often used as a premise for calculations.?**>™>”
Surface-supplied metal adatoms appear to be the most plaus-
ible second reactant, in part because debromination on silver
and copper surfaces results in metastable organometallic
intermediates with molecules linked by carbon-metal-carbon
bonds">?® as similarly observed for both 2BPT (ESI, Fig. S17)
and 3BPT,"® with only a few reported exceptions.>® Although it
is difficult to elucidate a decisive contribution of the adatoms,
they are conjectured as being important for a variety of chemi-
cal reactions on metals,”*** and in particular for formation
of metal-coordinated and organometallic structures.*>*' For
surface-assisted Ullmann coupling, the role of metal adatoms

has mostly been studied for the organometallic
intermediates,”>™** but less so for the initial
dehalogenation.>"*>

In order to evaluate a possible kinetic advantage of the Ag
adatom-activated debromination on Ag(111), we calculated
energy profiles by DFT for the comparison of activation ener-
gies (see Methods for details). It should be noted that this type
of calculation does not take entropy into account. In this
context, halobenzenes have previously been introduced as
model system.”*"*>** Yet, their strongly tilted adsorption geo-
metry contradicts the flat adsorption of commonly employed
larger aromatic precursors, with a potential impact on calcu-
lated activation and reaction energies.'® To arrive at a more
realistic picture, we calculated the debromination of 3BPT and

7616 | Nanoscale, 2024, 16, 7612-7625
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2BPT on Ag(111) with and without the assistance of Ag
adatoms. Energy profiles of triple and double debromination
of 3BPT and 2BPT alongside structures of the corresponding
transition and final states are depicted in Fig. 3 (¢f ESI,
Fig. S11} for a more detailed depiction). Importantly, we did
not include an additional energy contribution for providing
the Ag adatom, because they are supplied from a 2D gas that
originates in a dynamic equilibrium of evaporation and con-
densation from substrate step-edges.’® Consequently, Ag
adatoms are readily available for surface chemistry, although
their potential participation will depend on if and by how
much they lower the activation energy. Further, their local con-
centration will matter, which is projected to be in the order of
10~° with respect to surface atoms at room temperature.’® In
fact, measuring the concentration of intrinsic adatoms is chal-
lenging, and the extremely low value in the order of parts per
billion is, to the best of our knowledge, the only quantitative
statement of adatom concentration in the literature. On the
other hand, self-assembly of molecular structures with inter-
spersed Ag adatoms has been observed at about 100 K on Ag
(111), indicating their sufficient availability even at lower temp-
eratures.*” Our DFT calculations indicate appreciable differ-
ences for debromination of 3BPT with and without Ag
adatoms (Fig. 3(a)): (1) activation energies become markedly
reduced with Ag adatoms, that is 0.80 eV versus 1.02 eV for the
first debromination; (2) without Ag adatoms the activation
energies for all subsequent debromination reactions are vir-
tually constant, whereas they become significantly lower for
the second (0.66 eV) and third (0.70 eV) debromination of
3BPT with Ag adatoms. Differences in debromination tempera-
tures have previously been observed not only for inequivalent
bromine substituents,”” but also for nominally equivalent
sites,>>*® suggesting a more general phenomenon. By contrast,
for 2BPT (Fig. 3(b)) we find nearly similar activation energies
for its first (0.71 eV) and second (0.69 e€V) debromination that
correspond to the second and third debromination of 3BPT.
(3) Debromination reactions without Ag adatoms are energeti-
cally neutral. Hence, the entropy gained from releasing
bromine atoms would decisively contribute to the thermo-
dynamic driving force. By contrast, the Ag adatom-activated
debromination results in a nearly equal energy gain of approxi-
mately —0.50 eV for each successive debromination for both
3BPT and 2BPT. The reason for the lower final state energy is
presumably two-fold. Firstly, an organometallic bond between
the debrominated carbon atom and an Ag adatom is less
strained, hence energetically more favorable than forming
bonds with Ag surface atoms, even though the phenyl group
still bends down to the lower lying Ag adatom.'® Secondly,
adatoms are less coordinated than surface atoms, rendering
them more reactive. On the other hand, adatom-activated de-
bromination comes with an entropic cost for immobilizing the
Ag adatom.

Since our DFT calculations indicate the possibility of
different activation energies for the debromination of 3BPT, as
also suggested by other studies,”**® we have refined our model
(ESI, Section 3 and Fig. S5t). In the corresponding grid search,

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 DFT calculated energy profiles for the debromination of (a) 3BPT and (b) 2BPT on Ag(111) terraces without (upper part, blue curve) and with
(lower part, red curve) Ag adatoms. Full debromination of the entire 3BPT (2BPT) molecule by three (two) successive debromination reactions was
calculated. The relative energy with respect to the intact initial state was calculated with eqn (1) (Methods). Essentially, the final state energy of each
debromination was evaluated with the bromine atom adsorbed on Ag(111), but isolated from the molecule as indicated by the green arrows. No
additional energy contribution was considered for providing the Ag adatom (yellow arrow).

we again use a second-order rate law in a two-dimensional
parameter space, now consisting of two different activation
energies, while using fixed values for the pre-exponential in
each grid search over a representative range. However, in all
optimizations we obtain fairly similar activation energies with
differences of less than 50 meV. In fact, larger differences in
the two activation energies result in discernible steps in the
temperature versus debromination curves, calling for a re-
examination of the reported studies by TP-XPS.>*"*8

Alternative reaction pathways

In the final state of the adatom-activated debromination, the
Ag atom remains bonded to the molecule. Hence, it is concei-
vable that this immobilized organometallic Ag atom could
become an active site for ongoing debromination reactions.
Consequently, we also evaluated the energy profile of this
complementary debromination by DFT. Interestingly, as illus-
trated in Fig. 4, this reaction not only exhibits an even lower
activation energy of 0.54 eV, but also a sizably enhanced reac-
tion energy of —1.20 eV. The latter originates in the markedly
increased strength of the second organometallic bond as simi-
larly found by DFT for the bonding of phenyl radicals to Cu
adatoms on Cu(111).** Although this alternative process is
energetically favored, it requires the availability of accessible,
singly bonded organometallic Ag atoms as well as sufficient
mobility of the species to be debrominated. Consequently, it
should be less relevant in the early and final stages of the de-
bromination, because initially organometallic Ag sites are
sparse, and towards completion of the debromination
monomeric or smaller, still mobile entities are already
depleted. Albeit the relevance of this alternative debromina-
tion pathway remains currently unresolved, its energetic super-
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Fig. 4 DFT calculated energy profile of an alternative debromination
reaction on Ag(111) for 3BPT. Thereby, the immobilized organometallic
Ag atom from a preceding debromination reaction acts as active site.
This process exhibits an even lower activation energy and a markedly
increased exothermic reaction energy. The final state energy of the de-
bromination was evaluated with the bromine atom adsorbed on Ag(111),
but isolated from the molecular structure.

iority and dependence on boundary conditions nevertheless
suggest a higher complexity in the seemingly straightforward
debromination. In summary, our DFT calculations of acti-
vation energies indicate that debromination reactions activated
by Ag adatoms, either freely diffusing or immobilized through
preceding debromination events, are energetically preferred
over unimolecular debromination reactions on Ag(111)
terraces.
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Discussion and summary

We comparatively studied the thermally activated debromina-
tion of 3BPT and 2BPT on Ag(111) by TP-XPS using different
temperature profiles. First, we conventionally acquired de-
bromination versus temperature traces with linear ramps. For
the simultaneous fitting of both activation energies and pre-
exponentials of the rate constant grid searches were employed,
which made clear that comparably good fits can be obtained
for linear combinations of E, and In(4) (Fig. 1(c) and (d)) for
an extended range of the fit parameters. In order to indepen-
dently determine E, and A in experiments, we carried out
TP-XPS experiments with stepped temperature profiles to
obtain rate constants for a series of temperatures. Albeit
different conversion versus time courses are expected for first-
versus second-order reaction kinetics in principal, the fitting
curves that were separately obtained for both reaction orders at
a given temperature run prohibitively similar for directly infer-
ring the reaction order (ESI, Fig. S71). Yet, the corresponding
Arrhenius plots for first-order kinetics result in surprisingly
low E, that always correlate with low A. The derived activation
energies are significantly lower than those calculated by DFT
(Fig. 3),>?'">* but the associated low pre-exponentials could be
considered as an experimental signature of a diffusion-con-
trolled reaction that is described by pseudo first-order kine-
tics.>* By contrast, activation energies closer to the calculated
values are obtained by assuming second-order reaction kine-
tics. Thus, both descriptions with either first- or second-order
kinetics consistently indicate, each in its own way, the involve-
ment of a second reaction partner for the debromination on
Ag(111).

These results prompted us to explore Ag adatom-activated
debromination reaction pathways by DFT as the most plausible
second-order process, given the metastable organometallic
intermediates that are commonly observed on Ag(111).'°78?28
Our calculations indicate approximately 0.3 eV lower activation
energies for Ag adatom-activated debromination reactions
(with the exception of the first debromination of 3BPT, where
the activation energy was 0.2 eV lower), which translates into a
three to four orders of magnitude larger Boltzmann factor at
the reaction temperature. In addition, DFT suggests the exist-
ence of an alternative debromination pathway with even lower
activation energy, when the reaction takes place at a molecule-
bound organometallic Ag atom. However, discrepancies
between experiment and theory remain. DFT suggests a lower
effective activation energy for debromination of 2BPT as com-
pared to 3BPT, which is not corroborated by our experiments,
where we find essentially similar activation energies for both
compounds. Moreover, DFT indicates 0.2-0.3 eV lower acti-
vation energies as compared to the experimental values
derived from the Arrhenius plots assuming second-order kine-
tics. The origin of this quantitative mismatch remains pre-
sently unclear, but needs to be addressed in future studies
(vide infra). 1t should be emphasized that DFT is an approxi-
mate method with respect to the functional used, which also
adds a largely unknown error bar to the calculated activation
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energies. Moreover, the energy profiles for debromination are
evaluated with the reactant or intermediate at its optimized
adsorption site. However, such a defined scenario seems
implausible under reaction conditions where the molecules
are mobile and sample different sites. Thus, it cannot be
excluded that the remarkable differences in the activation
energies for the first versus the second and third debromina-
tion of 3BPT are related to the zero temperature conditions
imposed by the calculations.

In summary, the low pre-exponentials and activation ener-
gies encountered for evaluating the TP-XPS data by assuming
first-order reaction kinetics gave rise to the hypothesis that the
debromination reactions of 3BPT and 2BPT on Ag(111) involve
an additional, non-obvious reactant. This implies a description
by second-order reaction kinetics, a hypothesis further sup-
ported by DFT calculations indicating significantly lower acti-
vation energies for Ag adatom-activated processes. Second-
order reaction kinetics, however, imply appreciable concen-
tration changes of both reactants in the course of the reaction.
A large stoichiometric excess of one reactant would leave its
concentration virtually constant, resulting in a pseudo first-
order reaction kinetics. Accordingly, the abundance of Ag
adatoms should also not yield the low pre-exponentials in the
fits with first-order kinetics that indicate diffusion control. In
other words, both the low pre-exponentials derived from the
first-order fits and the improved quality of the second-order
fits consistently indicate that the concentration of Ag adatoms
must decrease significantly during debromination. In this
respect, we note that the Ag adatoms become incorporated
into the metastable organometallic intermediates upon de-
bromination, and are only liberated again when these are con-
verted into the final covalent products. However, on Ag(111)
this conversion takes place at significantly higher tempera-
tures, when the debromination is already completed.'®
Accordingly, the role of Ag adatoms is better described as an
activator rather than a catalyst in the strict sense, which would
require their availability in the original state after the debromi-
nation reaction. On the other hand, the replenishment of Ag
adatoms must be kinetically limited. Diffusion barriers of Ag
adatoms on terraces are comparatively low (<0.1 eV),** so that
sluggish supply from Ag(111) step-edges offers a more plaus-
ible explanation. In addition, the organometallic structures
formed upon debromination around room temperature often
nucleate at step-edges which may also partly deactivate them
for adatom supply. Equilibrium concentrations of adatoms on
metal surfaces are conjectured to be exceedingly low in the
order of parts per billion with respect to surface atoms.*®
Exhaustibility of the adatom reservoir is consistent with our
previous finding that the type of intermolecular bonds formed
between 1,3,5-tris(4"-biphenyl-4"-carbonitrile)benzene on Cu
(111) can depend on the molecule deposition rate: higher
deposition rates resulted in supramolecular bonding, while
lower deposition rates tipped the balance in favor of metal-
coordination bonds with Cu adatoms, because their replenish-
ment can keep up with the arrival rate of molecules.’” So there
is experimental evidence that the kinetic availability of metal
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adatoms on the (111) facets of coinage metals could indeed be
limited around room temperature. Since adatoms preferen-
tially evaporate from low-coordinated sites, that is step-edges
and kinks, the real structure of the surface with its specific
defect density and distribution should also influence the de-
bromination kinetics.

For the simulation of debromination as a function of either
temperature or time, from which the activation energies and
pre-exponentials were derived, the second-order reaction rate
was assumed to be proportional to the square of the concen-
tration of brominated sites for the sake of simplicity and to
reduce the number of parameters. For the proposed Ag
adatom-activated debromination, however, the reaction rate is
proportional to the product of the concentrations of bromi-
nated sites and Ag adatoms. Accordingly, the model was
further refined to account for the putative nature of the

a 1"

@
<€
3BPT
E.=0.80 eV
1012

C 1 0 T T T T T ]
—~ A=5.33x10" s
3 08 N,,:Ny=1.19
= RMSD=0.015
= 06} i
2 B A=2.81x10" s
(O]
< 04} Njg:Ng=1.07 -
e WA RMSD=0.016

302 /@/“\ /)\©\
% N
E Br Br
m 00 C 1 1 1 1 1
280 300 320 340 360

View Article Online

Paper

process (ESI, Section 3%1). Therefore, the amount of available
Ag adatoms relative to the amount of brominated sites at the
beginning of the reaction (Nag,0): Nr,0) Was introduced as a
new fit parameter. The model was restricted to the scenario
depicted in Fig. 3, where one Ag adatom is consumed for each
debromination, while the alternative process shown in Fig. 4
effectively requires only one Ag adatom for the debromination
of two sites. Again, the grid searches were performed in a two-
dimensional parameter space consisting of N(ag,0): Nr,0) and
the pre-exponential A, while keeping the activation energy
fixed at E, = 0.80 eV. To elucidate the influence of variations in
E,, additional grid searches were performed for a range of acti-
vation energies (ESI, Fig. S81). The grid searches and the
corresponding simulated traces for both 2BPT and 3BPT are
presented in Fig. 5. First of all, the fit quality is further
improved as indicated by the lower RMSD values of 0.015
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Fig. 5 Fitting debromination versus temperature with Ag adatom model. Grid searches (400 x 400 points) for optimization of the fitting parameters,
that is pre-exponential A and the initial ratio of Ag adatoms to brominated sites N(ag,0): Nar.0) for (a) 3BPT and (b) 2BPT. Note that A is plotted on a
logarithmic axis. The color coding represents the RMSD between experimental and computed traces. In both grid searches the activation energy
was kept fixed at E;, = 0.80 eV. Simulated traces with the optimized fit parameters are shown for (c) 3BPT and (d) 2BPT. Black squares represent
experimental data; the olive curves correspond to the optimized parameters found in the grid searches in (a) and (b), while the blue curves corres-
pond to the optimized parameters of a grid search with a different fixed activation energy of E, = 0.90 eV (ESI, Fig. S61). The Ag adatom model
results in an improved fit as indicated by the lower RMSD. However, the optimized parameters A and Nag,0) : N(gr,0) Obtained for a range of E, yield
similarly good fits.
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(3BPT) and 0.014 (2BPT) compared to the second-order with
identical reactants (ESI, Fig. S11}). For both molecules, the
optimal parameters are confined to a more restricted region
in this two-dimensional parameter space. Interestingly, the
optimization yields almost similar pre-exponentials for both
compounds, while a higher Nisg0): Nr,0) of 1.80 is obtained
for 2BPT as compared to 1.18 for 3BPT. Remarkably, the pro-
ducts of the optimized value of Nago):Npro) times the
number of brominated sites of the respective compound,
which corresponds to the total amount of available Ag
adatoms per molecule within this model, are almost identi-
cal (compare 1.80 times 2 for 2BPT and 1.18 times 3 for
3BPT).

Again, the specific choice of activation energies yields
different values for the optimal fit parameters, but with a
common trend for both molecules, that is higher activation
energies lead to larger pre-exponentials as expected, yet also to
lower N(ago): Nro) (ESL, Fig. S81). In summary, considering
the concentration change of Ag adatoms results in a better
agreement between simulation and experiment, but does this
pleasant fact in itself provide more insight? We are reluctant
to express confidence that the high fit quality necessarily indi-
cates an accurate description of the debromination reaction,
because relevant aspects are still not included in the model:
(1) a possible role of the low activation energy processes shown
in Fig. 4, which will also affect the amount of Ag atoms con-
sumed; (2) variations in activation energies that cannot be
excluded; (3) the possibility of complete consumption of Ag
adatoms with the consequence that the reaction rate is deter-
mined by the replenishment of Ag adatoms. On the one hand,
it seems to be a coincidence that the optimization yields
Nag,0): Ngr,0) close to unity. On the other hand, either a large
excess or deficiency of Ag adatoms would result in (pseudo)
first-order kinetics. Accordingly, the fitting results can be inter-
preted as further evidence for a second-order process.
However, it is still conceivable that Ag adatoms are completely
consumed during the course of the reaction, which would
imply a change in the reaction order from about two to either
one, if the debromination becomes a unimolecular reaction,
or zero, if the debromination rate is entirely determined by the
replenishment of Ag adatoms. On the other hand, a change in
the reaction mechanism would also imply a notable change in
the reaction rate, which has not been observed experimentally.
But the simplest model, which explicitly includes Ag adatoms,
already gives a near perfect fit. In this respect, we would not
consider it useful to extend and refine the model further, since
the quality of the fit cannot be improved, and thus validation
of competing models by comparison with experimental data is
no longer meaningful. A possible solution for future experi-
ments would be to also increase the dimensionality of the
data, for example by recording debromination traces for
different heating rates.

Finally, with the improved Ag adatom model at hand, we
revisited the question of whether the reaction order can be
directly inferred from the shape of the debromination versus
time traces. To this end, a debromination trace was numeri-
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cally simulated using the optimized parameters as obtained
from the grid search and superimposed with Gaussian white
noise (ESI, Fig. S8t). Fitting this more extended trace with
first-order reaction kinetics results in a decent fit with R*> =
0.97. Interestingly, the use of second-order reaction kinetics,
which should provide a better description of the underlying
process, results in only a marginally improved fit with R*> =
0.98. In TP-XPS experiments, however, the acquisition of
longer time traces carries the risk of increasing the influence
of X-ray induced debromination (beam damage). This could
falsify the experimental data, especially if the reaction turnover
has already become comparatively low.

Lastly, the remaining specific differences between 2BPT
and 3BPT are discussed. In the debromination of 3BPT, the
experimental curve indicates a slower debromination in the
final stage in the temperature range 330-340 K compared to
the simulations, for both second-order (Fig. 5(c) and ESI,
Fig. S9t) and first-order kinetics (Fig. 1). This could be an
effect of the limited availability of Ag adatoms to complete the
debromination, and is more pronounced for 3BPT compared
to 2BPT. A possible explanation is the influence of dimension-
ality: the debromination of 3BPT requires more Ag adatoms,
and the tritopic compound also forms reticulated organo-
metallic networks'® in which the accessibility of the bromi-
nated sites is more limited compared to the one-dimensional
topologies adopted by 2BPT. However, on the basis of the
TP-XPS data alone, such interpretations necessarily remain
handwaving, and real space observations of the debromination
process would be desirable. Overcoming the challenge of track-
ing reactions with mobile reactants by SPM requires intelligent
approaches.

An obvious and worthwhile target for future studies are
deiodination reactions on Ag(111). The respective activation
energies for deiodination reactions on Ag(111) are sizably
lower than for debrominations.”> Accordingly, deiodination
proceeds at temperatures below 200 K,>° where the avail-
ability and mobility of Ag adatoms becomes noticeably
reduced. The key questions are whether this gives rise to a
kinetic advantage of unimolecular dehalogenation reactions,
and whether an altered reaction mechanism can be inferred
as change in reaction order from TP-XPS. Albeit temperature
profiles with isothermal segments in principle facilitate the
direct determination of activation energies, evaluating the
actual experimental error is an important imminent task to
obtain a realistic picture of the attainable accuracy, and to
also resolve the remaining discrepancies. Given the wide-
spread use of DFT -calculated energy profiles for the
rationalization of on-surface reactions,***'”** benchmarking
theoretical energy profiles with highly accurate experimental
values is an extremely important task for validating prevalent
theoretical approaches. The availability of a trustworthy,
sufficiently large database - either from experiment or theory
- may eventually facilitate the use of machine learning in
surface chemistry, just as it is currently conquering the
identification of molecules from their SPM images® and
other areas of chemistry.>
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Methods

Sample preparation

The Ag(111) single crystal (Surface Preparation Laboratory) was
mounted by Mo clips on a sample holder equipped with two
filaments for radiative heating. The temperature was measured
by a type K thermocouple in direct contact with the sample
surface (in between clips and sample). An additional thermo-
couple was attached on the cold finger for liquid nitrogen
cooling. The Ag(111) surface was prepared by the usual cycles
of Ar" ion sputtering (800 eV, 15 min) and flash annealing
(~450 °C). The absence of contaminations with focus on
carbon and oxygen was verified by XPS at photon energies of
390 eV and 650 eV, respectively. 2BPT (150 °C, 20 min) and
3BPT (190 °C, 20 min) were deposited by thermal sublimation
from homemade boron nitride crucibles with deposition para-
meters as indicated and rates monitored by a quartz crystal
microbalance. In order to suppress initial debromination
upon deposition, the Ag(111) substrate was held at ~215 K. To
avoid the risk of inconsistencies arising from measuring newly
prepared samples in different runs, we determined the rate
constants at different temperatures in a single experimental
run (Fig. 2). Moreover, to reduce an additional potential influ-
ence of molecular coverage in our comparative study, we
aimed at similar and low coverages of 2BPT and 3BPT.
According to C 1s intensity in XPS, and using CVD-grown gra-
phene on a copper foil as reference, the coverages of 2BPT and
3BPT amounted to 35% and 29% for the TP-XPS runs with
linear and 37% and 27% for the TP-XPS runs with stepped
temperature profiles, respectively (100% coverage corresponds
to a full monolayer of the 3BPT derived covalent honeycomb
network,'® that is 10.2 carbon atoms per nm?).

TP-XPS measurements and data analysis

TP-XPS experiments were carried out at the ALOISA beamline
at the Elettra Synchrotron radiation facility (Trieste, Italy).>® XP
spectra were acquired at a grazing incidence angle of 4.0° +
0.05° with the surface oriented transverse to the magnetic field
(nearly p-polarization) and near normal emission detection.
Photoelectrons were detected with a home-built hemispherical
electron analyzer equipped with a high count rate (>4 MHz)
two-dimensional delay-line detector developed by Elettra.>®
The sample temperature profiles were controlled via a dedi-
cated software suite using a PID algorithm and a heating rate
of 0.10 K s~ was used for the linear temperature profiles. To
expedite temperature stabilization, the sample holder was
counter-cooled under a constant flow of liquid nitrogen. The
debromination was monitored in the Br 3d core levels using a
photon energy of 190 eV and a pass energy of 20 €V, corres-
ponding to an overall energy resolution of 210-220 meV.
Acquisition of a single XP spectrum took about 45 s. Upon dis-
sociation from the molecule, bromine chemisorbs on the Ag
(111) surface, resulting in a ~1.9 eV chemical shift to lower
binding energies.'®'® This shift is conveniently large so that
the two Br 3d doublets of molecule- and surface-bound
bromine do not overlap (ESI, Fig. S2t). To extract the debromi-
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nation traces, first a spline background defined by manually
chosen fixed points was subtracted from each spectrum. Then
the peaks were fitted with Voigt profiles using the fityk soft-
ware package (version 1.3.1).°” The indicated experimental
error corresponds to the standard fitting error as defined in
fityk. The amount of bromine covalently bound to the mole-
cule (Brmolecule) Was quantified as the area ratio of the high
binding energy (i.e. molecule-bound) Br 3ds,, peak to the sum
of both, that is molecule- and surface bound, Br 3ds/, peaks.
This procedure implicitly assumes negligible desorption of
bromine from the surface at the reaction temperature, but
accounts for variations in the total photoelectron yield. The
debromination versus temperature traces shown in Fig. 1 of the
main manuscript were additionally normalized to unity prior
to debromination. Note that our specific choice of concen-
tration unit (i.e. unity for the unreacted state) also affects the
magnitude of the second-order pre-exponential, but not that of
the first-order pre-exponential. We refrain from using physical
units in molecules per unit area for the concentration due to
the limited accuracy of the surface concentration from our XPS
calibration. However, this does not affect the fit or the con-
clusions, as the magnitude of the second order pre-exponential
is not discussed further. In the experimental run with 3BPT
and the stepped temperature profile (Fig. 2a), a beam dump
occurred after finishing the first isothermal segment with a
temperature of 15 °C. To save the sample, we immediately
cooled back to low enough temperatures to suppress further
debromination and resumed our measurement when the
beam was recovered and stabilized. Hence, a small offset in
reactant concentration occurred between the 15 °C and 20 °C
trace.

Details of DFT calculations

Periodic DFT calculations were conducted with the VASP
code,”® using the projector-augmented wave method to
describe ion-core interactions,>® and with plane waves
expanded to a kinetic energy cutoff of 400 eV. The van der
Waals density functional®® described exchange-correlation
effects, with the version by Hamada denoted as rev-vdWDF2.%!
This setting has been shown to describe adsorption of mole-
cules on coinage metals accurately.®?

The Ag(111) surface was represented by a four layered slab.
For the calculations of single atoms on the surface, as well as
for dehalogenation of single molecules, we used a p(9 x 9)
surface unit cell together with a 4 x 4 k-point sampling, while
for the combined dehalogenation and coupling mechanism
(Fig. 4 of main manuscript) a p(13 x 11) surface unit cell was
used together with a 3 x 3 k-point sampling, ensuring a
numerically convergence within 10 meV of all reported values.
Transitions states were found using a combination of the
Climbing Image Nudge Elastic Band®® (CI-NEB) and dimer
methods,® where CI-NEB was used to provide an initial guess
of a transition state to be refined by the dimer method. All
structures (local minima as well as transition states) were geo-
metrically optimized until the residual forces on all atoms
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(except the two bottom layers of the Ag(111) slab which were
kept fixed) were smaller than 0.01 eV A™".

In the reported results, we state electronic enthalpies at 0 K.
For debromination calculations, the relative enthalpy of a state
Sx was defined with respect to the intact molecule on the
surface (state S0) as:

AH(SX) = H(Sx) — H(SO) + AnBrﬂBr — AnAg,uAg, (1)

where H(Sx) is the electronic enthalpy of state Sx, H(S0) is the
electronic enthalpy of the initial state (intact molecule on the
surface), Ang, is the number of Br atoms removed from the
system in state Sx, Anag is the number of Ag adatoms added to
the system in state Sx. The chemical potentials g, and p,g for
dissociated Br atoms and Ag adatoms, respectively, were
defined as the electronic enthalpy of isolated atoms on the
surface:

uer = H(Br@Ag(111)) — H(Ag(111)), (2)
and
iag = H(Ag@Ag(111)) — H(Ag(111)), 3)

respectively. Thereby, H(Br@Ag(111)) and H(Ag@Ag(111)) are
the electronic enthalpies, of Br and Ag atoms adsorbed on Ag
(111), while H(Ag(111)) is the electronic enthalpy of the bare
Ag(111) surface. It should be noted that for the calculations of
the dehalogenative dimerization process shown in Fig. 4, the
energies are defined with respect to the initial state shown in
this figure, with the two molecules separated from each other,
while in the final state the Br atom was assumed to remain
adsorbed on the Ag(111) surface, but completely removed from
the molecular aggregate in accordance with eqn (1).

For the debromination calculations with adatoms both
3BPT and 2BPT change their preferred azimuthal orientation
with respect to the surface. For 3BPT this happens both for the
2" and 3" debromination step, while for 2BPT it happens as
a consequence of the 1% debromination. For evaluating the
activation energy, we need to decide whether the rotation shall
be performed before or after the respective debromination
step. In the presented calculations we decided to enforce the
rotation before each debromination. The activation energies
for 3BPT and 2BPT in Fig. 3 are given with respect to the more
stable (already rotated) configuration prior to debromination,
as indicated by the arrows in Fig. S8 (ESIf). We have not
checked whether the alternative of performing the rotation
after the debromination will result in lower activation energies.
Accordingly, the calculated activation energies for the Ag
adatom-activated 2"* and 3™ debromination for 3BPT and the
2" debromination for 2BPT should be viewed as upper limits.
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