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ABSTRACT: Directing covalent on-surface polymerization of molec- Cu 54 @0 HF (gas)

ular precursors through rational synthetic design has been impaired by =~ AY F H F H /7

the lack of control over reaction sites and by limited chemical routes to “D" ’D“ = [:]_[:]_
covalent bond formation between precursors, resulting in limited

control of the outcomes and parasitic surface reaction byproducts. ®® H, (gas)

Here we investigate the mechanism of a recently reported chemical E_C]_ﬂ i_D_i é> m
route to C—C bond formation: dehydrofluorination on metal surfaces. x

We demonstrate that this chemical route, involving specifically C—H/

F—C pairs, favors the elimination of HF in the gas phase as a single step, therefore eliminating reaction byproducts at the surface of
metals. Unlike dehalogenation, we find that the remarkable selectivity of the dehydrofluorination reaction renders this C—C bond
formation strategy chemoselective as well as potentially regioselective, if employed with a properly designed molecular precursor.
Additionally, we demonstrate that the catalytic role of the metal substrate can be used to steer reaction pathways and select between

dehydrofluorination and dehydrogenation reaction. For these reasons, the dehydrofluorination reaction, largely unexplored on metal
surfaces, could become a valuable tool for on-surface synthesis.

Bl INTRODUCTION of selectivity can be achieved with “programmed” dehaloge-
On-surface synthesis, involving directing covalent C—C bond natior;greactions resulting in sequential Ullmann coupling
formation for controlled on-surface polymerization, through steps.”” However, cleavage of the carbon—halogen bond does
rational design of organic molecular precursors has become a not immediately lead to desorption of the halogen atoms from
major synthetic strategy in organic electronics and in the the surface: there is typically a temperature window where the
search for emergent topological materials.”” Such an approach radicals and adsorbed halogens coexist on the surface. While
starts with the deposition of an organic molecular precursor on the halogen desorption temperature can be relatively low, the
a surface, typically a single crystal metal, followed by a fact remains that while covalent coupling between radicals

multistep process involving sequential intra- and intermolec-
ular C—C bond formation reactions among molecular
precursors. However, such processes exhibit limited chemo-
and regioselectivities over the reaction sites and chemical
routes to covalent bond formation, resulting in a wide variety
of products linked in disordered arrays. Therefore, there is the

takes place the adsorbed halogens may get in the way during
the radical diffusion step or the growth of a polymer
island.'*~"*

Another common route for C—C bond formation is the

dehydrogenation reaction on a metal surface, involving the

need to develop an “on-surface chemical toolbox” that can be thermally activated cleavage of two adjacent C—H bonds."*~*¢
used to steer self-assembly and intra- and intermolecular An attractive feature of this approach is that it produces H, gas,
covalent bond formation toward a desired highly ordered 2D which does not remain on the surface. A combination of both
organic material. Ullmann coupling and dehydrogenation reactions has found

Several approaches to directing surface 2D polymerization important use for the on-surface molecular assembly and
have been explored with varying degrees of success. Copper- subsequent ring closure required for the on-surface synthesis of
catalyzed aryl—aryl coupling, i.., the Ullmann reaction,” has polycyclic aromatic compounds such as graphene nanoribbons

been adapted to various single crystal metal surfaces with a (GNRs).'*"7
variety of aromatic hydrocarbons (benzene derivatives,
polyacenes, fluorenes, or porphyrins) substituted with either
chlorine, bromine, or iodine."**™” Homolytic cleavage of the
carbon—halogen bond is activated either thermally or
electronically, resulting in radical species which may recombine
forming new C—C bonds. Moreover, because of the halogen-
dependent dissociation temperature of the carbon—halide
bond on metal surfaces (typically T} < Tj, < T(), some degree
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Recently, following the observation that thermal activation
of C—H and F—C bonds in close proximity on an Al,O;
substrate catalyst leads to intramolecular C—C bond
formation,'®'? dehydrofluorination has been utilized for
nanostructure growth on a TiO,(011) surface.””*" Tt is
proposed that the metal centers of this oxide surface polarize
the C—F bonds and act as a catalyst for F abstraction,
ultimately leading to dehydrofluorination and C—C bond
formation.”> H and F byproducts of the HF elimination
process remain adsorbed on the surface and recombine with
surface atoms leading to either surface-adsorbed H,O or gas
phase TiOF,, the latter of which erodes the surface.”” Attempts
to thermally induce dehydrofluorination reactions on a metal
surface, Au(111), have led to a variety of reports indicating
either the absence of a catalytic effect resulting in no C—C
bond formation,””** C—C bond formation with no apparent
chemoselectivity between initial molecular bond pairs C—H/
C—H, C—H/C-F, or C—F/C—F,** or most recently a very
efficient and selective intermolecular C—C bond formation.”
In addition, some evidence of regioselective C—C bond
formation via dehydrofluorination has been reported for a
fluorinated corrole derivative on Ag(lll).26 Independent of
C—C bond formation, the stability of the C—F bond on metal
surfaces has been studied in the course of making edge-
fluorinated GNRs on Au(111).>”"*° In these studies, it is
proposed that F can be replaced by an H migrating from a
neighboring molecular site that just underwent a classical
dehydrogenation reaction upon C—C bond formation.

Here, we are seeking insights into the fundamental aspects of
the dehydrofluorination reaction on metal surfaces using a
custom-made fluorinated zinc tetraphenylporphyrin (ZnTPP)
precursor, ZnTPP-m-oF8, shown in Figure 1: in this molecule,

X=H ZnTPP

X=F ZnTPP-m-oF8

Figure 1. Molecular structures of ZnTPP-o-mF8 and ZnTPP.

fluorine substituents are placed at the two ortho positions of
each meso-phenyl ring. In this work, molecular precursors are
adsorbed onto single crystal metal surfaces at various coverages
and subsequently annealed to trigger on-surface C—C bond
formation. The chemical environment of the surface products
is investigated by using X-ray photoelectron spectroscopy
(XPS) aided by density functional theory (DFT) calculations,
while their molecular structure and resulting connectivity are
studied by using scanning tunneling microscopy (STM).
Finally, the products eliminated in the gas phase upon C—-C
bond formation are monitored by using temperature-
programmed desorption (TPD). Thus, a detailed picture of
the chemical transformations upon annealing on the metal
surface is obtained.

Dehydrofluorination reactions of ZnTPP-m-oF8 on two
single crystal metal surfaces, Cu(100) and Ag(100), indicate
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that the mechanism at play here is qualitatively different from
typical dehalogenation reactions. As the reaction involves
preferentially C—H/F—C pairs, rather than C—H/H—C or C—
F/F—C pairs, it appears more chemoselective than other
homocoupling routes involving dehalogenation or dehydrogen-
ation and leads to either intra- or intermolecular C—C bond
formation with HF loss to the gas phase. The intermolecular
reaction occurs about 100 °C higher in temperature than the
facile intramolecular reaction, as the intermolecular reaction
requires diffusion to bring reaction sites on two different
molecules into close proximity. Significant H, elimination is
measured only for annealing temperatures above those
resulting in HF elimination. Moreover, a comparison of the
catalytic role of three metal substrates, Cu(100), Ag(100), and
Au(111), on the C—C bond formation, using as precursors the
simple ZnTPP and its fluorinated derivative ZnTPP-m-oFS8,
indicates that metal substrates can be used to steer reaction
pathways and select between dehydrofluorination and
dehydrogenation reaction.

B EXPERIMENTAL METHODS

Sample Preparation. The Au(111), Ag(100), and
Cu(100) surfaces were prepared with several cycles of Ar*
sputter and anneals above 400 °C. ZnTPP-m-oF8 and ZnTPP
molecules were deposited at room temperature by using a
Knudsen cell held at 230 and 280 °C, respectively, after
thorough degassing. Details of the molecular synthesis for
ZnTPP-m-oF8 have been reported in a separate work.”’

Temperature-Programmed Desorption Spectrosco-
py. Temperature-programmed desorption (TPD) measure-
ments were performed in a UHV chamber with a base pressure
better than 2 X 107'° Torr equipped with sputtering,
annealing, and molecular deposition sources for surface
preparation. Molecular coverage was determined in XPS
using a nonmonochromated source with a 1486.7 eV photon
energy and a cylindrical mirror electron analyzer, with an
overall energy resolution of 1 eV. We performed TPD with an
annealing rate of 2 °C/s, using an SRS 200 RGA equipped
with a Feulner cup, at a sample surface—cup aperture distance
of ~1 mm.

Electron Spectroscopies. Photoemission measurements
were performed in an ESCALAB 250Xi equipped with a
preparation chamber with a pressure better than § X 107"
Torr allowing in situ deposition and annealing. Temperatures
are measured with a thermocouple placed directly on the
surface of the crystal. Core levels are measured with a 1486.7
eV photon energy with an energy resolution of 0.6 eV, while
the valence band is measured with a 40.8 eV photon energy
and the work function with a 21.2 eV photon energy, both with
an energy resolution better than 0.1 eV. Inverse photoemission
measurements were performed in a custom-made grating
spectrometer with an incident 20.3 eV monochromatic
electron source, resulting in an overall resolution of 0.6 eV
of the conduction band spectra.

Electronic Structure. Electronic structure calculations
were performed with the GAMESS(US) software package®'
by using Becke3—Lee—Yang—Par (B3LYP) three-parameter
DFT theory.”””* Geometries of local minima on the potential
energy surface were calculated with a 6-31G basis set.”* The
DOS spectra were obtained as a sum of the individual weighted
electronic states convoluted with a Gaussian function of 0.7 eV
full width at half-maximum (FWHM).

https://doi.org/10.1021/acs.jpcc.2c00712
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Figure 2. Reaction stages. Chemical transformations of molecular species and gas phase residual products upon annealing Cu(100) and Ag(100)
single crystal surfaces, with initial coverages of a monolayer of ZnTPP-m-oF8. (a) TPD spectra indicate two HF elimination processes separated in
temperature by ~100 °C, followed by H, loss only at higher temperatures. (b) C 1s and F 1s core levels measured before and after the HF loss
indicate fluorine loss from the molecular adsorbate without metal fluoride formation at the surface. The typical metal fluoride region is indicated by
arrows. Numbers 1, 2, and 3 indicate three reaction stages: before the first HF loss, before the second HF loss, and after the second HF loss,
respectively. (c) Molecular models 1, 2, and 3, (see also the Supporting Information) corresponding to these reaction stages were chosen to
calculate the C 1s and F 1s density of states spectra in (d), used for XPS C s and F 1s spectra analysis.

Scanning Tunneling Microscopy (STM). STM measure-
ments were performed in an Omicron VT-SPM in constant
current mode at room temperature under pressures better than
5 X 107" Torr. The chamber is equipped with sputtering,
annealing, and in situ molecular deposition sources. Images
were processed by using the WSxM software.”® For the STM
measurements, because of a combination of noise and drift
during imaging, the uncertainties were conservatively estimated
to be +0.1 A for heights, +0.5 A for lateral distances, and 3°
for angles. Molecular coverage was also measured by XPS using
a nonmonochromated source with a 1486.7 eV photon energy
and a cylindrical mirror electron analyzer, with an overall
energy resolution of 1 eV.

B RESULTS AND DISCUSSION

Experimental Results. A self-assembled molecular mono-
layer of ZnTPP-m-0oF8 was deposited on atomically clean and
highly ordered Cu(100) and Ag(100) single crystal surfaces
that were subsequently annealed at a rate of 2 °C/s while
desorbing products were monitored by mass spectrometry, as
shown in Figure 2a. Only two desorption products were found:
HF and H,. No significant desorption of F, was measured as
shown in Figure S4. As indicated in Figure 2a, on both surfaces
progressive annealing of a monolayer of ZnTPP-m-oF8 leads
to two distinct HF desorption peaks which, as discussed below,
are attributed to intra- and intermolecular HF elimination
reactions. The TPD spectra suggest that the surface species can
be characterized in three stages: (1) an as-deposited
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monolayer, (2) a layer measured after the first HF desorption
peak, and (3) a layer measured after the second HF desorption
peak. In addition, H, desorption was only observed for
temperatures higher than 400 °C, i.e., above the temperature at
which HF desorption is completed. Marked differences are
observed on the two surfaces: (i) each of the desorption peaks
occur typically at lower temperatures on Cu(100) than on
Ag(100); (ii) although the integrated intensity of the intra- and
intermolecular HF desorption peaks from a given surface are
approximately equal, the peak widths are surface dependent;
(iii) the peak temperature separation is smaller on Ag(100)
than on Cu(100), leading to a temperature range where the
two HF desorption peaks overlap. These differences provide
important clues about the reaction mechanism.

XPS core level spectra were measured before and after
sequential anneals of a ZnTPP-m-0F8 monolayer on Cu(100)
and Ag(100) (all of which are shown in the Supporting
Information). A subset of these core levels is presented in
Figure 2b, corresponding to stages 1, 2, and 3 of the surface
reactions, as indicated in the TPD spectra of Figure 2a. In
Figure 2b, the C 1s and F 1s core levels, each normalized to
either the Cu 2p or Ag 3d intensity to account for possible
molecular desorption, are presented for each reaction stage. As
a useful comparison, in Figure 2d the calculated density of
states (DOS) for the C 1s and F 1s ground state core levels are
presented for each of the model compounds shown in Figure
2c.

https://doi.org/10.1021/acs.jpcc.2c00712
J. Phys. Chem. C 2022, 126, 6249—6257
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Figure 3. Proposed mechanism for dehydrofluorination on metal surfaces. (a) STM images indicate that as-deposited layers of ZnTPP-m-oF8 self-
assemble intact on Cu(100) and Ag(100), in nearly square arrays favoring phenyls T-stacking, as depicted by the adsorption models. (b) Upon
annealing, STM images indicate intramolecular C—C bond formation between neighboring C—H and F—C sites, corresponding to the elimination
of 4HF to the gas phase. Several outcomes are possible (only a few are schematically represented). (c) At higher temperature, STM indicates
intermolecular bond formation. Leftover molecular C—H and F—C terminations need to be brought in close proximity via molecular diffusion for
the second HF elimination step to occur (the models illustrate possible proposed outcomes). As indicated by coverage-dependent TPD, because of
a higher diffusion barrier on Cu(100) than on Ag(100), the second HF loss is harder to achieve on Cu(100) for low molecular coverage. STM scale

bars = 1 nm.

The C 1s and F 1s core levels measured for a monolayer of
ZnTPP-m-oF8 adsorbed on Cu(100) or Ag(100) (ie., in the
blue spectra of Figure 2b) indicate that the adsorbed molecules
are intact. The main C 1s feature, centered around —285 eV,
possesses a triangular shape that is well reproduced by the C 1s
DOS of Figure 2d calculated for molecule 1. The spectrum
possesses a low binding energy component centered at —284.5
eV attributed to the pyrrolic —CH and a broad peak centered
at —285.5 eV containing overlapping emission from carbons in
diverse molecular environments. The presence of C—F bonds
is clearly observed in the C 1s spectra as a high binding energy
component found at —288 eV. For monolayers on Ag(100)
and Cu(100), the intensity ratio of the main C 1s line to the
C—F feature is &34:8 and ~34.7:8, respectively, in good
agreement with the expected molecular ratio of 36:8. The
corresponding F 1s core levels of Figure 2b contain a single
component at a binding energy of —688 eV, which is
compatible with a unique C—F chemical environment within
each monolayer, as expected for intact ZnTPP-m-oF8.

In the XPS spectra obtained at stage 2, after the first HF
desorption peak has occurred (green curves in Figure 2), the
spectral intensity of the F 1s core level and the C—F
components of the C 1s core level are both reduced by half.
Additionally, the main component of the C 1s spectra has
changed shape and is more symmetric, indicating a loss of
pyrrolic contribution. In the case of Cu(100), there is an
additional global shift to lower binding energy, likely due to
increased screening from the now planar molecules (see the
STM section) able to lie closer to the Cu substrate.*® Plots of
the F 1s core level spectra extend to —680 eV to demonstrate
that there is no detectable F 1s feature associated with metal
fluoride (typically reported between —682 and —684 eV*>"** as
indicated by the arrows). These observations can be explained
by using molecular model 2 of Figure 2c. Model 2 is the
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product of an intramolecular C—C bond formation between
meso-phenyl ring fluorines and pyrrolic hydrogens via the
elimination of 4HF (i.e., half of the original eight F atoms) in
molecule 1, resulting in a spiral-like product. Note that this
stereoisomer serves as an example but is not the only possible
outcome of this type of reaction, as discussed below.””

At stage 3, after the second HF desorption peak, most C—F
components have disappeared from both the C 1s and F 1s
spectra of Figure 2b (red curves). At this level of comparison,
the experimental spectra are well reproduced by the core level
DOS of Figure 2d, which was calculated for model 3 of Figure
2¢, where the four remaining fluorines have been replaced by
hydrogens.

The two-step process suggested by the TPD and XPS data
can be verified by using STM images of the molecular
overlayers measured at reaction stages 1, 2, and 3 as shown in
Figure 3. As seen in Figure 3a, ZnTPP-m-oF8 molecules self-
assemble on both Cu(100) and Ag(100) surfaces in molecular
islands forming typical square arrays favoring T-stacking of the
meso-phenyl rings (more details of the STM study are
available in the Supporting Information). On Cu(100), the
ZnTPP-m-0F8 macrocycle is dark, while the meso-phenyl
groups appear as bright spots. This characteristic contrast has
been reported previously for NiTPPs adsorbed on Cu(100)
and was attributed to the strong macrocycle—Cu(100) surface
interaction leading to molecular distortion with upward
pointing phenyl groups.”” In the present case, however, F
substituents induce additional intensity between the bright
phenyl group features. On Ag(100), submolecular features of
both the macrocycle and the meso-phenyl groups are clearly
distinguishable. Note that these images were obtained for
coverages smaller than one monolayer. Images obtained at
stage 2, after the first HF desorption step, are shown in Figure
3b. The molecules appear planar, with little contrast between

https://doi.org/10.1021/acs.jpcc.2c00712
J. Phys. Chem. C 2022, 126, 6249—6257
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the macrocycle and the meso-phenyl groups. Several molecular
shapes are observed because of the formation of multiple
regioisomers following intramolecular HF elimination. Some of
these products are proposed at the bottom of Figure 3b. On
Cu(100) the molecules appear well separated, while on
Ag(100) the molecules are close to each other, and some
may already have undergone intermolecular HF elimination
and formed C—C bonds, consistent with the overlap of the two
HF desorption peaks in Figure 2a. At stage 3, after the second
HF desorption peak, nearly all molecules appear intercon-
nected on both surfaces, shown in Figure 3c.

A better understanding of the mechanism leading to the
second HF desorption feature is obtained from TPD spectra
measured for increasing molecular coverage of ZnTPP-m-oF8
on these two single crystal substrates (see details of the TPD
study in the Supporting Information). As shown in Figure 3c,
the ratio of the area of the second desorption peak, A,, to that
of the first peak, A, (i.e,, A,/A;), is constant and equal to ~1
for Ag(100). This means that regardless of initial coverage,
after the intramolecular HF loss, nearly all remaining fluorine
react to form the second HF desorption peak. On Cu(100),
however, A,/A, is strongly dependent on molecular coverage:
it is <1 for low coverage and ~1 for near-monolayer coverage.
This difference is explained by the lower molecular diffusivity
on Cu(100) compared to Ag(IOO).41 On Ag(100), even at low
coverage, molecules of stage 2 can diffuse easily and find a
partner to undergo intermolecular HF elimination. As a result,
the amount of HF evolution is the same for both the intra- and
intermolecular processes. On Cu(100), however, at low
coverage, limited molecular diffusion prevents the alignment
of favorable reaction sites for some adjacent molecules, and
thus the intermolecular reaction cannot proceed. Near-
complete HF elimination is only observed at high coverage
on Cu(100).

Note that there are several possible ways in which
neighboring molecules may align that can lead to intermo-
lecular C—C bond formation. Some possibilities that could
lead to the formation of either one or two C—C bonds
(analogous to the biphenylene network studied in ref 25) are
shown in Figure 3c. However, the STM resolution is not
sufficiently high to discern between the two cases. Moreover, it
is likely that depending on the molecular packing on the
surface, not all C—F sites will be accessible, leading to some
unreacted F as observed in XPS in Figure 2. Finally, as seen in
Figure 2a, H, desorption is observed only at higher
temperatures, when the surface has reached stage 3, and is
the result of either intermolecular dehydrogenation or
molecular decomposition."*

Taken together, the HF desorption spectra, XPS core level
spectra, and STM molecular images provide compelling
evidence for site-specific fluorine-mediated C—C bond
formation. For the ZnTPP-m-oF8 molecule we propose a
two-step process: (i) intramolecular HF evolution due to the
close proximity of the H and F reaction sites and (ii) molecular
surface diffusion which brings C—F and H-C sites of
neighboring molecules in close proximity, resulting in C—C
bond formation and subsequent intermolecular HF loss. The
temperature difference between the two HF loss peaks is thus a
good representation of the ease with which molecules diffuse
on the surface of the metal. In both steps, we expect the
dehydrofluorination process to be the same, requiring the
presence of nearby C—F and H—C reaction sites in order for
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the simultaneous cleavage of C—H and F—C and subsequent
release of HF.

As opposed to Cl, Br, and I, F does not seem to follow the
commonly observed dehalogenation reaction path for C—C
bond formation, illustrated in the top panel of Figure 4.

x Not observed

C-F bond cleavage

\/ Observed

HF

Desorption Rate

Temperature

Figure 4. Dehalogenation hypothesis vs observed dehydrofluorina-
tion. A reaction mechanism involving C—F bond cleavage of all eight
C—F bonds, without simultaneous C—H bond cleavage, would result
in a single TPD peak, originating from a recombination of F atoms
and desorption of F,. In contrast, two HF desorption peaks are
observed.

Indeed, dehalogenation would imply a one-step process
leading to eight C radicals and eight F released. In such a
scenario, there are two possible pathways for the released F
ions: they can remain on the metal surface or be desorbed. At
room temperature, excess fluorine at the surface of a metal
usually leads to surface metal fluoride formation. For example,
it was observed that highly fluorinated fullerenes CgF,g
spontaneously deposit fluorine at the surface of Cu(100) at
room temperature and readily form stable surface CuF,.*”
Similarly, exposing a metal surface to a fluorinated species such
as XeF, also leads to metal fluoride production through the
self-terminated Mott—Cabrera mechanism, in which F~ is
stabilized and attracted by its image charge in the metal
surface.”® In the work presented here, no metal fluoride is
observed in XPS at any stage of the reaction. Therefore, any
surface F would have to desorb immediately after the C—F
bond cleavage, most likely as F,, producing a single
temperature desorption peak in TPD. Once again, we observe
no evidence of a F, signal in TPD.

An alternative mechanism that could explain the desorption
of HF instead of F, is the existence of a source of surface
hydrogen available to react with F on the surface. Such a
hydrogen source could be from a dehydrogenation reaction.''
However, the experimental observations are not consistent
with this explanation as the XPS spectra of Figure 2b contain
no evidence of surface F, and the typical dehydrogenation
reaction (as seen for ZnTPP) starts at temperatures higher
than the observed intermolecular HF loss. Finally, an
alternative path for F loss, where an H atom liberated by
dehydrogenation replaces an F atom that is subsequently
released to the surface, is ruled out by the design of the
ZnTPP-m-oF8 molecule.”” ™’
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A comparison to recent literature results may help in
understanding possible reaction paths for dehydrofluorination.
On the TiO,(011) surface, a Friedel—Crafts type mechanism
was proposed for intramolecular C—C formation via HF
elimination.”” This is a sequential process where Ti sites act as
a Lewis acid and promote C—F bond breaking and F
abstraction by the TiO, surface. Then, the presence of the
electron-rich 7 system of the nearby C—H containing ring
leads to the formation of the C—C bond between the two
moieties and to the release of H as a surface adsorbate. On
TiO,(011), both H and F are so strongly bound to the surface
that they are released only as TiOF,, disrugting the TiO,(011)
surface and leaving H,O and OH residue.”’ One could imagine
an analogous mechanism on a metal surface, assuming that the
image charge generated by fluorine is strong enough to weaken
the F—C bond. However, the mobility of F adatoms on metal
surfaces is sufficiently high that it is unlikely to observe only
HF as a desorption product: if H and F are not released
simultaneously, the H and F atoms would likely recombine
elsewhere on the surface and be released as H, and F, in
addition to HF.

While identifying the elementary steps leading to simulta-
neous release of H and F from this molecule on these surfaces
would be aided greatly by theoretical calculations, a possible
route could involve the different polarizability of the C—F and
C—H bonds. A more direct HF production process could
involve the stabilizing effects of a C—H/F—C dipole/dipole
interaction enhanced by the presence of image dipoles in the
metal surface and leading to synchronous H and F release in
close proximity, immediately forming volatile HF. Such a
mechanism would also explain the absence of F, as a reaction
product, as two highly polar F-bearing moieties in close
proximity would be strongly repulsive. For the less polar H-
terminated moieties, the repulsion would be much lower,
permitting H, elimination and intermolecular C—C bond
formation, but only at higher temperatures, as observed in
Figure 2a.

Further insight into the catalytic effect of the metal surface
on the dehydrofluorination process can be gained by
comparing the HF and H, desorption spectra for ZnTPP-m-
oF8 to H, desorption spectra for the parent molecule ZnTPP
on three different metal surfaces: Cu(100), Ag(100), and
Au(111), as shown in Figure 5. Au(111) has been added for
direct comparison to the recent literature, reporting HF
desorption upon formation of biphenylene networks on
Au(111).>® Both ZnTPP and ZnTPP-m-oF8 undergo analo-
gous two-step reactions: an intramolecular reaction followed
by an intermolecular reaction. In particular, the similarity of
intramolecular reactions between either C—-H/C—H or C—F/
C—H bond pairs, illustrated at the top of Figure Sa, permits a
direct comparison of the intramolecular HF or H, elimination
mechanisms. H, desorption spectra, measured upon anneal of
monolayers of ZnTPP deposited on Cu(100), Ag(100), and
Au(111), are shown as the black curves in Figures Sb—d,
respectively. To these are compared HF (yellow curves) and
H, (gray curves) desorption spectra obtained upon anneal of
monolayers of ZnTPP-m-oF8 on the three same metal
surfaces.

For ZnTPP, the dehydrogenation mechanism is well
characterized on metal surfaces and will not be discussed in
detail here."”"> On Cu(100) and Ag(100), the spectra each
possess two H, desorption features, the first being the product
of an intramolecular reaction and the second of both
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Figure S. Metal catalytic role: ZnTPP vs ZnTPP-m-oF8. The
structural similarity of the intramolecular reactions undergone by
ZnTPP-m-oF8 and ZnTPP are indicated in (a). HF and H,
desorption spectra measured for a monolayer of ZnTPP-m-oF8 are
compared to H, desorption spectra for a monolayer of ZnTPP for the
three surfaces: (b) Cu(100), (c) Ag(100), and d) Au(1ll),
respectively. The temperature difference between the intramolecular
HF elimination (red) vs intramolecular H, elimination (blue) is
largest on Ag(100), indicating that dehydrofluorination is favored on
Ag(100).

intermolecular bonding and molecular decomposition. On
Au(111), only products of the intramolecular reaction are
visible in the H, desorption spectrum as our temperature ramp
did not exceed 600 °C. For ZnTPP-m-oF8, the H, and HF
desorption features were discussed earlier for Cu(100) and
Ag(100). On Au(111), only an intramolecular HF loss is
measured at 500 °C, in good agreement with recently regorted
HF removal temperature for H and F in close proximity.” The
HF desorption feature intensity is much smaller than that
observed on Cu(100) or Ag(100) for comparable initial
molecular coverage, possibly indicating an easier desorption of
ZnTPP-m-oF8 molecules from Au(111) before undergoing
HF elimination.

Overall, the TPD spectra indicate that the temperature
necessary to achieve C—C bond formation via either
dehydrofluorination or dehydrogenation for intramolecular
sites is highly dependent on the metal surface. The activation
energy for both reactions globally increases from Au(111),
Ag(100) to Cu(100). Moreover, the temperature differences
between dehydrofluorination and dehydrogenation reactions
can drastically vary from one metal to another. On both
Cu(100) and Au(111), Figures Sb and S5d, respectively,
intramolecular reactions occur at nearly the same temperature,
i.e,, that both HF elimination and H, elimination are equally
favorable on those two surfaces. This explains contradictory
reports of HF elimination experiments on Au(111) in the
literature. For example, Cirera et al* reported no noticeable
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preference for either H, removal or HF removal on Au(111).
On the other hand, Fan et al.”> observed highly selective HF
elimination on Au(111), not by a chemical selectivity of HF
elimination over dehydrogenation, but by utilizing a molecular
precursor that self-assembles in such a way as to enforce
proximity of C—H and C—F bonds and prevent proximity of
C—H and C—H bonds.

Finally, HF and H, elimination are not always equally
favorable. Our TPD experiments suggest that on Ag(100)
dehydrofluorination occurs more than 100 °C lower in
temperature than dehydrogenation, indicating that HF
elimination is actually favored over H, elimination on
Ag(100). This suggests that it may be possible to perform
on-surface synthesis via HF elimination with much stronger
chemoselectivity on Ag(100) rather than the more commonly
used substrate, Au(111). In fact, previous work has even
reported the opposite on Pd(111)—that H, elimination was
indeed favored to HF elimination, allowing the use of fluorine
in place of hydrogen to prevent intermolecular dehydrogen-
ation pathways.

B CONCLUSION

The combined TPD, XPS, and STM studies presented here
clearly show that dehydrofluorination is a viable and attractive
route for targeted C—C bond formation using organic
molecules on metal surfaces. Surprisingly, not only is this
process possible, but it can take place at lower temperatures
than analogous dehydrogenation reactions on Cu(100) and
Ag(100). Moreover, this dehydrofluorination process on metal
surfaces occurs as a single step, leaving no residue at the
surface of the metal as HF is immediately desorbed into the gas
phase. This is in contrast to approaches using a classic Ullmann
coupling reaction, which requires an additional step to remove
adsorbed halogens from the surface via either a high-
temperature anneal or, as recently shown, a mild-temperature
H exposure.”*® While establishing the definitive reaction
mechanism requires further study, the enhanced selectivity of
the dehydrofluorination reaction is achieved by involving
specifically C—H/F—C pairs, rendering this C—C bond
formation strategy potentially regioselective with a properly
designed molecular precursor to align specific C—H/F-C
pairs. For these reasons, this largely unexplored reaction could
become a valuable tool for on-surface synthesis, opening new
opportunities for self-assembly, unperturbed by reaction
byproducts, leading to extended covalently bonded 2D organic
structures with significantly enhanced long-range order.
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