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1. Introduction

On-surface reactions of terminal alkynes in ultrahigh vacuum have attracted

widespread attention due to their high technological promise. However,
employing different precursors and substrate materials often intricate reaction
schemes appear far from being well-understood. Thus, recent investigations
of alkyne coupling on noble metal surfaces suggest non-dehydrogenative
scenarios, contradicting earlier reports. Herein, the study employs noncontact
atomic force microscopy (nc-AFM) with high spatial resolution to conclusively
characterize exemplary alkyne coupling products. Contrary to initial
interpretations proposing dehydrogenative homocoupling on Ag(111),
bond-resolved AFM imaging reveals the expression of enyne motifs. Based on
complementary, extensive density functional theory calculations, the
pertaining reaction mechanisms are explored. It is proposed that enyne
formation initiates with a direct carbon—carbon coupling between two alkyne
groups, followed by surface-assisted dehydrogenation-hydrogenation
processes. Thereby consecutive steps of atomic hydrogen cleavage, surface
migration and recombination to a different carbon atom enable bridging via
carbon—carbon double bonding. The new results shed light on subtle, but
crucial surface-mediated hydrogen transfer processes involved in the
chemical bond formation, which are suggested to be of general relevance in

on-surface synthesis.

The highly promising research domain
of interfacial synthesis with adsorbed
organic precursors under ultrahigh
vacuum (UHV) conditions opens new
avenues toward atomically precise fab-
rication of synthetic low-dimensional
covalent architectures with designed
properties.l!l In this context, on-surface
reactions of terminal alkynes were
extensively explored,/?] largely moti-
vated by the associated prospects for
realizing low-dimensional materials
and nanostructures containing sp- and
sp?-hybridized carbons, notably in-
cluding the appealing two-dimensional
(2D) materials such as graphyne (GY)
and graphdiyne (GDY).}] Although
achieving pure covalent crystalline sin-
gle sheets of GY and GDY remains
challenging, a remarkable variety of on-
surface reaction schemes with terminal
alkynes have been unveiled.[*! Exemplary
protocols include homocoupling, "]
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Figure 1. Ext-TEB molecular island on Ag(111) after annealing at 350 K. a) STM image showing the molecular island of coexisting covalent dimer and
intact monomers. (Up =20 mV, I, =5 pA, Tgry = 4.8 K, with a CO-terminated tip). Inset: chemical structure of the Ext-TEB molecule. b) Filtered AFM
images showing ten Ext-TEB dimers in (a). c) Two possible alkyne coupling pathways result in butadiyne and enyne linkages, respectively. On Ag(111),
enyne formation is favored. d) Zoomed-in AFM image of the enyne connection with a structural model superimposed. e) DFT-simulated AFM image of

a TEB dimer, featuring an enyne bridge.

[6] [2¢7]

Sonogashira-type cross coupling,!®!  cyclotrimerization,
cycloaddition,!®! and cyclization reactions.’ For molecular pre-
cursors comprising terminal alkyne and aryl halide moieties,
in addition intricate reaction pathways yielding organometallic
complexes were introduced.[') More recently, proton-tunneling-
mediated molecular conversion as well as gas-mediated de-
hydrogenation processes well below room temperatures were
exploited, featuring high chemoselectivity.!'!]

It is noteworthy that several research groups recently deduced
non-dehydrogenative coupling between terminal alkynes on no-
ble metal surfaces,[®>'2] whereas dehydrogenative alkyne cou-
pling takes place on Au(111) for alkyne derivatives with either
halogen-substitution or a pyridine backbone.l>!?*l These new re-
sults imply an underlying reaction pathway fundamentally dif-
ferent from the classical Glaser-Hay coupling,['*] while contra-
dicting initial conclusions drawn from scanning tunneling mi-
croscopy (STM) and density functional theory (DFT) modeling
claiming that homocoupling between terminal alkynes entails
formation of a butadiyne (diacetylene) linkage on Ag(111) (cf.
reaction scheme in Figure 1c).[?#%) To establish a coherent un-
derstanding of homocoupling reaction pathways on noble metal
surfaces, 3] it is important to employ advanced high-resolution
imaging techniques.!']
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In this study, we carried out experiments in a combined
scanning tunneling and non-contact atomic force microscopy
(STM/AFM) system equipped with a qPlus sensor."! Using car-
bon monoxide (CO) functionalized tips, we were able to resolve
and identify the chemical nature of the covalent bonds formed
via alkyne coupling on Ag(111) at different temperatures. We
found that at 350 K, the terminal alkynes favor enyne-bridge
formation with a high chemoselectivity rather than forming the
1,3-butadiyne bridge. After 400 K annealing, nanoporous poly-
meric structures were formed with dominating enyne connec-
tions. Through comprehensive DFT modeling, we unravel a
novel mechanism for the enyne formation, which is initiated by
a similar direct linking between two terminal alkynes but is fol-
lowed by a distinct dehydrogenation-hydrogenation process with
a lower activation energy. More specifically, the split-off hydro-
gen preferentially migrates on the surface to recombine with the
unsaturated carbon, resulting in the formation of a C—C dou-
ble bond. In comparison, the associative desorption pathway, in-
volving recombination with another hydrogen adatom, is less fa-
vored as it requires a higher activation energy. Interestingly, DFT-
predicted reaction intermediates evolving in the dehydrogenation
process, were captured in the experiments. The presence of these
uncompleted enyne bridges implies that the split-off hydrogen
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could also engage in the associative desorption process. Our re-
sults provide deep insight into surface-assisted hydrogen-transfer
processes involved in the chemical bond formation.

2. Results and Discussion

In this study, we utilized the same molecular precursor,
1,3,5- tris-(4-ethynylphenyl)benzene (Ext-TEB), as in our origi-
nal work.[2?] Ext-TEB molecules were deposited onto the Ag(111)
substrate held at room temperature, leading to the forma-
tion of highly regular supramolecular domains of densely-
packed molecules (Figure S1, Supporting Information).[**) Upon
annealing the substrate to 350K, the emergence of cova-
lent dimers alongside unreacted Ext-TEB species is observed
(Figure la), being consistent with our earlier study.?*l Here,
a CO-functionalized tip is used for STM imaging under the
constant-current mode (Figure 1a). Although the image resolu-
tion is enhanced in comparison to using a bare W-tip (Figure
S2, Supporting Information), the covalent bridges of the dimers
embedded in the island appear straight, and no further details
of their chemical structures can be extracted. In our previous
work, based on STM imaging, X-ray photoelectron spectroscopy
and DFT calculations, we concluded that the homocoupling of
two terminal alkynes leads to the formation of 1,3-butadiyne
bridgel?>13¢] (cf. reaction path in the upper panel of Figure 1c).
To elucidate the chemical nature of the covalent bond,
we switched to the AFM mode and recorded frequency shift
(Af) images using the same CO-tip under the constant-height
mode.["**?] Figure 1b depicts ten dimers with chemical bond
resolution. Each half of the dimer is clearly identified as con-
sisting of four phenyl rings. The central ring appears symmet-
ric, whereas three outer phenyl rings appear elongated (cf. also
Figure S3, Supporting Information),['”] a feature attributed to the
lateral deflections of the terminal CO molecule.['®] Surprisingly,
upon scrutinizing all ten dimers within the island (Figure 1a,b),
it becomes evident that the covalent bridge is kinked, deviating
from the anticipated linear butadiyne linkage.®! Instead, these
kinked covalent connections are more likely associated with the
enyne bridges!?><] (cf. also Figures S3 and S4, Supporting In-
formation). Figure 1d displays a magnified covalent connection
superimposed with a structural model of the enyne bridge. It
can be seen that the bright protrusion in the AFM image corre-
sponds to the C—C triple bond, in accordance with observations
reported in the literature.®>] Notably, the kink in the covalent
connection, which becomes prominent at smaller tip-sample dis-
tances (Figure S3, Supporting Information), is attributed to the
C-C double bond. Discrimination of C—C bond order requires
site-specific force-distance spectroscopic characterization,!'#>15]
which calls for further investigations. Figure 1le depicts a DFT-
simulated AFM image of an enyne bridge based on a 1,3,5-
triethynyl-benzene (TEB) dimer (cf. S4 in Figure 4b). Both the
bright protrusion (C-C triple bond) and the kink (C-C double
bond) in the enyne linkage are well reproduced. However, the
deformation of the outer-phenyl-ring in the AFM image due to
CO tilt is not captured. This discrepancy could be attributed to
the employed TEB-dimer model, wherein two hydrogen atoms
on each phenyl ring (Figure 1d) are substituted by terminal
alkynes.?l To further corroborate this finding, we examined
43 dimers in several Ext-TEB molecular islands through bond-
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resolved AFM imaging, consistently confirming the absence of
dehydrogenated terminal alkyne homocoupling products.

After annealing the sample at 400 K, the formation of open
porous networks was observed (Figure S5, Supporting Informa-
tion), consistent with our earlier report.[?2] Figure 2 illustrates
one of the six-membered polymeric rings formed through the
coupling of Ext-TEB molecules, initially ascribed to graphdiyne-
like scaffolds.[??] However, the high-resolution AFM image re-
veals that each covalent bridge is not linear but adopts an
enyne-like structure (cf. Figure 2b,c), suggesting that the non-
dehydrogenative coupling remains dominating after 400 K an-
nealing.

Figure 3 displays the statistical analysis of 55 dimers within
the polymeric networks. The annealing at 400K results in the
formation of various types of covalent connections, with enyne
bridges being predominant. Occasionally, butadiyne linkages can
also be observed (Figure 3a). The observed butadiyne connection
shown in Figure 3a is slightly bent as a result of the adsorp-
tion configurations of Ext-TEB molecules on either side of the
covalent dimer (Figure S6, Supporting Information). Trans and
cis forms of enyne bridges (Figure 3b—d) are the major products
after 400 K annealing. Trans-enyne-bridges were commonly ob-
served with slight bending (Figure 3b), whereas in some cases,
strongly bent geometries were found (Figure 3c), mainly due to
the strain introduced by adsorption configurations on both sides
of the dimer (Figure S7, Supporting Information). Additionally,
rare butadiene bridges were also observed (Figure 3e), indicating
the uptake of two additional hydrogen atoms from the substrate
during covalent bond formation. In Figure 3f, a previously un-
reported covalent connection is depicted. This particular struc-
tural motif exhibits a kink of ~90-degree, as indicated by an ar-
row in Figure 3fiii. Notably, at this kinked node, no apparent
bond length is discernible. Instead, it features a distinct point,
which is markedly different from the C-C double bond present
in the cis-enyne-bridge (cf. Figure 3diii). We assign this connec-
tion to a putative “uncompleted” enyne bridge that lacks a hy-
drogen atom and therefore has a carbon radical site (denote as
sp*-hybridized carbon-centered enyne radical; Figure 3fiii; Figure
S8, Supporting Information). This could be viewed as the inter-
mediate structure that supports the DFT modeling of the enyne
formation pathway, which will be discussed in detail below. Ad-
ditionally, some cases of a strained enyne radical structure were
observed (Figure 3g).

In addition, coupling motifs connecting three Ext-TEB
molecules were also examined (Figure S9, Supporting Informa-
tion). Previously, we proposed that such nodes can be interpreted
as enediyne motifs resulting from a butadiyne bridge being at-
tacked by a terminal alkyne group.?!! With bond-resolved AFM
imaging, this branched structure is revealed to contain a 1,3-
butadiene-like moiety, which is consistent with the addition of an-
other alkyne group to an enyne bridge (Figure S9, Supporting In-
formation). Therefore, our current results indicate that coupling
of three terminal alkynes is also non-dehydrogenative.

To better understand the enyne formation mechanism, ex-
tensive DFT simulations were carried out. From our previous
study, it was demonstrated that the coupling between two intact
molecules is significantly more favorable than both the dehydro-
genation and tautomerization of a single molecule,3l which har-
monizes with a reaction where no hydrogen abstraction has taken
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Figure 2. Formation of a six-membered polymeric ring composed of Ext-TEB on Ag(111) after annealing at 400 K. a) STM image of the six-membered
ring. (U, =20 mV, I, =5 pA, Tstm = 4.8 K, with a CO tip). b) Filtered AFM image showing bond-resolved structure in (a). c) Zoomed-in AFM images
(with filtering) of each covalent bond formed between Ext-TEB molecules. A scaled structural model is superimposed on (c-1).

place. The coupling can either result in two different conforma-
tions, with either one or two C—Ag bonds, where the latter is
more favorable. Beginning with the coupled dimer, two subse-
quent C—H activations lead to the butadiyne bridge, while the
enyne formation requires hydrogen transfer reactions. Both re-
actions require the simultaneous breaking of the C—Ag bonds.
With the initially coupled dimer as starting point in its most
stable conformation with two C—Ag bonds, we first examined
enyne formation through tautomerization steps (Figures S10 and
S11, Supporting Information). However, the tautomerization re-
actions are associated with significantly larger activation energies
than that for butadiyne formation and can thus be disregarded.
We also explored alternative scenarios where Ag adatoms partici-
pate during the tautomerization yet found that they do not aid the
enyne formation (Figures S12-S17, Supporting Information).
Instead, we found a process, in which the initial coupling is
followed by dehydrogenation and the concomitant reattachment
of the hydrogen to another carbon to form the enyne motif, be-
ing significantly more favorable than other considered pathways.
The complete pathway, from individual monomers to the enyne-
connected dimer, is depicted in Figure 4. The first three steps
(SO to S3) are the same as for the butadiyne formation.['*!] The
two monomers couple (SO to S1) with an activation free energy
of 0.89 eV, followed by a conformational transformation involv-
ing the breaking of a C—Ag bond (S1 to S2) and subsequent
dehydrogenation (S2 to S3). The effective activation free energy
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from S1 to S3 is determined by the free energy difference be-
tween TS2 and S1 (1.12 eV). The transition from S3 to S4 in-
volves a surface-mediated hydrogenation process: the split-off hy-
drogen atom first migrates on the surface and subsequently re-
combines with the unsaturated alkyne carbon atom on the other
half of the TEB dimer. Note that this carbon atom is bonded to-
ward the substrate (S3 in Figure 4), and its hydrogenation simul-
taneously breaks the C—Ag bond, completing the enyne forma-
tion process. Notably, the activation energy for this hydrogena-
tion step (S3 to S4) is merely 0.51 eV. Once reaching S4 the free
energy is significantly reduced, and thus this final step of the re-
action can be considered as irreversible at the temperature of the
reaction.

To corroborate the hydrogenation process from S3 to S4, we
need to ensure that the competing process of the associative des-
orption of hydrogen, which is often observed as a consequence of
dehydrogenation reactions,??! is unfavorable. Notably, through
further DFT calculations, the activation free energy of this pro-
cess is found to be 0.68 eV (Figure S18, Supporting Information).
Given a temperature of 350 K, the hydrogenation process has
a Boltzmann factor more than two orders of magnitude times
that of the associative desorption of hydrogen. In other words,
the enyne formation will dominate over the hydrogen desorp-
tion, providing further support for the presented pathway. It is
noteworthy that the experimental data from 400 K annealing
unveils reaction products which can be interpreted as “trapped
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Figure 3. Identification of various types of products after annealing at 400 K. a—g) Typical covalent connections formed after 400 K annealing. i) STM
images (Up =20 mV, I, = 5 pA, Tsty = 4.8 K, with a CO tip); ii) Corresponding filtered AFM images; iii) Magnified covalent bridges in (ii); iv) Chemical
structures with statistical distributions. A total of 55 covalent bridges were analyzed.

intermediates”, namely, the “uncompleted” enyne bridge with
one hydrogen atom missing (Figure 3f,g; Figure S8, Supporting
Information). These structures with a yield of #15% not only sup-
port the dehydrogenation-hydrogenation pathway, but also pro-
vide evidence of associative desorption of hydrogen on the sur-
face.

Finally, it should be noted that the values reported in the path-
way in Figure 4 for S0-S3 differ slightly from the correspond-
ing values in our original report.3¢ This is mainly due to the
inclusion of finite temperature effects in the present study, but
also affected by a slightly different exchange-correlation func-
tional and a more rigid k-point sampling applied. In the Sup-
porting Information (Figure S19, Supporting Information) the
potential energy pathway at 0 K is shown to enable a direct
comparison.

3. Conclusion

The homocoupling between terminal alkyne species on Ag(111)
under mild condition was closely examined by means of bond-
resolved AFM imaging. We can safely conclude that enyne
bonding prevails at 350 K with high chemoselectivity, rather
than previously reported butadiyne formations. Furthermore,
after 400 K annealing, we observed the emergence of several

Adv. Mater. Interfaces 2024, 11, 2400222 2400222 (5 of 8)

types of products, including butadiyne, butadiene, and possi-
ble enyne radicals. Nonetheless, enyne bridges remain predom-
inant, while dehydrogenative coupling is rarely observed. Com-
prehensive DFT modeling unveils a distinct dehydrogenation—
hydrogenation process mediated via hydrogen adatom migration,
facilitating the enyne formation. Our computational analysis pro-
vides the first mechanistic insight into surface-assisted hydro-
gen transfer process, playing a decisive role in the chemical bond
formation. Similar on-surface hydrogen transfer processes have
been invoked for other types of on-surface reactions,!'012023]
although the detailed mechanisms remain to be disentangled.
Our current results not only contribute to a coherent under-
standing of on-surface reaction mechanisms associated with
alkyne derivatives but also highlight the important role played
by surface-mediated hydrogen migration and transfer processes
in the formation and steering of chemical bonds in on-surface
synthesis.

4. Experimental Section

The clean Ag(111)/mica surfaces were prepared by repeated cycles of
Art sputtering and annealing to 670 K. Molecules were sublimated
by organic molecular epitaxy from a quartz crucible at T cple & 365K.
Ext-TEB molecules were dosed onto the clean Ag(111) surface held at
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Figure 4. Calculated reaction pathway for the enyne formation with a) valence bond structures of local minima (S0-S4) together with b) top and side views
of local minima and transition states (TS1-TS4) and corresponding free energy profile at 350 K (c). In (a), bond lengths of the relevant carbon—carbon
bonds are indicated. The hydrogen atom involved in the subsequent dehydrogenation and hydrogenation processes is rendered in pink throughout the

reaction. Bond lengths are given in A and energies in eV.

300 K, and subsequent annealing to 350 and 400 K was performed to facil-
itate molecular reactions. The STM/AFM measurements were carried out
in a Polar STM/AFM system (Scienta Omicron) at 4.8 K with base pres-
sure < 2 x 107'% mbar. The used qPlus sensor had a resonance frequency
fo = 24.5 kHz, a spring constant ky ~ 1800 N m~', and a quality factor of
Q ~ 170000 at 4.8 K. Oscillation amplitudes A = 0.5 A were used. All STM
and AFM images were recorded in constant-current, and constant-height
modes, respectively, with a CO-terminated tip.

Periodic DFT calculations were done with the VASP code,[2*] employ-
ing the projector augmented wave method(?®] to describe core electrons
and a plane wave basis set expanded to a kinetic energy cutoff of 400 eV.
Exchange-correlation effects were described by the van der Waals density
functionall?6] with the version by Hamada denoted as rev-vdWDF2,[?’]
which has shown to describe the adsorption of organic molecules on
coinage metals accurately.[?8] The Ag(111) surface was represented by a
four-layered slab. For all calculations, a p(10 x 9) surface unit cell together
was used with a 3 X 3 k-point sampling, ensuring a numerical convergence
within 10 meV of all reported values. Transition states were found using a
combination of the Climbing Image Nudge Elastic Band (CI-NEB)[?°! and
Dimer methods, 3% 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 geometrically optimized until the
residual forces on all atoms (except the two bottom layers of the Ag(111)
slab which were kept fixed) were <0.01 eV A~1. Free energies were evalu-
ated by adding vibrational enthalpy and entropy to the DFT energies, us-
ing vibrational energies obtained within the framework of the harmonic
approximation, with derivatives of forces calculated by finite differences.
In evaluation of vibrational energies, we only considered the atoms of the
two terminal alkynes taking part in the coupling and the Ag atoms of the
outmost surface layer interacting chemically with the terminal alkynes.
AFM simulations were done with the probe-particle model,l'3<31] ysing

Adv. Mater. Interfaces 2024, 11, 2400222 2400222 (6 of 8)

a CO molecule as probe. Pauli repulsion and van der Waals interactions
were modeled by Lennard-Jones potentials while electrostatic interactions
were included using the Hartree potential obtained from DFT and with a
quadrupole representing the CO. The probe was restrained in the xy-plane
by a harmonic spring with a stiffness of 0.24 N m~".

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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