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ABSTRACT: On-surface synthesis involving the homocoupling
of aryl-alkynes affords the buildup of bisacetylene derivatives
directly at surfaces, which in turn may be further used as
ingredients for the production of novel functional materials.
Generally, homocoupling of terminal alkynes takes place by
thermal activation of molecular precursors on metal surfaces.
However, the interaction of alkynes with surface metal atoms
often induces unwanted reaction pathways when thermal energy is
provided to the system. In this contribution we report about light-
induced metal-free homocoupling of terminal alkynes on highly
oriented pyrolitic graphite (HOPG). The reaction occurred with
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high efficiency and selectivity within a self-assembled monolayer (SAM) of aryl-alkynes and led to the generation of large
domains of ordered butadiynyl derivatives. Such a photochemical uncatalyzed pathway represents an original approach in the

field of topological C—C coupling at the solid/liquid interface.

B INTRODUCTION

On-surface coupling of simple molecular precursors has been
widely exploited for the production of molecular super-
structures with tunable electronic and mechanical proper-
ties.'~* Several chemical reactions have been tested on different
surfaces, mostly metal substrates, that have shown catalytic
activity for reactions that hardly take place in solution.™
Ullman coupling of aryl-halides,”” dehydration of boronic acid,”
C—H bond activation processes,” and azyde-alkyne cyclo-
addition' are only a few examples of the extended literature on
this matter.

Recently, on-surface terminal alkyne homocoupling, com-
monly (if somewhat improperly) referred to as Glaser
coupling,'"'? gained growing interest as a result of its
exploitation to produce sp- and sp’-hybridized nanomateri-
als."” ™" Alkyne homocoupling is a well-known chemical
reaction taking place both in solution, by metals-catalysis,'*~>°
and on-surface. As far as the on-surface synthesis is concerned,
it is well-known that this reaction occurs on low Miller index
Cu,”' Ag,”* and Au™ surfaces by providing heat to the organic
monolayers. However, the strong adsorbate—substrate inter-
action often induces unwanted side-reactions (cyclotrimeriza-
tions,””** generation of metal—organic species,” and oligomers
cross—linkingZG), which accompany the homocoupling.”” These
side-reactions frequently inhibit the production of extended and
regular nanostructures so that the real challenge still remains to
take control of the many possible reaction pathways. Besides
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the use of templating substrates’” or the adoption of steric
hindering groups,22 promising approaches to overcome this
limit rely on nonthermal activation processes of supported
alkynes. Gao et al.”® reported the photochemical coupling of
aryl-alkynes on Ag(111), aiming at their on-surface photo-
polymerization. However, after several hours of UV irradiation,
they were able to produce only short oligomers; moreover, the
high surface diffusion barrier for the heaviest oligomers
hindered a favorable intermolecular orientation under UV
exposure. Furthermore, the reaction proved to be fairly
insensitive to different wavelengths, thus indicating a possible
indirect, i.e. substrate-mediated, molecular excitation.”’>*> The
interaction between the alkyne group and the metallic
333% certainly provides a rationale for this finding.
Nevertheless, the actual role played by the substrate, essential
for the occurrence and propagation of the on-surface reaction,
or able to stray the mechanism from a straightforward C—C
coupling into a multistep reaction pathway, has never been
tackled from an experimental point of view.

Here we show that the photochemical, metal-free homocou-
pling of terminal alkynes (Scheme 1) readily occurs on highly
oriented pyrolytic graphite (HOPG) with high efficiency and
selectivity within a self-assembled monolayer (SAM) of aryl-
alkynes. The reaction takes place at the solid/liquid interface

substrate
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Scheme 1. Schematic Representation of the on-Surface
Photochemical Homocoupling
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after short-time irradiation at the molecular precursor UV-
resonant absorption wavelengths, eventually leading to the
specific formation of butadiynyl derivatives.

Within the solid/liquid environment, the low activation
barrier for the alkyne on-surface diffusion on the HOPG surface
provides interfacial dynamics that possibly favors an appropriate
intermolecular orientation upon the photon absorption event.
In this view, the reduced or nearly absent photoconversion of
the starting material with off-resonant wavelengths (irradiation
wavelength out of the molecular UV-absorption band)
ultimately testifies a direct molecular photoexcitation rather
than a substrate-mediated mechanisms.”*® The experimental
outcomes herein reported are consistent with a photoinduced
topological C—C coupling at the solid/liquid interface. A single
reaction product has been isolated and characterized in situ.
The successful alkyne homocoupling reaction has been further
confirmed by carrying out the same reaction ex-situ (in
solution) and comparing the obtained products with the
photochemically coupled precursors. Both the initial and the
final molecular products and the ex-situ synthesized molecules
were imaged by means of scanning tunneling microscopy
(STM).

B METHODS

In this study, the terminal alkyne of interest is a small 7-system,
namely 4-ethynylbenzoic (para-ethynylbenzoic) acid, hereafter called
PEBA, purchased by Sigma-Aldrich and used without further
purification. STM analysis at the solid/liquid interface has been
carried out by preliminarily dissolving the reagent molecules in
heptanoic acid (hereafter, 7COOH) at a concentration of 2.0 mg/g. A
5—15 pL droplet of solution was used for the observation of the
interfacial behavior of the solute at the solid/liquid interface (see SI for
further details).

Ex-situ synthesized molecules (4,4’-di(1,4-buta-1,3-diynyl)-benzoic
acid (hereafter BUBA; see SI for the synthesis) where prepared for
comparison with the photochemical reaction product and were
analyzed under the same experimental conditions by using solutions
at the same concentration.

Surface preparation was performed by scotch tape cleaving of the
HOPG surface, and the surface cleaning was accurately checked prior
to each deposition of the PEBA solution. Relatively clean and stable
samples were obtained by drop-casting the solution at RT. Samples
remained unaltered for several days, albeit, to limit contamination and
solvent evaporation, STM investigations were performed just after the
completion of the drop-casting process (see SI for further details). By
using a tunable laser source we studied the behavior of our system at
several wavelengths. The monochromatic light source used in this
experiment was a tunable Nd:YAG laser system NT342A-SH
(EKSPLA) equipped with an optical parametric oscillator (OPO).
The output energy at the 260 nm wavelength was 1.71 mJ, pulse
frequency 30 Hz, and pulse width 3.9 ns (see SI for further details).

B RESULTS AND DISCUSSION

Drop-casting of a solution of PEBA in 7COOH on the HOPG
surface produces a self-assembled and stable monolayer. Figure
la shows a representative image of a 2D ordered aggregate of
PEBA molecules. Islands, whose dimensions vary in the range
20—40 nm, are organized in symmetry-equivalent domains,
according to the main directions of the underlying substrate

Figure 1. (a) Topographic (—0.70 V, 35 pA, S0 nm X 50 nm) and (b)
high resolution STM image (—0.70 V, 35 pA, S nm X S nm) of the
self-assembled structure of PEBA; (c) proposed ball and stick model of
the PEBA supramolecular interaction network; (d) small-scale STM
images of the carboxylic HB interaction and its corresponding
proposed ball and stick model; (e) collinear alkyne interaction
contrast feature and its corresponding proposed ball and stick model.
See text for dashed and dotted lines and for red-/blue-shaded areas.

and show close-packed molecular building blocks. By high
resolution STM imaging (Figure 1b), it is possible to observe
that the superstructure is dominated by apparently dimeric
species formed by two ring-like pairs interconnected by a bright
feature, as outlined by the dashed line in Figure 1b. We propose
that the observed dimers are composed of intact and flat-lying
physisorbed PEBA molecules, with ring features corresponding
to the benzene rings.*”7 However, the labeling of the functional
groups of the dimers remains not trivial.

PEBA molecules are heterofunctionalized with an ethynyl
end-group and a carboxylic group pointing apart on a benzene
ring (see superposition models in Figure 1b; shaded areas are a
guide for the eye). Figure 1c (cf. shaded areas in Figure 1b)
shows how the supramolecular order of PEBA molecules can be
explained in terms of intermolecular hydrogen-bond (HB)
networks. In more detail, two collinear hydrogen-bonded
carboxylic groups (highlighted in red in Figure 1c) and their
cooperative interactions with the nearest neighbor (NN)
aromatic systems””’” provide a necessarily stabilizing inter-
action mesh. On the other hand, the collinear accommodation
of the terminal alkynes (highlighted in blue in Figure 1c) is
maintained by the stabilizing interaction of parallel alkyne
groups involved in a 2-fold cyclic HB (C=C—H--C=C, see
double-dotted lines in Figure 1¢),”* that sides with the
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intermolecular interaction with their NN aromatic systems
(dotted lines in Figure 1c).

According to recent investigations,“’42 and in comparison
with other reports of STM imaging regarding benzene-
carboxylic acids,”®™*® the carboxylate groups appear darker
with respect to the aromatic core for a combination of
topographical and electronic effects around the negatively
charged oxygens.*' On this basis, we tentatively assign the dark
area between the two rings to the HB between the collinear
carboxylic groups (Figure 1d), while the aforementioned bright
interconnection feature is ascribed to the alkyne end-groups
approaching in a quasi-linear fashion, as depicted in Figure le.

In Figure 2a a high resolution image of ordered HB-dimers is
shown: short black arrows, pointing toward the alkyne groups,
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Figure 2. (a) STM image (—0.70 V, 25 pA, S nm X S nm) of an
ordered aggregate of PEBA. (b) High resolution STM image (—0.40
V, 10 pA, S nm X S nm) of a disordered aggregate of PEBA. (c)
Representative cartoon-clips for the observed on-surface dynamics
over a selected area. Arrows and blue highlights are guides for the eye.

have been used to indicate molecular orientations. The ordered
overlayer is reproduced by a unit-cell containing two molecules,
whose parameters are a = 0.74 + 0.05 nm, b = 1.89 + 0.05 nm,
and a = 5SS + 1°. These values have been obtained by averaging
the real space measurements on five STM images, while, by
high resolution imaging wherein both the substrate and the
overlayer are present (SI, Figure S2a), the exact calibration of
the molecular unit-cell based on the known size of the substrate
lattice (0.264 nm) resulted in a = 0.74 nm, b = 1.86 nm, and «
= 53° (see discussion in SI).

Along the overlayer vector b (see Figure 2a), a distance of
0.95 + 0.05 nm is obtained as center-to-center distance for two
phenyl rings interacting by carboxylic-HBs, while the distance

between neighboring alkyne edges is 0.91 + 0.05 nm. The
former is consistent with the 0.96 + 0.01 nm value found
experimentally for the center-to-center distance between two
NN terephtalic acid (TPA) molecules.”” It is noteworthy that
also vector a is reasonably consistent with the intermolecular
distances found for TPA along the same packing direction (0.78
+ 0.01 nm). The NN alkyne—alkyne distance is also in
reasonable agreement with the literature value of 0.80 + 0.10
nm szund experimentally for the 1,4-diethynylbenzene SAM on
Cu.

Alongside with the ordered 2D aggregates, also randomly
oriented monomers have been observed (Figure 2b). These
coexist in the PEBA SAM, where the aforementioned HB
interaction network is involved in a dynamic-exchange
equilibrium. Both tip-induced perturbations and the liquid
environment can provide the driving forces for energetically
accessible libration modes and discrete azimuthal rotations.
These phenomena are reported in Figure 2c¢, as successive
cartoon-clips (the alkyne end-groups have been highlighted in
blue, and a grid has been added as a guide for the easy detection
of the alkyne positions in different clips). Incidentally, also the
complete rotation (two successive 180° on-site leaps) of a
PEBA monomer has been detected (see yellow arrow in Figure
2¢(i), (ii), (iii). Interestingly, if vector b is selected in the
starting frame, its direction and length never change during the
rotation of the central molecule (original images are in SI,
Figure S3a, and a tentative modelization is in SI, Figure S3b).

Dynamic phenomena at the solid/liquid interface are
generally associated with the vertical mobility of adsorbed
molecules, as the supernatant liquid is responsible for a
substantial lowering of the desorption barrier with respect to
the vacuum barrier.”” The on-surface dynamic processes
observed within the PEBA superstructure imply that the
underlying substrate does not strongly influence the
aggregation pattern of the absorbed monolayer, although
both adsorption/desorption processes and pattern rearrange-
ments are energetically accessible at RT.

Crystalline PEBA reveals thermal and UV-induced reactivity.
In the solid state, the photopolymerization reaction is
topochemically promoted by the proximity of adjacent
molecules within the crystal lattice.*® We therefore assumed
that by taking advantage of the collinear displacement of
neighboring alkynes on the HOPG surface, a topochemical
homocoupling could be promoted photochemically. According
to the UV—vis spectrum of a solution of PEBA, the absorption
band of the aromatic core is in the 240—270 nm range (see SI
for further details). In order to maximize the photon absorption
events, the 260 nm wavelength, which is a local maximum in
the absorption curve, has been selected for irradiation. Direct
exposure of the liquid cell to the laser beam for relatively short
times (5—10 min) induced a nearly complete and irreversible
conversion of the PEBA monolayer, resulting in a new
molecular building block organized in a new ordered
superstructure.

Figure 3a, b and insets report large and small scale images of
the HOPG-supported monolayer before and after the light
treatment. On the large scale it is evident that, after the
illumination, the SAM is characterized by a new superstructure
formed by ordered rows of dimeric species that organize in
alternating, symmetrically equivalent domains.

After the UV irradiation, except for a few isolated unreacted
monomers, almost all the molecular building blocks are
constituted by dimers that, in contrast with the pristine HB-
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Figure 3. (a) Topographic STM image (—0.45 V, 10 pA, 20 nm X 20
nm) and (b) high resolution STM image (—0.30 V, 35 pA, 20 nm X
20 nm) after S min irradiation at 260 nm of the self-assembled PEBA
superstructure. Insets are 2.5 nm X 2.5 nm close-ups of high resolution
images obtained with similar tunneling conditions.

dimers, show no on-site rotations, suggesting the possible
photoinduced stabilization of the molecular units with a
chemical bond in the proposed butadiynyl derivative 4,4’-
di(1,4-buta-1,3-diynyl)-benzoic acid, BUBA.

In the high resolution insets of Figure 3b it is also evident
that the phenyl rings of BUBA are now connected by an
intensified electronic density and the nodal plane observed in
the pristine HB-dimers disappears. The center-to-center
distance between the phenyl rings within an individual BUBA
is 0.95 + 0.05 nm, which is close to the distance found in the
starting system, but nonetheless compatible with the 0.96 nm
value obtained experimentally'>** and computationally'’ by
other authors for various aryl-butadiynyl derivatives, and
supports the occurrence of a photoinduced metal-free
homocoupling reaction between terminal alkynes. The
presence of a few unreacted PEBA monomers, constrained
within ordered rows of the BUBA layer (see superposition
models in Figure 4), allowed us to clearly compare the initial
HB-interacting PEBA dimers with the photocoupled covalent
dimers. The photocoupling involving the decarboxylation is

Figure 4. High resolution STM image (—0.30 V, 15 pA, S nm X 5 nm)
of the photoreaction product and unreacted PEBA monomers.

unlikely to occur, since it would produce bis-phenyl species
whose center-to-center distance is 0.43 nm, as found for oligo
p-phenylene derivatives.*”*°

The difference between the ordered SAMs before and after
irradiation is more evident if one analyzes the corresponding
unit-cells (exact calibration of the unit-cell in SI, Figure S2).

BUBA molecules have been observed to aggregate adopting
specific schemes of carboxylic HB lateral interactions. Particular
HB networks have been previously described”" for this highly
adaptable butadiynyl derivative. In our case, a bridging HB
(representative unit-cell and molecular models are shown in
Figure 4) has been observed. The superstructure is
characterized by aggregates, whose arrangement is periodic
and described by the unit-cell: a'=0.68 + 0.05 nm, b' = 1.71 +
0.05 nm, and an angle § = 65 + 1°. For comparison, the exact
and closest-commensurate unit-cell with the HOPG is a' = 0.65
nm, b' = 1.77 nm, and B = 65° (see SI for the unit-cell
determination). If this phase is compared to the initial system
(a=0.70 + 0.05 nm, b = 1.89 + 0.05 nm, and a = 55 + 1°), its
orientation with respect to the underlying HOPG changes (see
Figure S2) and the unit-cells become smaller, noticeably along
the alkyne axis, compatible with a photoinduced hydrogen
dissociation and C—C coupling.

Previous reports show that monomer solutions of aromatic
acetylenes undergo UV-induced polymerization and coupling
reactions that occur in low yield and with low specificity.”> A
test was performed in order to exclude the occurrence of the
homocoupling reaction in solution (Figure S4). A solution of
PEBA in 7COOH was irradiated ex-situ under the same control
conditions. Afterward, the UV-irradiated solution was checked
with the STM on a clean HOPG substrate. In this case mostly
PEBA molecules were observed by STM and, in particular,
dimers were nearly absent. To further support the hypothesis of
the topochemical control of the homocoupling reaction, we
performed another control experiment in which we deposited a
solution of excess PEBA and 1,3,5-benzenetribenzoic acid
(TMA) (molar ratio PEBA/TMA = 40/1) in 7COOH on
HOPG (see SI for experimental details). In this system, the
aforementioned preorganization of PEBA is missing, as this
molecule is less competitive toward the adsorption with respect
to the tricarboxylic species and the preferential formation of the
well-known ordered TMA superstructure emerges.53_56 As a
matter of fact, PEBA molecules intercalated within the TMA
porous network and also small isolated clusters of PEBA could
be observed among the boundaries of the extended TMA
superstructure. Within this system, PEBA is mostly confined in
solution (see Figure S4). After the irradiation of this system at
260 nm for various time intervals, the coupling reaction was less
effective and mostly unreacted PEBA molecules were observed
at the interface. Dimers conversion was estimated to be less
than 10%. Noteworthy, photoinduced degradation of the TMA
monolayer occurred. TMA has a nonzero absorbance at 260
nm,”” and its superstructure degradation presumably occurs by
dissipating the absorbed energy. In conclusion, the coupling
reaction occurred far less efficiently within an irradiated
solution where the proper topological preorganization of the
monomers was missing or otherwise compromised, as when
PEBA molecules are coadsorbed within the TMA lattice.

Other tests were also performed with 220, 240, 280, and 300
nm on the preformed PEBA SAM (see results in SI, Figure S6).
Below 260 nm the system appeared disordered, presumably due
to UV-induced degradation of both the organic solution and
the overlayer. Above 260 nm the system was only partially
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affected, and most starting material could be found unaltered.
In conclusion, the reaction was less efficient in terms of sample
quality and product yield over time at wavelengths far from the
maximum of the absorption peak, indicating that a direct
molecular excitation is needed for the coupling activation. Once
the proper reaction conditions were established, the irradiation
at 260 nm showed the highest rate and quality of product
conversion with high reproducibility.

To further corroborate the successful photoinduced reaction,
the bis-acetylenic dimer has been synthesized ex-situ with a Cu-
catalyzed solution-reaction (see synthesis in the SI). Synthetic
dimers have been dissolved in 7COOH and deposited on the
HOPG surface. By STM imaging under the same conditions,
we observed that the synthetic products aggregate in islands
whose dimensions were measured in the range 20—50 nm
(Figure Sa). By high resolution imaging (Figure Sb), unit-cell

Figure 5. (a) Topographic STM image (—1.10 V, S pA, S0 nm X 50
nm) of the self-assembled structure of the ex situ synthesized bis-
acetylenic dimer. (b) High resolution STM image (—0.50 V, 25 pA, 5
nm X 5 nm) of the self-assembled structure of the ex situ synthesized
PEBA dimer.

parameters could be obtained by averaging real-space measure-
ments on five images. Vectors a = 0.67 + 0.0S nm, b = 1.78 +
0.05 nm, and f# = 63 + 2° resulted similar to the BUBA SAM
obtained in situ. Finally, the wet-reaction product clearly
showed the same STM contrast at the molecular level, resulting
from a similar carboxylic-HB bridging phase, as was found for
the photochemically coupled PEBA products.

B CONCLUSION

In this work we demonstrate that metal-free photochemical
homocoupling occurs between terminal alkynes at the HOPG/
liquid interface. This is obtained within a PEBA monomer SAM
by exploiting its preorganization, i.e. the topological activation
of the photochemical alkyne homocoupling. The successful C—
C covalent stabilization is triggered by UV-light, it occurs
catalyst-free, and the substrate acts only as a template, favoring
the proper molecular orientation upon the photon absorption
event. The comparison of the self-assembly patterns produced
by in situ photoreacted monomers and ex-situ synthesized
dimers allowed us to confirm the chemical nature of the
photoreaction product. Also, the in situ photochemical
conversion proved to be faster and cleaner with respect to
the wet synthesis (S min versus days and several purification
steps, for a complete synthetic route) and the reaction
selectivity showed up in monodispersity, which is noteworthy,
given the many byproducts observed in the various metal-
catalyzed Glaser couplings reported so far and referenced
above.

The photoinduced mechanism occurred only with absorp-
tion-resonant irradiation, which in comparison with the metal-
supported layers behavior’® points toward a direct molecular
excitation in accordance with a weak coupling with the
underlying substrate. Photochemical activation on the weakly
interacting HOPG thus proves to yield higher reaction
selectivity when compared with thermal activation mechanisms
observed on metal substrates, which induce disordered
intermolecular interactions and broaden the product distribu-
tion.

The simple but heterofunctionalized starting material may
eventually provide inspiration, biased by the recent debate on
the on-surface reactivity of terminal alkynes, for the
construction of more sophisticated superstructures by metal-
free protocols and rational design of the molecular building

blocks.
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