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ABSTRACT: The combination of alkyne and halogen functional
groups in the same molecule allows for the possibility of many
di erent reactions when utilized in on-surface synthesis. Here, we
use a pyrene-based precursor with both functionalities to examine
the preferential reaction pathway when it is heated on an Au(111)

surface. Using high-resolution bond-resolving scanning tunneling

microscopy, we identify multiple stable intermediates along the m m m G
prevailing reaction pathway that initiate with a clearly dominant . - 2
Glaser coupling, together W|t_h a multltyde of other side p_roducts. <
Importantly, control experiments with reactants lacking the

halogen functionalization reveal the Glaser coupling to be absent

and instead show the prevalence of non-dehydrogenative head-to-head alkyne coupling. We perform scanning tunneling
spectroscopy on a rich variety of the product structures obtained in these experiments, providing key insights into the strong
dependence of their HOMO LUMO gaps on the nature of the intramolecular coupling. A clear trend is found of a decreasing
gap that is correlated with the conversion of triple bonds to double bonds via hydrogenation and to higher levels of cyclization,
particularly with nonbenzenoid product structures. We rationalize each of the studied cases.

KEYWORDS: on-surface synthesis, alkyne coupling reactions, conjugation, HOMO LUMO gap, scanning probe microscopy

INTRODUCTION sometimes be generated and observed,® providing insights
into possible reaction schemes.

One particular subset of on-surface organic reactions that
has attracted considerable attention are those involving alkyne
functional groups.* Several reactions exist that involve
homocoupling to other alkynes, as well as mechanisms that
include heterocoupling to di erent functional groups, such as
cycloadditions with azides'>*® or couplings with halogenated

On-surface synthesis has been a hot topic in the past 15
years, ® with a particular focus on forming functional or
interesting molecular materials with attractive properties.
Often such materials are inaccessible to solution-based
synthetic methods, and experimental methods taken from
surface science enable researchers to gain detailed insights into
their structures and electronic properties. In particular, high- 07 o1 | ; :
resolution bond-resolving scanning probe microscopies (BR- SPECIES. Focusing on alkyne homocoupling, there is

SPMs) with functionalized tips allow the direct imaging of the glready a wide variety of possible reaction schemes that
chemical structures of as-synthesized species on surfaces.” *? include dehydrogenative Glaser coupling, as well as non-

In conventional organic synthesis, the analysis of complex dehydrogenative head-to-h(_ead or head-to-tall aII_<yne coupling,
reaction mixtures is often particularly di cult. These mixtures all OfIWh'?h have geenlreaﬁ_lh;}reported ?Szgcggr_lr_'r?g on cfo Inage
can be formed due to a competition that exists between several metal surtaces under ultrahigh vacuum. e two former
di erent reaction pathways. However, the formation of such

mixtures via on-surface reactions is not only a problem but also Received:  November 20, 2020
an opportunity. Each product can be identi ed with BR-SPM, Accepted:  February 22, 2021
after which scanning tunneling microscopy and spectroscopy Published: February 25, 2021

(STM/STS) measurements can be used to separately
characterize the electronic structure of these species. Under
ultrahigh-vacuum conditions, reaction intermediates may also
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coupling motifs are di cult to discern,”>** and although most

of these works reported Glaser coupling as dominant, the few
studies performed with BR-SPM revealed Glaser coupling to
be absent and the non-dehydrogenative alkyne coupling to be
the most common instead.”>* Nevertheless, it has been
recently demonstrated with BR-SPM that on-surface Glaser
coupling can occur at the intramolecular level upon tip-
induced manipulation.*

Focusing now on cross-coupling reactions, Sonogashira
coupling involves the formation of a covalent bond between a
terminal alkyne and a carbon atom that is initially bound to a
halogen atom. Although this reaction is often useful in
solution-based synthesis, the on-surface version is less well-
studied and more di cult to control,® % since the starting
materials with alkyne and C X groups can also undergo alkyne
or Ullmann coupling reactions, rendering higher levels of
selectivity di cult. However, it has been shown that such
systems can be controlled kinetically to lead to the desired
Sonogashira product,”® as well as via the use of templating.”*

Alkyne groups may also undergo on-surface cyclization
reactions such as the Bergman cyclization.?®** ** Cyclo-
addition reactions, such as the [2 + 2 + 2]%*® *"and [1+ 1 +
1 + 1]% types are another possible route toward generating
conjugated cyclic linkages. Other varieties such as cascade-type
cyclization reactions'*=° have also been studied and allow the
formation of polymers after the cyclization step. Altogether, the
combination of alkyne and halogen groups provides an
extremely wide range of possible reaction schemes.

Here, we have chosen a pyrene-based moiety that possesses
both a terminal alkyne and a halogen group, potentially
allowing for a variety of di erent homocoupling (Ullmann
coupling and alkyne coupling) and cross-coupling (Sonoga-
shira coupling) reaction pathways. However, we anticipate that
Ullmann coupling is heavily disfavored by steric hindrance
while the planar molecular units are adsorbed on the surface,
leaving the less studied Sonogashira and alkyne couplings as
the clearly favored options. These basic pathways are
summarized in Scheme 1. Furthermore, the vicinal position
of the functional groups facilitates an assortment of cyclization
reactions that can follow the initial intermolecular coupling.
While we nd that there is one favored reaction pathway that

Scheme 1. Summary of the Three Basic Possible Coupling
Reactions That the 1-Bromo-2-ethynylpyrene Precursor
May Participate in When Adsorbed on the Au(111)
Surface®
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#Neither the various possible cyclization reactions that may follow nor
any trimerization reactions are shown here.
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begins with Glaser coupling, a multitude of reaction products
are found to coexist. The prevalence for an initial Glaser
coupling is, however, found to be dependent on the presence
of the halogen, since in its absence the non-dehydrogenative
head-to-head alkyne coupling is favored instead. The variety of
reaction products obtained in these experiments presents an
excellent platform for examining the e ects of the di erent
coupling motifs on their electronic properties via scanning
tunneling spectroscopy measurements. Pyrene-based materials
are a popular choice for organic electronics,*® and
quantitatively understanding the e ects of changing their
coupling allows the more precise design of future materials that
can be tailored toward their applications. Importantly, the
trends correlating the electronic and structural properties of
the bonding motifs are also expected to apply to other organic
materials.

RESULTS AND DISCUSSION

Compound M1 was prepared by solution chemistry in six steps
starting from pyrene, as shown in Figure la (see the
Supporting Information (SI) for details). First, Ir-catalyzed
borylation of pyrene with bis(pinacolato)diboron (B,pin,)
followed by oxidation of the corresponding ArB(pin) with
H,0, led to the formation of pyren-2-ol (2). o-Bromination of
compound 2 with Br, and reaction with tri ic anhydride
(Tf,0O) a orded tri ate 3. Finally, Pd-catalyzed Sonogashira
coupling with trimethylsilylacetylene followed by base-induced
desilylation led to the formation of 1-bromo-2-ethynylpyrene
(M1), which was then used as molecular precursor for the on-
surface experiments.

As-Deposited Results. The precursor, 1-bromo-2-ethy-
nylpyrene (M1, Figure 1a), was sublimed at 358 K onto a
room-temperature Au(111) surface. At a low coverage of
approximately 0.2 monolayer (ML), most of the molecules
self-assemble into dimers, as shown in the STM images in
Figure 1b,c. 17% of the molecules are also found alone on the
surface, with an even smaller percentage (<4%) showing signs
of having lost at least one of their functional groups. As such, it
is clear that the C Br and alkyne groups generally remain
intact at room temperature on Au(111), tting well with many
other studies.?**"#%4! 44 The self-assembly of M1, as well as
its susceptibility to tip-induced debromination, is discussed in
further detail in the Supporting Information.

E ects of Annealing to 200 and 300 °C. Annealing the
same low-coverage sample to 100, 200, and 300 °C vyields a
variety of molecular structures on the surface. A comparison of
the overview STM images obtained after these three annealing
temperatures is shown in Figure S3. At 100 °C, many of the
molecules are simply debrominated and often self-assemble
with one another in a variety of clusters. An example of a BR-
STM image of a self-assembled trimer of debrominated
precursors (held together by alkyne alkyne interactions) is
shown in Figure S1, next to the pristine molecular dimers for
comparison. A further comparison between the imaging of a
pyrene with and without the alkyne group is also shown in
Figure S4, as well as in Figure S5a ¢ with BR-STM images.
There are some signs of metal organic structures as well as
some covalent bonding occurring at this temperature, but the
latter was found to be much more prevalent at higher
temperatures. Images and dlI/dV spectra of a metal organic
trimer structure are presented in Figure S6. In normal constant
current STM imaging, bright features are found between the
original position of the Br substituent and the end of the
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Figure 1. (a) Synthesis of 1-bromo-2-ethynylpyrene (M1). (b) Overview STM image at 4 K (50 x 50 nm?, 30 pA, 1.5 V) of the as-deposited
molecule on Au(111). Zoomed in STM images of (c) a trans-type dimer, (d) a cis-type dimer, (e) a lone monomer, and (f) monomers that
are missing functional groups. Scale bars are 500 pm. Corresponding optimized models (freestanding) of the two types of self-assembled
dimers are shown below their images. The structures of the monomers in panels e and f are also shown for reference. The abundance of each

species is also presented alongside the models.

alkyne group, implying two metal carbon bonds: one between
the debrominated pyrene sp? carbon and the metal, and
another between the same metal atom and the presumably
dehydrogenated alkyne terminal sp carbon of an adjacent
molecule.

It is not always clear whether the molecules in other self-
assembled clusters still possess the radical generated by their
debromination, but no indications were found in the BR-STM
images of any tilting of the molecules toward the surface or
metal adatoms. It may be the case that an unknown fraction of
the radicals are passivated by hydrogen atoms that are released
by a small number of dehydrogenative reactions that may
occur at this temperature, as well as hydrogen that may
originate from elsewhere in the ultrahigh-vacuum (UHV)
chamber, as has been suggested in other studies.*>“°

A large-scale STM image of the objects observed after a 200
°C anneal is shown in Figure 2a. Alongside this is a BR-STM
image (Figure 2b) and the corresponding chemical structure
(Figure 2c) of the most common species observed at this
temperature, the Glaser-coupled dimer D1. Many other species
are also found, the most common of which are shown with BR-
STM images and their corresponding chemical structures in
Figure 2d. BR-STM imaging proved itself to be vital in
identifying many of these molecules, as their internal structures
(especially when fused to a signi cant extent) were not always
apparent from standard STM imaging. These molecules, along
with several others, are observed after annealing to both 200
and 300 °C, in di erent proportions. A full catalogue of the
molecules that were identi ed with BR-STM imaging in this
study is presented in Figure S5. Note that, in contrast to the
closely related bond-resolving images obtained by noncontact
atomic force microscopy (nc-AFM), in which the higher
electron density at tri7ple bonds makes them appear with a
brighter contrast,®'**" in the BR-STM images they rather
appear as a node in the current signal.”

Product Statistics. When examining the most common
products at both 200 and 300 °C (Table 1), it becomes
immediately apparent that several of them are related (a more
complete list of the regularly observed molecules and their
abundances is provided in Tables S1 and S2). For example, the
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Figure 2. (a) Overview STM image at 4 K (50 x 50 nm?, 55 pA,

1.5 V) of the sample that had been postannealed to 200 °C on
Au(111). (b) BR-STM image (CO tip, constant height, 5 mV) of
the most common product (Glaser coupling) observed at this
annealing temperature. (c) Chemical structure of the Glaser-
coupled product D1 with its relative abundance. (d(i ix)) Various
other dimer, trimer, and tetramer structures that are observed,
with the corresponding BR-STM images that were used to identify
them (CO tip, constant height, 5 mV). Scale bars are all 500 pm.

most common products observed at 200 °C are all part of the
reaction path illustrated in Scheme 2: The Glaser-coupled
dimer D1 that is most commonly observed can be transformed
to trimer T1 upon the addition of a debrominated monomer,
forming cis-enediyne in a fashion similar to that of other
works.”**® The enediyne fragment of this trimer then cyclizes
to form a ve-membered ring fulvene moiety (trimer T2,

a
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Table 1. Four Most Common Products for Each Annealing
Temperature®

@Each is presented with the percentage in terms of the total number
of molecules, as well as the total number of pyrene components (that
is, with di erent weights for dimers, trimers, and tetramers according
to the number of pyrene units or reactant molecules it includes). The
two dimers observed at 300 °C have been grouped together as D2
due to the di culty found in di erentiating them via standard STM
imaging. The third most common object at 200 °C (T1) is essentially
no longer found at 300 °C, suggesting that many of them have
cyclized to form the most common fused trimer T3 or other
molecules. A total number of 281 molecules (formed by 769 pyrene
reactants) have been analyzed for the statistics at 200 °C, whereas 329
molecules (formed by 947 pyrene reactants) have been used for the
statistics at 300 °C.

observed less commonly but shown in Figure 2d(ii)). This is
an interesting observation, since in solution chemistry the most
common cyclization of enediynes is through the Bergman
cyclization to obtain a six-membered ring.***® Thereafter, T2
can cyclize further to form another ve- and six-membered
ring, rendering the fused trimer T3 shown in Figure 2d(iii)

with an integrated pentalene unit that, as will be seen below,
has an important in uence on the product’s electronic
properties. The addition of another monomer to T3 leads to
the tetramer Q1 in Figure 2d(iv). As expected, a subsequent
annealing to a higher temperature (300 °C) shifts the observed
abundance distribution along the reaction path, decreasing that
of the initial intermediates and increasing that of the more
advanced product structures such as T3. Various possibilities
for the reaction mechanisms along this general path are
discussed in more detail in the Supporting Information with
Figures S7 and S8. The relative concentration of each product
after the varying annealing treatments, including that of the
intermediates along the main reaction pathway, is known to
relate to their respective enthalpies and the various transition
states, as well as to molecule-dependent dissipation and
entropy.™® These issues, however, remain outside of the scope
of this work.

The two most common structures observed at 200 °C (D1)
and 300 °C (D2) merely di er in their level of hydrogenation.
Whereas D1 is unambiguously the product of an initial Glaser
coupling of M1, D2 could be the result of a non-
dehydrogenative head-to-head alkyne coupling of M1 or
from the hydrogenation of D1. However, the total absence
of D2 at lower temperatures and its evolution into the most
common product at 300 °C, concomitant with an almost
complete disappearance of D1, make the latter the only
plausible scenario. The source of the hydrogen atoms required
for this process may be the various other types of dehydrogen-
ative reactions that are occurring elsewhere on the surface at
that temperature.

Although the main products of the reactions of M1 are all
related to the initial Glaser-type coupling, many of the other
products are in fact related to Sonogashira cross-coupling, as is
indicated in the lower part of Scheme 2. Few examples of a

Scheme 2. Most Common Reaction Pathways Found When Annealing 1-Bromo-2-ethynylpyrene on Au(111) to 200 and 300
°C, along with a Variety of Other Products That Are Also Found®

2While the most abundant products involve an initial Glaser coupling, the formation of several minor products can be associated to an initial
Sonogashira coupling (shown here grouped together) and other reaction schemes such as cycloaddition. It is important to note that some of these

products are derived from one another.
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simple single Sonogashira reaction to form a dimer (for
example, molecule D4 in Figure S5h) are observed, with the
case of three molecules forming a cycle (T7, Figure S5t) being
even more rare. A metal organic trimer structure that may be
a precursor to this was observed after annealing to 100 °C
(Figure S6), but the higher quantity of these structures, along
with the reversibility of the C Au bond, may indicate that
many of them go on to form other structures at higher
annealing temperatures.

Nonetheless, other dimer and trimer structures that are the
result of Sonogashira reactions are often observed. Trimer T5
(Figure 2d(viii)), containing a seven-membered ring, is a
relatively common product after annealing to both 200 and
300 °C. Similarly, a fused dimer linked by a pentalene unit
(D3, Figure 2d(vi)) is the direct result of two Sonogashira-
type reactions that may occur simultaneously. This dimer
evolves into the trimer T4 (Figure 2d(vii)) upon the addition
of another monomer. Possible reaction mechanisms for both of
these are presented in Figures S9 and S10.

It is important to note that there is a signi cant increase in
the number of unusual structures (i.e., structures that were not
found regularly) that are observed upon increasing the
annealing temperature from 200 to 300 °C. These are counted
as “other” in Tables S1 and S2, taking up 19.9% and 32.1% of
the pyrenes, respectively. An increase in this number at the
higher temperature is not surprising, as an increased number of
dehydrogenative couplings and cyclizations are expected, and
there are many possible routes that such reactions may take to
form a multitude of structures.

The presented data are obtained from samples with a surface
coverage < 50%. Previous works addressing the coverage
dependence in precursors undergoing alkyne coupling
reactions reported a preference toward dimerization at higher
coverage, which in turn switched to a preferred a [2 + 2 + 2]
trimerization for < 50%.%° Although in these experiments the
[2 + 2 + 2] product T6 (Figure 2d(ix)) is a minority product
in spite of the low coverage used, it is worth keeping in mind
that the observed ratios may vary for di erent coverages.

When analyzing the initial reaction at 200 °C, the
pronounced favoritism for the Glaser coupling is found to be
in striking contrast to the observations with a closely related
alkyne-functionalized pyrene (1-ethynylpyrene) on the same
substrate, for which a non-dehydrogenative head-to-head
addition showed a clear prevalence, as proven by BR-STM.?
A similar dominance of the head-to-head alkyne coupling was
also observed on silver by bond-resolving nc-AFM with other
organic molecules featuring terminal alkynes.** However,
although there are several articles in which it is claimed that
Glaser coupling has occurred on a variety of substrates, there
are no examples in which BR-SPM has been used to clearly
prove the formation of Glaser-coupled products after annealing
molecules that only possess terminal alkynes. It may in fact be
di cult for typical STM imaging modes to di erentiate
between the Glaser-coupled product (e.g., D1 in this study)
and the non-dehydrogenative coupling product (e.g., D2a) as
the structural o set created by its double bond is relatively
small when compared to the straight Glaser-coupled dimer.
Theoretical calculations modeling the Glaser coupling on silver
surfaces indeed show the reaction mechanism to start with an
exothermic non-dehydrogenative head-to-head alkyne cou-
pling, followed by an endothermic hydrogen abstraction.” It
thus seems natural to expect the non-dehydrogenative alkyne
coupling product to be dominant unless the Glaser coupling
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product can be obtained without hydrogen abstraction (e.g.,
with alkynyl bromides?’*) or the hydrogen abstraction is
facilitated (e.g., by nearby halogen atoms).?

Results in the Absence of Halogen atoms. To further
investigate this, we have synthesized a 2-ethynylpyrene
precursor molecule without the ortho-substituted bromine
(monomer M2, Scheme 3) and deposited it on an Au(111)

Scheme 3. Summary of the Results of Annealing Precursor
M2 on Au(111)®

3Without a vicinal C  Br group, the Glaser-coupled product D1 is not
formed.

surface with a coverage < 50%. As shown in Figure S11, the
as-deposited molecules are clearly identi ed via BR-STM
imaging as only possessing their terminal alkyne functional
groups, which also direct their self-assembly into trimers at low
coverages. Annealing this sample to 100, 200, and 300 °C does
not yield the Glaser-coupled dimer D1 at any stage, instead
only yielding dimers D2a and D2b and an assortment of other
products (Figure S11c,d). This result is summarized in Scheme
3. It must be noted that, besides the assignment by BR-STM,
the various spectroscopic ngerprints discussed below also
con rm this conclusion. From the experiments with M1, we
concluded that the products D2a and D2b were obtained from
the hydrogenation of D1. However, this only occurred in a
notable amount at the highest tested temperatures (300 °C;
see Tables S1 and S2), at which an increasing number of
dehydrogenative reaction processes are activated that cause an
increase in the atomic hydrogen available on the surface. All of
those processes are expected to be the same regardless of
whether we have started from M1 or M2, thus discarding that
also in the case of M2 the observed dimers D2a and D2b are
formed by hydrogenation of D1 readily at low annealing
temperatures. Along these lines, it should be remarked that no
single dimer D1 was observed upon annealing M2 even at the
lowest temperatures. It follows that the C  Br group must play
a key role in the formation of D1, at least on the Au(111)
substrate. We presume that the preference for Glaser coupling
observed in this work may be promoted by the presence of the
vicinal radical that is generated upon dehalogenation. Hydro-
gen migrations to the radical position (Figure S7) allow the
Glaser coupling to occur without a formal loss of hydrogen and
the aforementioned associated endothermic e ect,” rendering
it thermodynamically more favorable. It may also be the case
that any locally coadsorbed atomic bromine favors the Glaser
coupling of terminal alkynes, reducing the activation energy by
weakening the C H bond.>* Neither of these explanations
may be completely discounted without further studies.
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Figure 3. dl/dV point spectra of several di erent (a) dimers and (b) trimers that were observed after annealing the sample to 200 and 300
°C. The positions at which these spectra were recorded are marked on the BR-STM images in Figures S12 and S13. For each molecule, the
highest occupied and lowest unoccupied resonances are marked, with the corresponding HOMO LUMO gap indicated. A clear shrinking of
the HOMO LUMO gap can be observed when increasing the level of coupling between the pyrene components.

Relationship between the Chemical Structure and
the Electronic Structure of the Products. The wide range
of products obtained enables a systematic study of the
relationship between chemical and electronic structure when
considering the di erent linkages between pyrene moieties. We
have thus performed scanning tunneling spectroscopy
measurements on several of the molecular species. Di erential
conductance spectra show clear peaks that correspond to the
highest occupied and lowest unoccupied states of the
molecules (HOMO and LUMO, respectively), from which
the HOMO LUMO gap has been determined. The measure-
ments obtained on the reference monomer M2, as well as on a
range of dimers and trimers, are presented in Figure 3, with
each category ordered in terms of the measured HOMO
LUMO gap, going from the largest to the smallest. When
comparing the types of pyrene coupling to the observed trends
in the energy gap, several conclusions can be drawn.

First, the formation of a Glaser-coupled dimer D1 (Figure
3a, red) does not appear to signi cantly alter the HOMO
LUMO gap when compared to a 2-ethynylpyrene monomer
M2, despite a small rigid downshift in the electronic states of
the molecule. Since the HOMO LUMO gap of molecular
materials is reduced as the congugation and the associated
electron delocalization increases,” the formation of a single
bond between the alkyne groups does not seem to be a
particularly e ective channel for conjugation. Changing one of
the triple bonds into a double bond (D2a, Figure 3a, orange)
reduces the energy gap by approximately 0.2 eV. This implies
an increased level of conjugation with the double bond in
comparison to the triple bond, resulting in a smaller HOMO
LUMO gap. A comparison may be drawn to the di erence in
energy gap between phenylacetylene and styrene, with a
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smaller gap predicted for the latter.>* The transformation of
the remaining triple bond to a double bond in D2b (Figure 3a,
yellow) further lowers the energy gap by approximately
another 0.2 eV. Imaging the spatial distribution of the frontier
electronic states supports the better electronic coupling
between the pyrenes in both D2a and D2b, which both
display a notable intensity of the frontier electronic states over
the linking conjugated double bond structures (Figure S12). In
stark contrast, the equivalent map on the Glaser-coupled dimer
D1 reveals a pronounced and wide node along the linking
motif (Figure S12), which can be rationalized as an
antibonding scenario of the respective pyrene HOMO orbitals
with a consequently weak coupling and very little di erence
made to the energy gap when compared to the monomer M2.

The dimer obtained via a Sonogashira reaction has a larger
impact on the gap, with a reduction by approximately 0.6 eV
relative to the monomer (D4, Figure 3a, green). This reveals
an increased level of conjugation when directly adding an
alkyne group to this position on the pyrene ring, adjacent to
the original alkyne group. The dI/dV images of this molecule
at the HOMO and LUMO energies, presented in Figure S12,
show a clear di erence between the two constituent pyrenes,
with the majority of the intensities of both HOMO and
LUMO (although more prominently the former) found over
the pyrene with two alkyne groups attached to it. In molecular
structures displaying conjugated segments connected by more
poorly conjugated linkages (e.g., with cross-conjugation), their
HOMO LUMO gap is typicallg/ determined by the largest of
the conjugated segments.>>*® Our results can thus be
qualitatively understood as a pyrene unit with two conjugated
ethynyl groups (their conjugation is further promoted by their
ortho positions) that consequently hosts the HOMO and
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LUMO and a weaker conjugation to the second pyrene. If the
two ethynyl groups cyclize to form the dimer D5 (Figure 3a,
light blue), the same scenario is further enhanced. The new
ring is cata-fused, preventing the formation of an additional
Clar sextet that would limit the electron delocalization outside
the ring. Instead, the conjugation is increased, which is
mirrored in a further reduction of the gap. As expected, the
HOMO intensity remains mostly localized on the “extended
pyrene” (Figure S12).

The largest gap reduction for the dimers, down to 2.32 eV, is
obtained in dimer D3 (Figure 3a, dark blue), in which the two
pyrene units are linked by two ve-membered rings that make
up a pentalene unit. The presence of nonbenzenoid rings in
polyaromatic hydrocarbons often leads to low gap values,
occasionally even resulting in antiaromaticity or open-shell
characters.”” *° It is thus not surprising to nd D3 as the
lowest HOMO LUMO gap dimer structure. The e cient
electronic coupling between the two pyrenes and the
associated electron delocalization is further corroborated by
the conductance maps of the HOMO and LUMO, which are
both extended over the whole structure and include a strong
intensity over the pentalene moiety.

Similar conclusions can be drawn from the analysis of trimer
structures. Due to the larger molecular size, one would naively
expect lower HOMO LUMO gap values.>* However, as seen
with the dimers, this depends dramatically on the coupling
motif. The symmetric [2 + 2 + 2] cycloaddition trimer T6 in
Figure 3b (dark red) has the largest energy gap among the
trimers, with a value close to the monomer M2/Glaser-coupled
dimer D1, implying a very small electronic coupling among the
di erent pyrene units. The aromatic ring within the linking
motif, not directly coupled to any of the pyrene units, limits
the electron delocalization outside the ring.?® This can be
rationalized when considering the Clar formula of the system,
which displays an isolated Clar sextet within the central ring.
Any resonant structure with a double bond between the pyrene
units and the central ring would be a radical species that
displays fewer Clar sextets, with an associated energetic cost.**
In addition, the three pyrenes are linked to the central aromatic
ring at meta positions, causing a cross-conjugation that further
limits the electron delocalization.”>®>% Altogether, the three
attached pyrenes can almost be pictured as separate isolated
“legs”.

Focusing on the cis-enediyne trimer T1 (Figure 3b, light
brown), we nd a substantially reduced HOMO LUMO gap
of 3.06 eV. In this case the coupling motif is such that while
one of the pyrene units is conjugated to the other two, these
two are only cross-conjugated with one another. Of the two
linear conjugation paths along the coupling motif, one is longer
than those discussed earlier, whereas the other is comparable
to that discussed with D2a. As expected, the additional
conjugated path to a third pyrene thus lowers the gap value
below that of D2a. dI/dV imaging of the frontier states in
Figure S13 clearly shows a much higher intensity over this
linking structure for both the highest occupied and lowest
unoccupied states. Fusing the central cis-enediyne linkages into
a conjugated fulvene structure signi cantly lowers the energy
gap even further, as shown by T2 with its much smaller energy
gap of 2.41 eV. Again, dI/dV imaging of this molecule (Figure
S13) clearly demonstrates a strong association of the frontier
resonances with the nonbenzenoid connecting ring. If the ve-
membered ring is directly fused to one of the pyrene units
(T8), the gap is also small, with the conductance maps again
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revealing a HOMO that is dominantly localized on the
“extended pyrene” (Figure S13).

The lowest HOMO LUMO gap of all of the products
studied is found for trimer T3 (Figure 3b, dark green), with a
value of 1.58 eV. We nd the following particularities in this
structure: (i) the three pyrenes are conjugated with one
another; (ii) two of the pyrenes are in fact fully fused by an
aromatic ring, generating a large polycyclic unit; (iii) the
bonding motif again includes the antiaromatic pentalene
moiety that indeed hosts much of the otherwise fully
delocalized HOMO and LUMO signal in conductance maps
(Figure S13). Following reasoning similar to that above, all of
these contribute to a substantial lowering of the HOMO
LUMO gap and explain its particularly low value.

In order to corroborate our conclusions, we have performed
additional density functional theory calculations for the various
analyzed structures in a freestanding con guration. The results
con rm the same HOMO LUMO gap trend as found
experimentally. Indeed, a t to the experimentally obtained
gaps plotted against the calculated values (Figure S14)
provides a nice linear correlation with slope 1.2 and an o set
of around 0.34 eV that corresponds to the gap under-
estimation that is generally obtained in density functional
theory (DFT). This excellent agreement, along with the
resemblance of the calculated orbitals to the experimentally
obtained dI/dV maps of the frontier orbitals (shown for each
molecule in Figures S12 and S13), provides additional
con rmation of our structural assignments of the products,
as well as of the conclusions regarding the interrelations
between linking structure and electronic properties.

Since we have clearly shown the e ect of all of these
di erent linkages, we hope that it can provide a reference for
future works, in particular those that aim to synthesize
conjugated polymers or nanoribbons that are formed from
similar components. Indeed, recent works have shown the
critical role that the electronic coupling of di erent linking
motifs have on the band gap of organic polymers, which can be
used to design structures with very low band gap values.®*®
Controlling these linkages thus allows a precise control of the
HOMO LUMO gap of small molecules, as well as the
engineering of polymeric conjugated systems with tunable
band gaps.

We have extensively examined the reaction pathways of a
pyrene derivative with vicinal alkyne and bromine substituents
on the Au(111) surface. The precursor was found to favor
Glaser coupling, followed by the formation of increasingly
fused trimer structures at higher temperatures due to di erent
cyclization reactions. However, control experiments using a
nonbrominated precursor have clearly demonstrated that the
Glaser-coupled product is only formed when there is also a C

Br group attached to the molecule. In its absence, the alkyne
coupling reactions show a pronounced favoritism for non-
dehydrogenative head-to-head addition. Altogether, a manifold
of molecular structures was obtained from these experiments.
In the presence of alkyne and halogen groups, many products
that resulted from Sonogashira-type coupling were also
observed, as well as various intermediates. This wide variety
of products has allowed an extensive study of the electronic
properties of di erent linkages between pyrene moieties, with a
clear relationships found that link the formation of double
bonds, new rings, and antiaromatic pentalene motifs with a
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narrower HOMO LUMO gap. We hope that this knowledge
may help to guide the design of extended conjugated systems
in the future, such that their band gaps may be more easily
controlled according to our needs.

METHODS

All STM and STS measurements were performed with a commercial
Omicron-Scienta ultrahigh-vacuum LT-STM instrument at 4.3 K. An
Au(111) single crystal (MaTeck) was used as a substrate. The crystal
was cleaned via cycles of Ar* sputtering and annealing up to 720 K. 1-
Bromo-2-ethynylpyrene (M1) was sublimed at 85 °C onto the
Au(111) substrate while it was held at room temperature. In contrast
to this, 2-ethynylpyrene (M2) readily sublimed at room temperature
and was also deposited onto a room-temperature Au(111) sample. In
order to functionalize the tip for BR-STM measurements, CO was
postdeposited directly onto the cold sample while it was inside the
STM at <7 K by leaking the gas into the chamber to a pressure of
approximately 5 x 10 ° mbar. Picking up the CO molecule was
usually achieved by scanning at higher currents (approximately 500
pA or higher) and negative voltages ( 05 to 15 V). di/dV
measurements were typically performed with a bias voltage oscillation
frequency of 731 Hz and an amplitude of 20 mV.

The syntheses and characterizations of precursor molecules M1
and M2 are described in the Supporting Information.

All of the calculations were done in the frame of density functional
theory using the Gaussian16 package.® We have employed the M06-
2X functional,®” which provides good geometries and includes weak
interactions (e.g., dispersion forces), with the double- cc-pVDZ basis
set5® On the top of the optimized structures, which have been
identi ed as minima through a vibrational analysis, we have
performed single point calculations with the same basis and the
HSE06 functional *® a hybrid functional that provides good energies
for the HOMO LUMO gap. Structures and molecular orbitals were
visualized with GaussView6.”
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