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Abstract: Herein we report the on-surface oxidative homo-
coupling of 6,6'-(1,4-buta-1,3-diynyl)bis(2-naphthoic acid)
(BDNA) via bisacylperoxide formation on different Au
substrates. By using this unprecedented dehydrogenative
polymerization of a biscarboxylic acid, linear poly-BDNA
with a chain length of over 100 nm was prepared. It is shown
that the monomer BDNA can be prepared in situ at the surface
via on-surface Glaser coupling of 6-ethynyl-2-naphthoic acid
(ENA). Under the Glaser coupling conditions, BDNA directly
undergoes polymerization to give the polymeric peroxide
(poly-BDNA) representing a first example of an on-surface
domino reaction. It is shown that the reaction outcome varies
as a function of surface topography (Au(111) or Au(100)) and
also of the surface coverage, to give branched polymers, linear
polymers, or 2D metal-organic networks.

The emerging research area of on-surface synthesis, which
allows preparing well-defined, covalently connected nano-
structures on surfaces, has received much attention in recent
years.'”! Various on-surface reactions, such as the Ullmann
coupling,®"" imine formation,'>"¥ condensation of boronic
acids,™ carbene dimerization,’ cycloadditions,"" " and
dehydrogenation reactions™? ! have been developed. The
noble-metal surface as a novel type of reaction medium offers
reactivities, that are not accessible in solution phase chemis-
try, as convincingly documented by the reported linear alkane
polymerization via C—H activation on Au(110).1
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Along with the most commonly applied aryl halides or
alkynes as building blocks, compounds bearing carbonyl
groups as reactive functionalities have been used in on-
surface chemistry owing to their versatility in classical organic
synthesis.”’" Self-assembled nanostructures of aromatic
carboxylic acids on metal surfaces have been intensively
investigated because of their ability to form self-complemen-
tary hydrogen bonds and strong interactions with the metal
substrate.” I It has also been reported that these interac-
tions can be further increased by formation of carboxylates
via deprotonation.’'l In fact, carboxylic acids have been
amply used for preparation of diverse metal-organic coordi-
nation networks (mainly via co-depositing acids with metal
atoms onto the surface).’*>*! However, despite these inten-
sive efforts, the only known on-surface reaction comprising
the carboxylic acid functionality in covalent bond formation is
our previously reported polymerization of 2,6-naphthalene-
dicarboxylic acid via decarboxylative C—C bond formation.”

Herein, we disclose a new type of a surface-mediated
chemical reaction of the carboxyl acid functionality: we show
that the aromatic acid 6-ethynyl-2-naphthoic acid (ENA)
reacts via Glaser coupling and subsequent dehydrogenative
coupling of the acid moiety to give the corresponding
polymeric bisacylperoxide in a domino reaction.”®*! This
remarkable on-surface sequence allows preparing long poly-
mer chains with a bisacylperoxide connection motif under
ultrahigh vacuum (UHV) conditions (Scheme 1). Notably, the
dehydrogenative coupling of acids is unknown in solution-
phase chemistry, in which peroxides are generally used as
stoichiometric oxidants in metal-nanoparticle catalysis. We
will also show that the substrate topography, Au(111) versus
Au(100), and the surface coverage allow controlling the
reaction outcome.

Our initial experiments were performed on the Au(111)
surface by using ENA as a monomer. ENA was selected
because we attempted an orthogonal reaction sequence by
in situ preparation of our desired building block unit, the 6,6'-
(1,4-buta-1,3-diynyl)bis(2-naphthoic acid) (BDNA), directly
at the surface via preceding Glaser coupling.” After
depositing a submonolayer of ENA (ca. 40 % surface cover-
age) the scanning tunneling microscopy (STM) data revealed
the formation of a self-assembled structure confined by the
Au(111) herringbone reconstruction and driven by hydrogen
bonding of the acid groups as well as van der Waals
interactions between the aromatic backbones (Figure 1a).
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Scheme 1. lllustration of the on-surface reaction process of ENA for
poly(bisacylperoxide) and gold carboxylate formation, controlled by the
surface topography and coverage.

Figure 1. a) Overview STM image of the residual ENAs at sub-monolayer (ca. 40%) coverage (—2V,
10 pA, 42 nmx42 nm), with a high resolution image (—2V, 10 pA, 4.2 nmx4.2 nm). b) STM image of
the 2D metal-organic polymers as reaction products after annealing at 124°C. b-i) Overview image
(=TV, 10 pA, 42 nmx42 nm), as well as high resolution images b-ii) the ordered structure of the 2D
network (—=1V, 10 pA, 21 nmx21 nm) and b-iii) conjunction shape inside the network (—1V, 50 pA,
5.9 nmx5.9 nm). c) Chemical structure of the Au carboxylate complex. All images were obtained on
Au(111).
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Subsequent annealing to 124°C allowed for dehydrogenative
dimerization of the terminal alkyne functionalities (Glaser
coupling) and led to the formation of the BDNA units, which
then further reacted to form a two-dimensional coordination
network (Figure 1b). We assume Au carboxylates as the
predominating connection motives formed during the anneal-
ing process. The experimentally determined naphthyl center-
to-center distance of the coordination bridge was measured as
1.22+0.04 nm and 1.49+0.03 nm (L, and L,, Figure 1b-iii ).
These results and also the contrast signature of the frame-
works are in good agreement with those reported for similar
metal-carboxylate coordination networks, where co-depos-
ited Fe or Ni atoms were used.”>"

Next we investigated the reaction under high coverage
conditions. To this end, a close to one monolayer of ENA
monomers was grown on the Au(111) crystal (Figure 2a).
Subsequent annealing of the substrate to 124°C resulted in
the formation of two different phases, an ordered self-
assembly region surrounded by a disordered phase of
branched polymer chains (Figure 2b). STM investigations
revealed that the ordered region consists of an intermediate
state in the on-surface alkyne homocoupling, where an Au
atom is pulled out of the surface and forms a linear bis-
(alkinyl) gold complex with two ENA units connected by an
Au atom (Figure 2b right close-up view). The measured
distance between the naphthyl centers of this intermediate
organometallic species was 1.43 +0.01 nm, which agrees very
well with the theoretical distance (1.421 nm) calculated for
a bis(alkinyl) Au complex (Figure S1 in the Supporting
Information). Reductive elimination then provides the
Glaser product. However, the
expected primary product of the
Glaser coupling reaction—the
BDNA monomer—could not
be identified in the STM
images. Instead we found that
once the Glaser coupling had
occurred, the insitu formed
BDNA molecules underwent
fast follow up reactions. Based
on the images we assumed that
some acids reacted via an
unprecedented  dehydrogena-
tive coupling leading to bisacyl-
peroxide connected polymers
(see below). These polymers
can be identified in the disor-
dered phase containing
branched polymer chains. The
branching points (indicated by
red circles in Figure 2) exhibit
the same gap size as the con-
nection motif in the previously
observed network under low
coverage conditions and can
therefore be considered as sim-
ilar Au-carboxylate conjuga-
tions representing the second
follow-up reaction of the acid
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Figure 2. a) STM image of the residual ENAs at close to one monolayer coverage (—2V, 50 pA,

5 nmx5 nm). b) Reaction products after annealing to 124°C. b-i) Overview image of all reaction
products (—2V, 5 pA, 72 nmx 72 nm), with close-up views, right: high-resolution image of an Au
complex intermediate state of the Glaser coupling (—2V, 20 pA, 2.6 nmx2.6 nm), below: STM image of
the disordered polymer chains (=2V, 5 pA, 17 nmx17 nm), b-ii) STM image of the border between the
two product phases (—2V, 20 pA, 15 nmx 15 nm), b-iii) high-resolution image with the corresponding
chemical structure to show the bisacylperoxide connection of the linear polymer chains (—2V, 5 pA,

5 nmx5 nm). All images were obtained on Au(111).

functionalities. For the formation of Au—carboxylate branch-
ing, pre-orientation of the reacting moieties needs more
space, which is fulfilled mainly in low-coverage areas of the
surface.

The highly interesting acid coupling of the BDNA units to
form the bisacylperoxide motif in the linear parts of these
polymer chains was investigated further. The measurements
revealed a naphthyl center-to-center distance of 1.08+
0.02 nm, which is too short for a metal carboxylate complex
(calculated: 1.363 nm) or a connection of two acid function-
alities via classical hydrogen bonding (calculated: 1.173 nm).
DFT distance calculations for the suggested bisacylperoxide
linkage (1.077 nm) between the BDNA units in the linear
polymer sections are in excellent agreement with the exper-
imentally measured distance. For better comparison all the
distance values are given for the same conformation of the
naphthyl units (for distances of the other conformers see
Figure S5). Additionally, we calculated the DFT structures of
a H-bonding dimer as well as two conformers of bis(2-
naphthoyl) peroxide (BNP) on an Au surface (see Figure S2).
The obtained distances agree well with those from the gas-
phase calculations showing that the simpler gas-phase DFT
calculations provide reliable values. Moreover, successful
STM manipulations of BDNA polymer chains further sup-
ported the covalent nature of the linkage between the BDNA
moieties (for further details see Figure S6).

To minimize the branching and to increase the reaction
selectivity towards formation of linear bisacylperoxide-con-
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taining polymer chains, we
repeated the experiment on an
Au(100) substrate with channel
structured surface topography.
This defined topography should
align the Glaser coupling prod-
uct (BDNA) in the channels and
subsequent polymerization via

bisacylperoxide formation
during the annealing to 130°C
should suppress branching.

Indeed, the domino reaction of
ENA on Au(100) provided
nearly perfect linear polymers
within the Au(100) channels with
a chain length of up to over
100 nm (Figure 3¢). We found
these polymers to be thermally
stable up to a temperature of
160°C.

To further confirm the exis-
tence of the bisacylperoxide
functionality ~ between  the
BDNA units in these linear poly-
mers, we synthesized, ex situ,
various compounds containing
two naphthyl groups with differ-
ent potential linking entities
(carboxylic acid anhydride, 1,2-
diketone, or ethene moiety).
These compounds were then
deposited on the Au(111) surface and all systems showed
a shorter naphthyl-to-naphthyl center-to-center distance.
Moreover, also their contrast signatures in the STM data
looked different, unambiguously revealing that these func-
tionalities were not formed as linking moieties under the
applied conditions (Figure S3). In addition, the BDNA
molecule was exsitu prepared and sublimated to both
Au(111) and Au(100) surfaces. Surprisingly, the STM
images recorded directly after deposition revealed for both
cases that the activation of the carboxyl function in the
BDNA occurred already at room temperature and resulted in
the formation of the same linear polymer chains observed in
the ENA-high temperature experiments with a measured
conjunction distance of 1.08 £ 0.02 nm between the naphthyl
centers (Figure 4b,c). This result shows that the annealing
temperature of 124°C in our previous experiments with the
ENA monomers was only needed to trigger the Glaser
coupling process for formation of the BDNA units at the
surface and not required for the O—O bond formation via
dehydrogenative coupling. Since ENA itself does not dehy-
drogenate to give the corresponding peroxide at room
temperature (see Figure 1a and Figure 2a), we assume that
the BDNA structure bearing the butadiyne motive must
provide this molecule unique properties, which seem to be
essential for peroxide formation. This is further supported by
the many examples on aromatic carboxylic acids adsorbed on
Au surfaces not showing peroxide formation. Hence, the
initial Glaser coupling activates the acid to undergo subse-
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Figure 3. a) lllustration of the surface control on the polymerization. b) Overview STM image of the
residual ENAs (—2V, 10 pA, 80 nmx 80 nm), with a close-up view (—=2V, 10 pA, 12.5 nmx12.5 nm).
c) STM images of the reaction products after annealing at 130°C, c-i) overview image (—1V, 50 pA,
82 nmx 82 nm). c-ii) STM image of a long bisacylperoxide polymer chain (—1V, 50 pA, 30 nmx 30 nm)
and c-iii) high-resolution image with the corresponding chemical structure (—1V, 50 pA,
8.4 nmx8.4 nm). All images were obtained on Au(100).

quent bisacylperoxide formation in a domino reaction. The

activation mode is currently not understood.

To further experimentally confirm the existence of the
bisacylperoxide linkage, we prepared, ex situ,

ex situ
synthesized
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thoyl) peroxide (BNP) as a refer-
ence compound. The thermally
labile BNP (decomposition at
146°C) could be sublimated
under UHV conditions at
120°C onto Au(111) and the
STM image revealed a surface
covered with mainly intact BNP
molecules (Figure 5b). Compar-
ison of the STM images of the
polymeric BDNA with the
images of BNP revealed an
excellent match of the measured
conjunction distances (1.08 +
0.02 nm) for these two systems.
In addition, the contrast signa-
ture of the linkage entity in the
images was also very similar. We
also conducted a XPS analysis on
both molecular layers (see the
Supporting Information). The
XPS data exhibit a very good
correlation of poly-BDNA and
the reference peroxide (BNP)
further supporting the presence
of the bisacylperoxide connec-
tion in the prepared polymer
chains (Figure 5c). Furthermore,

the XPS analysis of the Au—carboxylate coordination network

shows only one O1s component in the spectrum (see Fig-

bis(2-naph-

Figure 4. a) Structure of the ex situ synthesized BDNA. b) Overview STM image after
deposition of the BDNA onto Au(111) (—0.5V, 10 pA, 42 nmx42 nm), with a close-up

view (—0.5V, 10 pA, 8.4 nmx8.4 nm). c) Overview STM

image after deposition of the

BDNA onto Au(100) (—2V, 10 pA, 42 nmx42 nm), with a close-up view (—1V, 10 pA,

12 nmx12 nm).
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ure S8), therefore an Au carboxylate complex can be
excluded as the connection moiety in the poly-BDNA

chains where two signals appear in the Ols
region.

In summary, we have presented on-surface
dehydrogenative coupling of the carboxylic
acid functionality in BDNA on two different
gold surfaces, a reaction which is currently
unknown in solution phase chemistry. By
using this approach we were able to prepare
linear bisacylperoxide connected polymer
chains with a length of up to over 100 nm.
This unprecedented on-surface reaction can
be combined with a Glaser coupling step
representing the first on-surface domino reac-
tion sequence. This allows the readily acces-
sible ENA to be used as a starting material for
polymerization. We have found that the sur-
face coverage influences reaction outcome.
Formation of the bisacylperoxide functional-
ity was verified by comparing STM images
and XPS data with those obtained for an
ex situ synthesized reference bisacylperoxide
compound. The discovered dehydrogenative
coupling of acids provides a valuable exten-
sion to the “reaction toolbox” for on-surface
synthesis.
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Figure 5. a) Structure of the ex situ synthesized BNP with its experimentally determined as well as the
calculated naphthyl center-to-center distance. b) High-resolution STM image after deposition of the BNP
onto Au(111) (—0.3V, 10 pA, 4.2 nmx4.2 nm). c) XPS analysis of the bisacylperoxide formation, top: XPS
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of a poly-BDNA monolayer on Au(111), bottom: XPS data of the C 1s (peaks at 288.52 eV and 284.19 eV)
and O 1s region (peaks at 532.94 eV and 531.55 eV) of the reference compound BNP on Au(111).
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