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ABSTRACT: Metal-catalyzed polymerization of 2,6-naphthalenedicar-
boxylic acid (NDCA) to form poly-2,6-naphthalenes at various surfaces is
reported. Polymerizations occur via initial formal dehydrogenation of self-
assembled diacids with subsequent decarboxylation to give polymeric
bisnaphthyl-Cu species at elevated temperature as intermediate structures
(<160 °C). Further temperature increase eventually leads to poly-
naphthalenes via reductive elimination. It is demonstrated that the
Cu(111) surface works most efficiently to conduct such polymerizations
as compared to the Au(111), Ag(111), Cu(100), and Cu(110) surfaces.
Poly-2,6-naphthalene with a chain length of over 50 nm is obtained by
using this approach. The decarboxylative coupling of aromatic diacids is a
very promising tool which further enlarges the portfolio of reactions
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allowing for on-surface polymerizations and novel organometallic systems

preparations.

1. INTRODUCTION

Bottom-up covalent assembly of molecular building blocks,
carrying specific functions, at surfaces has recently emerged as a
very active field of research.'”” Remarkably, several reliable
chemical reactions have been developed for preparing various
fascinating nanostructures: Ullman coupling,®™"* imine for-
mation,>~*” dehydration of boronic acids,'® dimerization of N-
heterocyclic carbenes," acylation reactions,””*" cycloaddi-
tion,”*~** and dehydrogenations.*>~** STM studies provided
detailed insight at the single-molecule level on these reactions
by identifying reaction intermediates. However, the effect of the
substrate on these reactions has not been well explored, which
is of fundamental importance for understanding and controlling
on-surface chemical processes. To our knowledge, only for the
Ullman coupling'****! and the Glaser coupling large differ-
ences exerted by the substrate on the coupling reaction have
been reported. Although great progress in on-surface chemistry
has been achieved over the past few years, novel reaction types
and accordingly reaction paths must be designed which may
allow the preparation of even more complex structures at the
surface.

Reaction design based on carboxylic substituents as reactive
functionalities should be a promising approach, because the
interaction between the COOH group and surface can be
steered by the reduction—oxidation ability of the metal
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Moreover, aromatic carboxylic acids should form well-ordered
self-assembled structures upon ultrahigh vacuum deposition at
surfaces, and it is known that the metal can mediate self-
assembly. For example, metal—organic coordinated networks of
carboxylic groups at metal surfaces (via codepositing molecules
with metal atoms onto surfaces) have been reported and
formation of metal carboxylates by Fe/Cu has been observed in
a few cases.”® Based on these important findings several
interesting questions arise: (1) Can the carboxyl (COOH)
group be applied as reactive functionality for on-surface
decarboxylative C—C coupling reactions? (2) What is the
effect of the substrate on the C—C coupling process? (3) Can
the on-surface reaction be used for two-dimensional polymer-
ization if arene dicarboxylic acids are applied as substrates and
can polymerization be controlled and used to build up larger
linear structures?*

Along these lines, we decided to test 2,6-naphthalene-
dicarboxylic acid (NDCA) as a precursor for the construction
of polymer chains. By characterization of reaction intermediates
we will show that C—C coupling occurs via a stepwise process
(Scheme 1). The carboxyl functionality first reacts with metal
atoms at the surface in a dehydrogenation process to provide
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Scheme 1. (a) Schematic Illustration of the Reaction
Pathways of Metal-Catalyzed on-Surface Polymerization of
NDCA and (b) Corresponding Reaction Equation

[o}
OH
HO!
o

NDCA

a

Metal

9 4
o}
w9
B
Step 1 O
O
/

Metal  ©

-Co,
—_—
Step 2

2,6-Polynaphthalene

+ nHy +2nCO,
n

OH

Kaoel

{0}
OH

Cu/Ag

Heating

the corresponding metal carboxylate, as previously reported*>
(step 1). Increase of temperature will lead to polymeric
bisnaphthyl-Cu as intermediate structures by decarboxylative
processes (step 2). Further increase of temperature eventually
generates poly-2,6-naphthalene chains via decarboxylation.
Note that the decarboxylative C—C coupling using aryl
carboxylic acids as aryl metal precursors is an established
reaction in homogeneous catalysis;>* however, this process has
not been adapted to the emerging research area of on-surface
chemistry. By varying the substrate, catalysis efficiency of the
surface for decarboxylative coupling was studied. Individual
precursors, reaction intermediates and final products are readily
monitored by scanning tunneling microscopy (STM).

2. RESULTS AND DISCUSSION

Reductive Coupling of NDCAs at Ag(111) Surface. Our
initial studies were performed on the Au(111) surface. Figure
1b depicts a representative STM image with NDCAs on
Au(111). In the image we identified linearly assembled NDCAs
where the individual acid moieties are connected by hydrogen
bonding. In the H-bonded NDCA structures we found both R-
and L-chiral NDCAs as shown in the red dashed rectangle
(Figure 1b zoom-in image; see also chemical structure in Figure
1d. Assignment of chirality is mainly based on STM image
analysis by superposition of the chemical structure of NDCA;
the two carboxylic acid moieties always appear bright in the
image at the opposite corners of the individual entities). The
molecule center-to-center distance between NDCAs was
measured to be 1.24 + 0.01 nm at the Au(111) surface (see
Figure 1d). Interestingly, no significant difference with respect
to center-to-center distance was observed in homo and
heterochiral arrangements: similar values were measured for
R-to-R (L-to-L) and R-to-L. NDCA distances.

We next attempted to induce on-surface reaction by thermal
annealing. However, neither metalation of the carboxylic acids
nor any covalent coupling was observed after thermal treatment
(132 °C for 30 min). Only phase transition of the self-assembly
structures and desorption phenomena were noted (see
Supporting Information, SI-Figure 1). We assume that the
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Figure 1. Self-assembly structure of NDCAs via hydrogen bonding at
surfaces. (a) Molecular structure of the NDCA with R- and L-chirality
at the metal surface. (b and c) Representative STM images (b, 40 X 40
nm; ¢, 25 X 25 nm) and their high-resolution images (b, S X S nm; ¢, 6
X 6 nm) of NDCA acids in the self-assembly structure via hydrogen
bonding at the Au(111) and Ag(111) surface, respectively (Au(111):
b, —0.5 V, 100 pA; Ag(111): ¢, —0.1 V, 100 pA). (d) Chemical
structure of a hydrogen-bonded NDCA trimer with R, R and L-
chirality.

interaction of the COOH group with the Au(111) surface is
too weak to induce any reaction. Therefore, we switched to the
Ag(111) surface, which should show a stronger interaction with
the carboxyl groups according to the increasing reduction—
oxidation ability of noble metals from Au to Ag to Cu. The
NDCA self-assembly structure via hydrogen bonding on
Ag(111) was similar to the structure obtained on Au(111)
(Figure 1c). Notably, the NDCA center-to-center distance was
1.34 + 0.01 nm, which is 0.1 nm larger than on the Au(111)
surface. We believe that this is due to the stronger confinement
of the Au(111) surface due to its herringbone reconstruction,
indicating that hydro§en—bonding length depends on the
substrate, as reported.’

After thermal annealing at 156 °C we found that covalent
coupling of NDCAs occurred at Ag(111). Figure 2a-i shows a
representative STM image containing some reacted NDCA
oligomers and also unreacted NDCA molecules in a new self-
assembly phase. Due to the R- and L-chirality of surface
adsorbed NDCAs, two types of conjugations were exper-
imentally observed designated as type 1 (R-to-R or L-to-L,
homochiral conjugations) and type 2 (R-to-L, heterochiral
conjugations). The center-to-center distance for R—R (L—L)
conjugations was measured to be 0.95 + 0.03 nm, while the R—
L center-to-center distance was 0.90 + 0.03 nm. We suggest
oligomeric structures where an Ag atom connects two naphthyl
moieties (C—Ag—C) for these intermediates, because distances
for such organometallic polymeric structures agree very well
with theoretical calculated distances (0.936 nm for R—R case
(NaphthylAg(I)Naphthyl), 0.929 nm for R—L case, more
details see SI-Figure 2) (Figure 2a-ii). As expected, the C—Ag—
C linkage appears with higher contrast (Figure 2a-ii). The
chemical structures of type 1 and type 2 C—Ag—C conjugations
are depicted in Figure 2a-iii.

Interestingly, we observed follow up chemistry of the poly-
bisnaphthyl-Ag intermediates upon further annealing to 176 °C
(Figure 2b-i). At this temperature, the unreacted monomers
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Figure 2. Covalent coupling reactions of NDCAs at Ag(111) surface.
(a) STM image (a-i, 20 X 20 nm) and its zoom-in image (a-ii, 6 X 6
nm) of the chemical products of NDCAs on Ag(111) surface after
annealing up to 156 °C (—0.05 V, 100 pA). (a-iii) Chemical structures
of the bisnaphthyl-Ag species formed by the decarboxylative process of
NDCAs. (b) Typical STM image (b-i, 25 X 25 nm) and its high-
resolution image (b-ii, 6 X 6 nm) of C—C coupling products of
NDCAs on Ag(111) after annealing up to 176 °C (=2 'V, 50 pA), and
(b-iii) the corresponding chemical structure of the final products. (c)
STM high-resolution image (c-i, =2 V, 50 pA, 7.5 X 7.5 nm) of
branching conjugation in the products as well its corresponding
chemical structure (c-ii).

completely desorbed and short oligomers without higher
contrast at the conjugation regions remained at the surface,
as shown in Figure 2b-ii. The center-to-center distance was
measured as 0.66 + 0.03 nm for both R-to-R (L-to-L) and R-to-
L covalent coupling cases, which is much shorter than for the
intermediate bisnaphthyl-Ag species. We assume that upon
annealing C—C covalent coupling between naphthalene
moieties occurred via reductive elimination of the oligo-
bisnaphthyl-Ag intermediate to give oligo-2,6-naphthalene
chains. The corresponding chemical structure of the oligo-
2,6-naphthalene is shown in Figure 2b-iii. The calculated
center-to-center distance for the bisnaphthyl model compound
was 0.655 nm which fits very well with the experimentally
determined value (SI-Figure 2). STM manipulation on the
oligomeric product structures provided strong evidence for the
covalent nature of the conjugation of the naphthalene units (SI-
Figure 3). In addition, we identified branching conjugations in
the final oligomers, for which a representative case is presented
in Figure 2c-i. The corresponding chemical structure is depicted
in Figure 2c-ii. This finding indicates that arene CH bonds of
the naphthalene moiety can also be activated under the applied
conditions.

Polymerization of NDCAs at Cu(111) Surface. To
further enhance the interaction between the carboxyl groups of
NDCA and surface, we tested the Cu(111) surface (Cu is more
readily oxidized and will likely show stronger interactions with

the carboxyl groups). As expected, a hydrogen-bonded self-
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assembly structure was also formed at the Cu(111) surface at
room temperature (no isolated NDCAs were observed, except
at the terrace edges). We identified three different regimes: a
disordered phase A, an ordered phase B, and a mixed phase
where A and B coexist, as shown in Figure 3a-i. In the high-
resolution STM image of phase B, we found the periodic

Figure 3. Metallic polymerization of NDCAs at Cu(111) surface. (a)
Typical STM image (a-i, 10 pA, 42 X 42 nm) and its zoom-in images
for different phases (a-ii, phase B, 10 pA, 7 X 7 nm; a-iii, phase A, 100
pA, 6 X 6 nm) of the NDCAs on Cu(111) surface. (b) An overview
STM image (b-i, 10 pA, 42 X 42 nm), as well its zoom-in images (b-ii
and iii, 100 pA, 10 X 10 nm), of the NDCAs on Cu(111) surface after
annealing to 120 °C. (c) Overview STM image (c-i, 10 pA, 170 X 170
nm), as well its zoom-in image (c-ii, 10 pA, 42 X 42 nm) and FFT
pattern (c-iii, &, 1.34, 1/nm), of the metallic polymerization products
of NDCAs after further annealing to 160 °C. (d) High-resolution STM
image (d,i, 10 pA, 12.5 X 12.5 nm) and its zoom-in images (d,ii, 100
pA, 424 X 424 nm; djii, 10 pA, S X 5 nm) of the C—Cu—C
conjugations. (d,iv) Isomerized chemical structures of C—Cu—C
conjugations were suggested. All the STM images were acquired at —2
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parameters: a, 0.83 nm; b, 0.73 nm; angle 96.8° where the
NDCA center-to-center distance was measured to be 1.16 =+
0.0l nm (see SI-Figure 4). R- and L-chiral NDCAs were
separated in the ordered phase B (Figure 3a-ii). On the other
hand, in the disordered phase A, NDCAs have a higher
contrast, and the center-to-center distance was measured as
1.07 + 0.01 nm, which matches three times that of the Cu(111)
lattice. We believe that the carboxyl group as compared to the
situation on Ag(111) and Au(111) surfaces is bending more
downward to the Cu(111) surface.

Interestingly, after thermal annealing at 120 °C for 30 min
we observed an intermediate state of NDCAs at Cu(111)
without any covalent coupling between NDCAs (Figure 3b-i):
unreacted NDCAs formed an ordered self-assembly phase
(Figure 3b-ii), which looks similar to the ordered phase
obtained on Ag(111) (see above). Isolated NDCAs and also
NDCA-clusters were identified (Figure 3b-iii). Here, the
isolated molecules were regarded as NDCAs chemical adsorbed
at Cu surface via the dehydrogenation process (see structure in
Scheme 1 after step 1, Cu atoms were not pulled out of the
surface during metalation, which is different than for the
reactions at Fe/Cu where Fe/Cu-carboxylic complexes were
identified at the surface),** because unreacted NDCA
monomers should either join the molecular self-assembly
structure or desorb. Further annealing to 160 °C led to the
formation of large poly-organometallic chains generated via the
decarboxylative process (Figure 3c-i). The zoom-in image and
the FFT pattern both demonstrate that the orientations of such
metallic polymers were only along cooper (110), (101), and
(011) directions (Figure 3c-ii and iii). This finding is an
indication for the C—Cu—C linkage between naphthalenes,
because of the interaction between Cu atoms of the poly-
organometallic species with the Cu surface. As for the organo-
silver intermediate discussed above, the C—Cu—C linkage
appears with higher contrast in the image. Interestingly,
successful STM manipulations of the oligo-bisnaphthyl-Cu
species revealed the Cu—C bonds to have remarkable stability
(SI-Figure $).

Figure 3d,i depicts a representative high-resolution STM
image of the C—Cu—C covalent bonding of NDCAs, in which
few intermediate dehydrogenated surface bound NDCA
monomers still exist. The NDCA center-to-center distance of
the C—Cu—C type covalent coupling was measured as 0.89 =+
0.01 nm for both for R-to-R (L-to-L) and R-to-L conjugations.
This indicates that the C—Metal—C functionality has a stronger
interaction with the Cu(111) surface than with the Ag(111)
surface. Theoretical calculations of the R-to-R (L-to-L) and R-
to-L conjugations (NaphthylCu(I)Naphthyl) provided distan-
ces of 0.902 and 0.895 nm, respectively. This is in very good
agreement with the experimentally determined values.
Furthermore, bridges between NDCAs without direct covalent
coupling were also identified as marked by a red cycle in Figure
3d,ii. The center-to-center distance for such a bridged structure
was measured as 1.11 + 0.04 nm, which suggests that the two
NDCA molecules either interact via hydrogen bonding or are
bridged via C—Cu—Cu—C type linkage. Based on the STM
images, we currently believe that bridging via C—Cu—Cu—C is
more likely (otherwise, the distance of such bridges varies
much.).

Further annealing of the poly-organometallic naphthylenes
on Cu(11l) to 190.8 °C eventually provided poly-2,6-
naphthalene. Figure 4a-i, shows a representative STM image
(for large scale STM image, see SI-Figure 6). Along with the

9661

Figure 4. Final polymerization of NDCAs at Cu(111) surface. (a) An
overview STM image (a-i, 10 pA, 42 X 42 nm) and its zoom-in images
(a-ii and a-iii, 10 pA, 4.2 X 4.2 nm; a-iv, 10 pA, S X S nm) of the
reaction products of NDCAs after annealing to 190.8 °C as well as the
suggested chemical structures formed after covalent coupling a-v). (b)
A typical STM image (100 pA, SO X 9 nm) of a long poly-2,6-
naphthalene. All STM images were acquired at —2 V.

poly-naphthalenes, some organometallic-polymers still re-
mained (Figure 4a-ii). The ultrahigh-resolution STM image
(Figure 4a-iii) reveals that the poly-naphthalene consists of
both L-chiral and R-chiral moieties as drawn in the
corresponding chemical structures in Figure 4a-v. The success
of direct C—C covalent coupling was also proved by STM
manipulations (SI-Figure 7). Moreover, the molecule center-to-
center distance for the C—C covalent coupling was measured as
0.67 + 0.02 nm for both R-to-R (L-to-L) and R-to-L couplings.
In some cases, branching conjugations were also identified, as
previously observed on Ag(111). It is important to point out
that poly-2,6-naphthalene with a chain length of up to 50 nm
was formed documenting the efficiency of the decarboxylative
coupling under these conditions (Figure 4.b).

Cu(100) Surface Guided Polymerization of NDCAs.
Encouraged by the results obtained on Cu(111) we finally
investigated the on-surface polymerization of NDCAs on
Cu(100) and Cu(110) surfaces. A different confinement
toward the intermediate metallic polymers was expected such
as illustrated in Figure Sa. The metal atoms that are part of the
organometallic polymers should have a specific interaction with
the metal surfaces.

For the Cu(100) case, we observed dehydrogenation of
NDCAs after annealing up to 127 °C forming a NDCA-Cu-
carboxylate coordination network (see SI-Figure 8).>* Further
annealing up to 160 °C led to the formation of organometallic
polymers by formal decarboxylation. However, dehydrogenated
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Figure S. Substrates guided covalent couplings: Cu(100) vs Cu(111).
(a) An illustration of the substrates guided covalent coupling in space.
(b) Typical STM image (b-i, 200 pA, 25 X 25 nm) and zoom-in image
(b-ii, 200 pA, 8 X 8 nm) of NDCAs at Cu(100) surface after annealing
160 °C. (b-iii) Suggested chemical structures for different conjugations
among NDCAs at Cu(100) surface. (c) An overview STM image (c-,
100 pA, 82 X 82 nm), a zoom-in image (c-ii, 100 pA, 42 X 42 nm) and
a high-resolution STM image (c-ifi, 100 pA, 6 X 6 nm) of the NDCA-
metallic polymers on Cu(100) after annealing at 185.3 °C. (c-iv) The
FFT pattern of (c-i) polymers (+, 2.68, 1/nm) was obtained. All the
STM images were acquired at —0.5 V.

bisnaphthyl carboxylate species interacting with the substrate
coexist as shown in Figure Sb-i. STM high-resolution image
Figure 5.b-ii shows that the C—Cu—C bonding has a higher
contrast than the coordination bonding in the metalated
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carboxylates, as well a shorter distance (center-to-center
distance: C—Cu—C, 0.93 + 0.03 nm; C(O)O—substrate—
OCH(O), 1.25 + 0.03 nm, for all R-to-R, L-to-L, R-to-L cases).
The chemical structures of the different conjugations are
suggested in Figure Sb-iii.

As expected, we found that the organometallic polymers were
grown only in (010) and (001) directions of the Cu(100)
surface (Figure Sc-i), after thermal treatment up to 185.3 °C. In
the zoom-in image Figure Sc-ij, it is very interesting to observe
that one long polymer can be bent by 90° along both (010) and
(001) directions, which indicates the strong interaction
between the metals of the C—Cu—C polymers and copper
surfaces. Moreover, the C—Cu—C conjugations have a higher
contrast than the naphthalene moieties, as also observed on
Ag(111) and Cu(111) surfaces (Figure Sc-iii). The FFT pattern
of polymers in Figure Sc-i, clearly shows the two-orientation
symmetric in space distribution again (Figure Sc-iv). Poly-
naphthalene via removing of Cu atoms was obtained at the
Cu(100) surface after annealing up to 236 °C (see SI-Figure 9).

Finally, the Cu(110) surface was tested. We found that the
covalent coupling of NDCAs starts to occur after annealing up
to 206 °C, and short oligomers are formed after annealing up to
226 °C (see SI-Figure 10). However, all the chemical processes
are occurring very fast at such higher temperatures, and
polymeric organometallic intermediates were not observed.
Based on previous reports on similar systems which did not
reveal any decarboxylative C—C-coupling,®* and our herein
disclosed efficient couplings, we assume that reactions of
COOH groups and organometallic intermediates derived
therefrom, strongly depend on the molecular structure of the
carboxylic acid and also on the substrate, especially when metal
atoms of the substrate are actively involved in the individual
steps of the coupling reactions.

3. CONCLUSIONS

In summary, we showed successful on-surface covalent coupling
by using aromatic —COOH substituents as reactive moieties. If
the arene is charged with two reactive hydroxycarbonylsub-
stituents, such as in NDCA, the on-surface reaction leads to the
formation of polymeric structures. Based on STM characterized
reaction intermediates, a possible mechanism for the polymer-
ization was suggested. Reactions occur via initial H-bonding
self-assembly of NDCA with subsequent formation of metal
carboxylates upon annealing. Further increase of the reaction
temperature leads via decarboxylation to the formation of
polymeric bisnaphthyl-metal intermediates which upon further
annealing undergo reductive elimination to eventually provide
poly-naphthalenes. The eficiency of the decarboxylative
coupling of NDCA to give poly-naphthalene strongly depends
on the substrate. The following reactivity order was observed:
Cu(111) > Cu(100) > Ag(111) > Cu(110) > Au(111), which
relates to the reduction—oxidation ability of the metal and likely
the ability of metal atoms being pulling out of the surface.
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analysis. This material is available free of charge via the Internet
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