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ABSTRACT: 5-membered carbon rings play a crucial role in determining the geometric structure and electronic properties of
carbon-based materials. Incorporating 5-membered rings into low-dimensional carbon nanomaterials with atomic precision is,
however, still a challenge. Here, we report on the on-surface synthesis of a one-dimensional conjugated polymer comprising fluo-
ranthene subunits that are obtained via surface-assisted aromatic cyclodehydrogenation of 1-phenylnaphthalene moieties within the
precursor monomers. By using scanning tunneling microscopy we investigate the formation of the polymer by thermally induced
dehalogenative aryl-aryl coupling and subsequent aromatic cyclodehydrogenation on a Au(111) substrate. The formed 5-membered
carbon rings are directly observed with atomic resolution by non-contact atomic force microscopy. Our results show that carefully
designed polyphenylene precursors can be used for the rational fabrication of 5-membered rings in the bottom-up synthesis of car-
bon-based nanomaterials, and thus add a further tool to the emerging field of on-surface synthesis.

INTRODUCTION

On-surface synthesis has proven to be a promising method for
the bottom-up fabrication of novel low dimensional nano-
materials with atomic precision.™ 2 It makes use of precursor
molecules as building blocks that can be thermally activated
after vacuum deposition onto a metallic substrate to form
extended, covalently bonded one- and two-dimensional
nanostructures. Varying the chemical structure of the molecu-
lar precursors, a large range of nanomaterials have been fabri-
cated.>® Among these, owing to the soaring interest in gra-
phene related carbon nanomaterials, various sp? carbon
nanostructures such as graphene nanoribbons,** 2 graphene
quantum dots,*® or porous graphene!* have been fabricated by
using rationally designed molecular building blocks.

Pentagonal rings introduced into hexagonal sp? carbon net-
works play a crucial role in determining the geometric struc-
ture as well as the electronic properties of the corresponding
nanomaterial. It is well known that the curvature of some
carbon allotropes such as fullerenes and nanocones is induced
by pentagons?®. More generally, pentagons together with other
polygonal structures in graphene are classified as topological
defects, such as Stone—-Wales defect, 5-7 defect, 5-8-5 defect
and so on.'®18 |n addition to their geometrical properties, topo-
logic defects and pentagons in particular are predicted to be
highly interesting for the band structure engineering of sp?
bonded carbon materials.’® Since pentagons and other odd-
numbered non-hexagonal polygons disrupt the A-B bonding

topology of the bipartite hexagonal graphene network, such
topological defects induce novel electronic features. For ex-
ample, by introducing pentagon and heptagon defects, carbon
nanotube intramolecular junctions were fabricated with recti-
fying properties,?® and pentagonal topological defects were
reported to exhibit magnetic properties.?* Furthermore, penta-
graphene, a 2D carbon network composed of pentagons only,
was predicted to be stable with unusual mechanical and elec-
tronic properties,? and carbon networks made of fused penta-
gons with large dodecagonal pores were found to exhibit fer-
romagnetic properties.?® Although pentagon incorporation may
impart the resulting carbon-based nanostructures with unique
electronic features, little attention has been paid hitherto to the
creation of pentagonal bond configurations by on-surface
synthesis.

Here we present an on-surface synthesis of the aromatic cy-
clodehydrogenation of 1-phenylnaphthalene 1 into fluoran-
thene 2 that was originally reported by Orchin et al. in 1947
(Scheme 1) as a versatile strategy to introduce pentagonal
bond configurations.?* We designed the dibromo-terminated
molecular building block, 5,12-bis(4-
bromophenyl)benzo[k]tetraphene 3, incorporating two - 1-
phenylnaphthalene subunits. Upon thermal activation on
Au(111) and under ultrahigh vacuum conditions, 3 undergoes
dehalogenation and polymerization into a linear poly(5,12-
diphenylbenzo[K]tetraphene) (4) (Scheme 1). Subsequent
annealing at higher temperatures leads to cyclodehydrogena-
tion within the 1-phenylnaphthalene subunit transforming it to



fluoranthene type subunit 2 under formation of a pentagonal
carbon  ring.  Altogether, the  resulting  polymer
poly(fluoreno[1,9-kl]indeno[1,2,3-de]tetraphene) (5) is the
product of a thermally induced surface-assisted two-step reac-
tions. We employ scanning tunneling microscopy (STM) and
non-contact atomic force microscopy (nc-AFM) to investigate
the adsorption and self-assembly of the molecular precursor 3
on Au(111), the intermediate steps of the polymer formation,
and to confirm the pentagonal ring closure for polymer 5.

Scheme 1. Formation of five-membered carbon rings by
aromatic cyclodehydrogenation: The ‘classical’ example of
fluoranthene (1—2), and the on-surface synthesis of poly-
mer 5 in a thermally induced two-step reaction from pre-

cursor 3.
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RESULTS and DISCUSSION

Figure 1a shows an overview STM image after deposition of
molecule 3 on a Au(111) surface held at room temperature
(RT). One can readily distinguish the usual 22 x /3 herring-
bone reconstruction of the gold substrate and three types of
equally high islands. The monomers within the islands can be
identified by the z-shape of their benzo[K]tetraphene core
structure and the bright protrusions of the terminal bromo-
phenyl units. Because molecule 3 is prochiral,? % two enanti-
omers labeled here as R and S are obtained upon adsorption on
the surface, as shown in Figure 1b. The three different types of
domains seen in Fig. 1a can be identified as enantiopure R and
enantiopure S domains, as well as a racemic R&S domain
consisting of alternating rows of R and S enantiomers (see Fig.
1c, with structural models superposed). The unit cell parame-
ters of the R&S domain are: a=15nm, b=27nm, a =58°

as outlined in Figure 1c. In contrast, Figure 1d highlights the
enantiopure domains solely containing R or S monomers,
respectively. The unit cell parameters of the domains R and S
are analogous, as to be expected for mirror domains, and indi-

Figure 1. Room-temperature self-assembly of monomer 3 on
Au(111). a) Large scale STM image of molecule 3 deposited at
room temperature on Au(111). b) Illustration of the adsorption
induced  mirror  symmetry  breaking of  5,12-bis(4-
bromophenyl)benzo[K]tetraphene. ¢) Zoom-in STM image of the
racemic R&S domain. d) Zoom-in STM image of enantiopure R
and S domains. Tunneling conditions (current setpoint/bias volt-
age): 60 pA/-0.8 V (a, c, d).

Neither of the self-assembled structures exhibits intermolecu-
lar arrangements for straight-forward (topochemical) dehalo-
genation-based coupling reactions, and an increase of mobility
of the monomers upon dehalogenation is thus required. Figure
2a displays a large scale STM image of 3 deposited on
Au(111) and subsequent annealing for 15 min at 200°C. Be-
tween RT and 200°C, monomers undergo dehalogenation and
form linear, short oligomers of structure 4 with an average
length of about 5 nm (Figures 2a and b). Figure 2b also reveals
that the oligomers are closely packed, with semi-bright protru-
sions between them that we attribute to bromines that remain
on the Au(111) substrate after dehalogenation.



Figure 2. a) Large scale STM image of oligomers of 4 after annealing 3 for 15 min at 200°C on Au(111). b) Zoom-in STM image of oligo-
mers of 4. ¢) - f) Zoom-in STM images of the four typical dimer motifs that are observed. g) - j) Molecular models of the four dimer mo-
tifs. The rotated parts caused by steric hindrance of hydrogen atoms are indicated with red circles, corresponding to the ones in c) - j). k)
Large scale STM image of polymer 4 after annealing at 300°C on Au(111). I) Zoom-in STM image of polymer 4. Tunneling conditions
(current setpoint/bias voltage): (a) 100 pA/0.7 V; (b) 60 pA/0.1 V; (c) 60 pA/0.1 V; (d) 60 pA/0.1 V; (e) 60 pA/0.1 V; (f) 60 pA/0.1 V; k)
60 pA/-1.2 V; (1) 60 pA/-1.0 V.

Since 3 is present on the surface as a racemic mixture of the R
and S enantiomers, three different diastereoisomers can be
formed upon aryl-aryl coupling of two monomers. Figures 2c-
2e are high resolution STM images of the three typical dimer
structures that can be attributed to R-S, R-R and S-S diastereo-
isomers (molecular models in Figure 2g-i). The distance of the
two connected central phenyls is about 4 A in all three cases,
indicating covalent bonding. A few remaining unreacted mon-
omers with bromine atoms still attached are also resolvable as
shown in Figure 2f (molecular model in Figure 2j). Adjacent
phenyl groups (indicated by red circles) are twisted, i.e., rotat-
ed out of the (surface) plane of the z-shaped aromatic core of
3. The apparent height difference within the phenyl rings of
about 0.4 A (reflecting the out-of-plane rotation) is caused by
steric hindrance of nearby hydrogen atoms.'* %3 It should be
noted that this kind of steric hindrance weakens the corre-
sponding C-H bonds and thus lowers the barrier to thermally
induced on-surface cyclodehydrogenation.® 2" 28

Given that samples annealed to 200°C are not fully polymer-
ized, we further annealed to 300°C. Indeed, significantly long-
er polymer strands were obtained, as shown in Figure 2k.
Notably, most of the polymer strands are longer than 200 nm,
which is significantly longer than what has been reported for
1D polymers fabricated via on-surface synthesis so far (on the
order of 100 nm).2%3! The surprisingly long polymers obtained
here may be attributed to several factors. Firstly, after dehalo-
genation of 3 the radical position is maximally exposed, i.e.
there is no steric hindrance to aryl coupling. Secondly, the
temperature difference between dehalogenation (<200°C) and
cyclodehydrogenation (which requires temperatures even

higher than the 300°C for the formation of the long polymer)
is large, and the two reaction steps are thus well separated.
This minimizes the release of hydrogen via premature cy-
clodehydrogenation during the polymerization step, and thus
minimizes radical passivation by the released hydrogen, which
would stop further polymerization.® Thirdly, the polymer 4,
with its twisted biphenyl-bridged benzo[K]tetraphene structure
(see Figure 2k,I) is expected to be structurally flexible (as is
reflected in Fig. 2k where polymer strands are seen to closely
follow the herringbone reconstruction of the Au(111) substrate
surface), which increases the probability of two oligomer ends
to meet and bind to each other in the polymerization step.

STM images such as the one shown in Fig. 2l allow identify-
ing the constituting enantiomeric units along the backbone of
polymer 4. In order to understand whether there is a correla-
tion in the sequence of enantiomeric units (which would re-
flect unequal probabilities for homo- vs. heterochiral cou-
pling), we analyzed several polymer strands containing a total
of more than 600 units (Supporting Figure S1). Comparison
with statistical simulations reveals an entirely random distribu-
tion of enantiomers along the polymer (for calculation details
see Supporting Information), and thus no enantiomeric cou-
pling selectivity.



Figure 3. a) Large scale STM image of polymer 5 after annealing
polymer 4 at 400°C on Au(111). b) Zoom-in STM image of poly-
mer 5. ¢) and f) Zoom-in STM images of two typical isomeric
dimer segments after aromatic cyclodehydrogenation, with the
corresponding molecular models overlaid as a guide to the eye. d)
and g) Constant-height frequency shift nc-AFM images of poly-
mer 5 acquired with a CO-functionalized tip. e) and h) The same
images as d) and g) with the molecular models overlaid as a guide
to the eye. Tunneling conditions (current setpoint/bias voltage):
(a) 100 pA/1.0 V; (b) 60 pA/-0.5 V; (c) 60 pA/-0.5 V; (f) 60 pA/-
05V.

In order to induce cyclodehydrogenation we further annealed
the sample to 400°C. Figure 3a shows a large scale STM im-
age of the resulting polymer 5 on Au(111). In contrast to the
situation at 200°C and 300°C (Figure 2) where the polymer
strands appeared in bundles with interstitial bromine atoms,
the polymer strands are now well separated from each other
and bromine atoms have desorbed from the surface.® The
close-up STM image in Figure 3b also reveals that most of the
twisted (rotated out-of-plane) phenyl rings are no longer ob-
served. Focusing on typical segments formed during dehalo-
genation (cf. Figure 2h-i), one can see that they now appear
entirely planar (Figure 3c and 3f), which is a first indication
that pentagonal sp2-carbon rings were formed, removing the
steric hindrance of the hydrogen atoms discussed above. To
unambiguously determine the structure of the created poly-
mers we employ nc-AFM with CO-functionalized tips.3+3°
From Figure 3d and 3g it can be clearly seen that the phenyl
groups are fused to the benzo[k]tetraphene core by incorporat-
ing pentagonal, forming fluoreno[1,9-kl]indeno[1,2,3-

de]tetraphene subunits (see overlaid structural models in Fig-
ure 3e and 3h). Notably, the entire ring system of the polymer
shows uniform frequency shifts in constant height nc-AFM
images, confirming that polymer 5 indeed consists of planar
fluoranthene units.
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Figure 4. Cyclodehydrogenation induced strain. a) Overview STM
image of (partially) cyclodehydrogenated polymer 5 (100 pA/0.2
V). b) to d) Frequency shift nc-AFM images of segment high-
lighted in (a) acquired in constant-height mode with a CO-
functionalized tip at different relative setpoints z (0 pm (b), -
80 pm (c) and -100 pm (d)). ) Molecular model of the segment
under investigation in (b,c,d). d) Fully relaxed structure of the
same segment.

Careful analysis of the STM images reveals that not all of the
phenyl rings in the long polymer strands have undergone
cyclodehydrogenation — around % of them have not reacted
and remain twisted out-of-plane (Figure 3b). We attribute this
incomplete transformation to the fact that the cyclodehydro-
genation requires a significant structural relaxation of the
molecular units, and consequently a relaxation of the entire
polymer chain, as illustrated in Supplementary Figure S4.
While such structural relaxation is not significant obstacle in a
(three-dimensional) solution environment, on a (two-
dimensional) solid substrate surface the confined space and the
occasional interconnections between polymer strands impose
constraints that may prevent sufficient relaxation and lead to
the build-up of significant strain. Figure 4 shows an overview
STM image and corresponding constant-height nc-AFM imag-
es of a strongly bent polymer segment (white box in Figure
4a). The sequence of frequency shift images acquired at de-
creasing tip-sample distance (Figure 4b to 4d) first allows the
identification of an upright oriented phenyl ring (bright feature
in Figure 4b, marked in blue in Figure 4¢), and for smaller tip-
sample distances then reveals the entire backbone of the pol-
ymer (Figure 4c,d). Once the CO-functionalized tip is too
close to the surface (Figure 4d) the rings of the planar back-
bone undergo a contrast inversion and their centers tend to
appear bright.*> Additionally, the CO molecule at the tip



shows a strong interaction with the upright oriented phenyl
ring, which leads to a distorted imaging of this part of the
polymer (see also the case of two consecutive upright oriented
phenyl rings in Supporting Figure S5).% %! From the three nc-
AFM images we thus learn that the selected polymer segment
comprises three pentagonal rings (marked in red in Figure 4e)
and one unreacted phenyl ring that is rotated out-of-plane
(marked in blue in Figure 4e). The orientation of the distorted
phenyl ring and its binding configuration to the neighboring
planar parts of the polymer are clearly far from what is re-
quired for successful cyclodehydrogenation (compare relaxed
model in Figure 4f).

CONCLUSION

In summary, we have shown by STM and nc-AFM that ther-
mally induced aromatic cyclodehydrogenation on a solid sub-
strate was successfully used to incorporate pentagonal carbon
rings into a linear polymer by introducing 1-
phenylnaphthalene subunits into the molecular building
blocks. The fact that the thus formed pentagons are not fully
coordinated by hexagons (e.g. as in a fullerene) preserves the
planarity of the whole structure. This is an important feature in
view of possible subsequent on-surface chemical additions or
modification, where planarity might be required to maintain
regularity of the ribbon structure. We consider that further
modifications of the molecular precursors encompassing
1-phenylnaphthalene subunits will allow the on-surface syn-
thesis of widely diverse products. Future investigations will
focus on integrating pentagons into atomically precise gra-
phene nanoribbons.!

Experimental Methods

Synthesis of 5,12-bis(4-bromophenyl)benzo[K]tetraphene (3).
A solution of 2',5'-Bis((Z)-4-bromostyryl)-1,1":4',1"-terphenyl
(500 mg, 0.87 mmol) and iodine (500 mg, 2 mmol) in toluene
(400 mL) and propylene oxide (100 mL) was irradiated in a
standard immersion well photoreactor with 360nm high pres-
sure mercury vapor lamps (8x360nm) for 8 h. The reaction
mixture was then washed with aqueous sodium thiosulfate,
water, brine and dried over anhydrous MgSO.. The solvent
was removed under vacuum and the residue was purified by
silica gel column chromatography using dichloromethane
(DCM) /hexane (1/5, v/v) as eluent to give the title compound
(300 mg) as a white solid in 60.5% yield. *H-NMR (THF-d,
500 MHz): 69.27 (s, 1H), 8.97 (d, 1H), 7.88 (s, 1H), 7.76 (d,
1H), 7.64-7.62 (m, 3H), 7.52-7.43 (m, 3H); 3C-NMR (THF-d,
125 MHz): 140.95, 138.77, 132.70, 132.46, 131.95, 131.72,
131.56, 130.24, 129.00, 127.90, 127.79, 127.46, 124.32,
123.31, 122.39. FD-MS (8 KV): m/z=588.9. HR-MS
(MALDI): m/z = 587.9890, calcd. for CssHxBr:: m/z =
587.9911.

STM and nc-AFM measurements.

Sample preparation, STM and nc-AFM measurements were
performed in an ultrahigh vacuum system using an Omicron
LT-STM. The Au(111) substrate was cleaned by standard
argon sputtering/annealing cycles before deposition of the
monomers. 5,12-bis(4-bromophenyl)-benzo[K]tetraphene was
deposited from a homemade evaporator at 320°C at a rate of
about 0.1 ML min onto the sample, which was held at room
temperature. STM and nc-AFM analysis were performed at
5 K. nc-AFM measurements were performed with a tungsten
tip attached to a tuning fork sensor (ScientaOmicron). The tip

was functionalized with a single CO molecule, picked up from
the previously dosed surface.*? The sensor was driven close to
its resonance frequency (~ 23570 Hz) with a constant ampli-
tude of approximately 70 pm. The shift in the resonance fre-
quency of the tuning fork (with the attached CO-
functionalized tip) was recorded in constant height mode
(Omicron Matrix electronics and HF2Li PLL by Ziirich In-
struments). The STM and nc-AFM images were analyzed
using WSxM.*?
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