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ABSTRACT: On-surface synthesis is a successful approach to 
the creation of carbon-based nanostructures that cannot be ob-
tained via standard solution chemistry. In this framework, we 
have established a novel synthetic pathway to one-dimensional 
conjugated polymers composed of indenofluorene units. Our 
concept is based on the use of ortho-methyl groups on a 
poly(para-phenylene) backbone. In this situation, surface-assisted 
oxidative ring closure between a methyl and the neighboring aryl 
moiety gives rise to a five-membered ring. The atomically precise 
structures and electronic properties of the obtained indenofluorene 
polymers have been unambiguously characterized by STM, nc-
AFM, and STS, supported by theoretical calculations. This un-
precedented synthetic protocol can potentially be extended to 
other polyphenylenes and eventually graphene nanoribbons, to 
incorporate five-membered rings at desired positions for the fine 
tuning of electronic properties. 

On-surface synthesis is a powerful strategy to grow one- and 
two-dimensional (1D and 2D) architectures that possess a broad 
variety in shape and composition.1–5 One of its main advantages is 
the possibility of realizing nanostructures that cannot be obtained 
via conventional solution chemistry. In view of device applica-
tions, much attention is currently given to graphene-like 
nanostructures as cut-outs of pristine graphene to obtain non-zero 
bandgap materials due to electron confinement.6–8 The bandgap 
and energy levels of these nanomaterials can be further tuned, 
e.g., by incorporation of pores,9–11 introduction of adsorbates,12,13 
and “doping” with heteroatoms.14–17 

The synthesis of graphene nanostructures, or extended polycy-
clic aromatic hydrocarbons (PAHs), containing non-hexagonal 
rings represents an additional approach to drastically modulate the 
electronic properties. For example, Wu et al. and Chi et al. have 
recently demonstrated that the extension of the armchair edges 

(bay positions) of oligorylenes and bisanthene, respectively, with 
five-membered rings can induce open-shell biradical charac-
ter.18,19 Among different PAHs with five-membered rings thus far 
explored, indenofluorenes, consisting of a fully conjugated array 
of fused 6-5-6-5-6-membered rings with 20 π-electrons, have been 
receiving increasing attention due to their formal anti-aromaticity, 
open-shell biradical character, and narrow band gaps.20–23 A num-
ber of possible applications have been discussed in fields such as 
nonlinear optics, molecular spintronics and organic photovoltaic 
devices.24–26 However, the inherent reactivity of indenofluorenes 
prohibited their practical application and also did not allow their 
preparation without bulky protecting groups at reactive posi-
tions.27–31 

To this end, on-surface synthesis has proven to be a very pow-
erful method to create highly reactive structures, as represented by 
zigzag GNRs8 as well as higher anthenes32 and acenes.33 Never-
theless, there are only very few reports discussing the on-surface 
formation of five-membered rings, which have always been em-
bedded in fluoranthene subunits.8,34,35 Here, we use an ortho-
methyl group installed on a biphenyl unit, such that a new five-
membered ring is formed by attack of the methyl group on the 
neighboring aromatic ring. This concept is based on our recent 
results shaping a zigzag edge through the cyclization of a methyl 
group against a neighboring aromatic unit8 as well as our previous 
synthetic design towards methylene bridged poly(para-phenylene) 
ladder polymers.36 Specifically, we use 4,4''-dibromo-2,2''-
dimethyl-1,1':4',1''-terphenyl (1) as precursor (see Supporting 
Information for the monomer synthesis and characterizations) to 
grow ortho-methyl substituted poly(para-phenylene) 2 on an 
atomically flat Au(111) surface under ultrahigh vacuum (UHV) 
conditions (Scheme 1). Further thermal treatment results in poly-
mers consisting mainly of indeno[1,2-b]fluorene units 3 as basic 
constituents, linked together by a single C-C bond in a fully con-
jugated fashion. All the synthesis steps are evidenced by scanning 
tunneling microscopy (STM) and X-ray photoelectron 
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Scheme 1. On-surface synthesis of indenofluorene-based polymers.

spectroscopy (XPS) investigations, which are complemented by 
density-functional theory (DFT) calculations. The chemical struc-
ture of the final product is unambiguously identified by non-
contact atomic force microscopy (nc-AFM) imaging, and its 
electronic properties studied by scanning tunneling spectroscopy 
(STS). 

To study the on-surface synthesis of indenofluorene-based pol-
ymers and the creation of five-membered rings depicted in 
Scheme 1, we deposit a submonolayer coverage of the precursor 1 
onto a clean Au(111) substrate kept at room temperature (RT). 
Figure 1a,b shows STM images of the resulting surface. Com-
pound 1 is observed by high magnification imaging, revealing 
that the monomers are still intact at RT, which is also confirmed 
by XPS data (see Figure S1 in the Supporting Information). The 
geometry adopted by the precursors is stabilized by their self-
assembly, where the molecules of 1 pack in pairs with a back-to-
back configuration driven by halogen-hydrogen interactions, 
forming ordered islands on the Au(111) surface. Figure 1c shows 
the equilibrium geometry of a molecular pair, as determined by 
DFT (see Figure S2 for the comparison between different geome-
tries). 

 

 
Figure 1. STM images of monomer 1 after RT deposition on 
Au(111) (a, b), and after annealing at 200 ºC (d, e) and 350 ºC (g, 
h). (c, f, i) DFT-optimized geometries of the observed structures 
at each reaction step. Yellow, gray, white and brown spheres 
represent Au, C, H and Br atoms, respectively. The semitranspar-

ent white areas identify the monomers (b). The blue dashed lines 
identify the base unit of the chains (e, f, i). The red pentagons 
highlight the five-membered rings formed after annealing at 
350ºC (i). Scanning parameters: (a) Vb = ‒0.7 V, It  = 0.07 nA; (b) 
Vb = ‒0.1 V, It  = 0.08 nA; (d) Vb = 0.1 V, It  = 0.11 nA; (e) Vb = ‒
0.7 V, It  = 0.07 nA; (g) Vb = ‒0.5 V, It  = 0.07 nA; (h) Vb = ‒1.5 
V, It  = 0.05 nA. 

 
Annealing the surface at 200 ºC induces structural modifica-

tions of the islands. Figure 1d,e reveals that 1D polymers are 
formed, with rounded protrusions visible between the chains. XPS 
data indicate that bromine atoms are detached from the precursors 
after this annealing step and bound to the gold substrate (Figure 
S1). Therefore, we assign these protrusions to bromine atoms. 
The resulting biradical intermediates undergo aryl-aryl coupling 
forming ortho-methyl substituted poly(para-phenylene) (PPP) 2, 
as confirmed by STM imaging. At this stage, methyl groups are 
still intact. The DFT equilibrium geometry for PPP 2 is reported 
in Figure 1f, where each unit is flipped 180º with respect to the 
next one, resulting in the alternation of pairs of methyl groups at 
opposite sides of each chain. 

Further annealing of the surface at 350 ºC induces the desorp-
tion of bromine from the Au(111) surface, as evidenced by the 
XPS results in Figure S1, as well as a modification of the mor-
phology of the polymer chains, which are not packed in islands 
anymore, but randomly meandering over the substrate (Figure 
1g,h). We note that these polymers are composed of straight 
chains and curved segments with two main angles of about 25º 
and 60º with respect to the straight chains (see Figure S3 in the 
Supporting Information). To unveil the chemical structure of 
these polymers, we apply nc-AFM imaging using a CO-
functionalized tip. Figure 2 displays nc-AFM images acquired at 
different chain positions. These images confirm that oxidative 
cyclization of the methyl groups took place, producing a sequence 
of fused 6-5-6-5-6 rings within each unit, and demonstrate the 
successful use of the methyl groups to create five-membered rings 
with CH-units at their apices, as confirmed by the comparison of 
the experimental nc-AFM image with the simulated ones corre-
sponding to different possible structures (Figure S4). The straight 
segments of the polymers are composed of indeno[1,2-b]fluorene 
unit 3, which is observed as main product of the reaction. The 
formation of this final structure implies the rotation of a ortho-
methyl substituted benzene ring of PPP 2 before the cyclization 
under involvement of the methyl group (see Movie S1 in the 
Supporting Information). The energy barrier of such rotation, 0.7 
eV as computed by means of nudged elastic band method37 within 
a semiempirical approach (see the Supporting Information for 
details),38 is accessible at the temperature used for the annealing. 
We note that the products observed after careful stepwise anneal-
ing are always fully unsaturated – we could never detect any 
methylene (CH2) at the apex of the five-membered rings. The 
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energy barrier to detachment of the second hydrogen from the 
methyl group is thus apparently lower (or of similar height) than 
that of the C–C bond formation, which presumably proceeds via a 
radical process involving a spin on the methylene group, but we 
could not obtain any experimental information regarding the 
details of the ring closure mechanism. 

The ~25º curvatures are due to the different orientation of two 
successive indeno[1,2-b]fluorene units 3, which are flipped by 
180º with respect to each other, in contrast to their uniform orien-
tation in the straight chains (Figure S3). Interestingly, a different 
chemical structure is observed for the segments with curvature of 
~60º (Figure 2e-h): nc-AFM imaging reveals an indeno[2,1-
a]fluorene unit 4 connected to indeno[1,2-b]fluorenes 3 where the 
linearity of the chain is restored. The units 4 at the apex of the 
arches are not planar, due to significant interaction of the five-
membered rings with the underlying substrate (see Figure S5). 
However, nc-AFM imaging at different tip-molecule distances 
allows to resolve all the salient features of this unit, confirming 
our assignment (Figure S6). 

Polymers containing indeno[2,1-a]fluorene units 4 would be 
the expected product from the oxidative cyclization of 2 in the 
conformation predominantly observed on the surface, but in-
deno[1,2-b]fluorene units 3 are mainly formed in the resulting 
polymers, which requires the rotation of ortho-methylphenylene 
sub-units as discussed above. This can be rationalized by consid-
ering that a bend of the entire chain is needed to form units 4 with 
the two five-membered rings at the same side of the polymer axis 
(see Figure S7). Within a classical transition state theory picture, 
such a bend would be reflected in a transition event with a con-
siderably lower attempt frequency than the rotation of a molecular 
sub-unit. Despite activation energies expected to be comparable 
for cyclization of the methyl groups at same or opposite sides of 
the chain, the unlikely occurrence of the bend leads to the prefer-
ential formation of indeno[1,2-b]fluorene units 3 in the final 
polymers. The DFT equilibrium geometry of a polymer consisting 
solely of 3 is illustrated in Figure 1i. 

 

 
Figure 2. Identification of the chemical structure of different 
chain sections of the polymers obtained after annealing at 350 ºC. 
(a, e) STM images showing a straight and a bent segment of the 
polymer, respectively. Scanning parameters: (a) Vb = ‒1.5 V, It  = 
0.05 nA; (e) Vb = ‒1.4 V, It  = 0.04 nA. (b, f) Constant-height 
frequency-shift nc-AFM images acquired with a CO-
functionalized tip at the indicated seqment of the polymers (b: z 
offset is +160 pm with respect to STM setpoint: 50 mV, 10 pA; f: 
z offset is −41 pm with respect to STM setpoint: −5 mV, 2 pA). 
(c, g) Simulated nc-AFM images for the chemical structures 

indicated on the right side (d, h) (see Supporting Information for 
details on the calculations). These images demonstrate that in-
deno[1,2-b]fluorene (a-d) and indeno[2,1-a]fluorene (e-h) units 
are obtained in the straight segments and at the ~60º bends of the 
chains, respectively. 

The electronic properties of the final indeno[1,2-b]fluorene 
polymer 3 are investigated by STS measurements (Figure 3). The 
constant-height differential conductance spectrum acquired at a 
straight polymer segment reveals peaks in the density of states at 
–1.2 V and +1.1 V (Figure 3b), which we assign to the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO), respectively. Constant-height maps of 
the dI/dV signal at these voltages are reported in Figure 3a,c and 
show characteristic features which are well reproduced by the 
DFT-calculated dI/dV maps for the polymer consisting of unit 3, 
further confirming our assignment. The HOMO-LUMO gap of 
the polymers containing indeno[1,2-b]fluorene units is therefore 
2.3 eV on Au(111). This is in good agreement with the value of 
2.0 eV obtained by applying image charge corrections39 to the 
eigenvalue self-consistent GW gap calculated in gas phase.40,41 
Importantly, it has been reported that this specific indenofluorene 
isomer 3 possesses limited biradical character compared to other 
isomers.25,26 This is confirmed by our calculations, which predict 
a closed-shell character. 

 

 
Figure 3. Constant-height differential conductance (dI/dV) meas-
urements of straight polymer segments consisting of indeno[1,2-
b]fluorene units. (a, c) Experimental and DFT-calculated dI/dV 
maps of the molecular orbitals at –1.2 V (HOMO) and +1.1 V 
(LUMO). (b) dI/dV spectrum acquired on the polymer (blue), 
revealing a HOMO-LUMO gap of 2.3 eV, and reference spectrum 
taken on the bare Au(111) surface (black). 

In conclusion, we have established a novel synthetic protocol 
using methyl groups to form five-membered rings at specific 
positions of a fully conjugated polymer. The presented indenoflu-
orene polymer contains a majority of indeno[1,2-b]fluorene units 
and is characterized by a HOMO-LUMO gap of 2.3 eV and a 
closed-shell electron configuration on Au(111). We intend to use 
our new synthetic strategy to grow various conjugated polymers 
containing five-membered rings, especially with higher predicted 
biradical character, including our elusive target, methine bridged 
poly(para-phenylene) ladder polymers.27 The production of such 
polymers will provide a unique playground for the on-surface 
study of the electronic properties of bi- or poly-radical materials, 
contributing to increase the knowledge in this field with great 
potential for applications. 
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