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ABSTRACT: Ladder phenylenes (LPs) composed of alternating fused benzene and cyclobutadiene rings have been synthesized in
solution with a maximum length no longer than five units. Longer polymeric LPs have not been obtained so far because of their poor
stability and insolubility. Here, we report the synthesis of linear LP chains on the Au(111) surface via dehalogenative [2+2]
cycloaddition, in which the steric hindrance of the methyl groups in the 1,2,4,5-tetrabromo-3,6-dimethylbenzene precursor improves
the chemoselectivity as well as the orientation orderliness. By combining scanning tunneling microscopy and noncontact atomic
force microscopy, we determined the atomic structure and the electronic properties of the LP chains on the metallic substrate and
NaCl/Au(111). The tunneling spectroscopy measurements revealed the charged state of chains on the NaCl layer, and this finding is
supported by density functional theory calculations, which predict an indirect bandgap and antiferromagnetism in the polymeric LP
chains.

Conjugated ladder polymers have attracted intense
attention because of their intriguing properties, which

are distinct from those of conventional conjugated poly-
mers.1−7 As a result of their fully conjugated and rigid polymer
backbones, conjugated ladder polymers possess some intrigu-
ing properties,2−12 including high charge carrier mobilities,8,9

long exciton diffusion lengths,10 and low energy gaps.2,11,12

Ladder phenylenes (LPs) represent a unique family of
conjugated ladder polymers, comprising one-dimensional
ladder chains of linearly alternating fused benzene and
cyclobutadiene rings.13,14 Because of the unusual combination
of aromatic and antiaromatic moieties, LPs are expected to
possess unique optical and electronic properties and are
considered promising materials for applications in optoelec-
tronic devices.15−21 Ever since the pioneering synthesis of
biphenylene by Hosaeus,22 many efforts have been made to
synthesize LP chains.13,14,23−25 To date, the longest prepared
LPs have contained five benzene units,17,25 and the synthesis of
longer, polymeric LPs remains a great challenge. Moreover,
experimental investigation of the properties of existing LPs has
been limited to collecting the average signals of ensembles of
LP molecules.23,26−29 Thus, the synthesis and characterization
of individual LPs have not been achieved, which severely
hampered the exploration of the properties of these unusual
conjugated ladder polymers.
On-surface synthesis provides a versatile and convenient

route for the atomically precise fabrication of insoluble
benzenoid macromolecules,30,31 ranging from single mole-
cules,32−37 one-dimensional polymers,38−42 and graphene
nanoribbons43−48 to two-dimensional covalent networks49−53

because of the solvent-free and ultra-high-vacuum conditions.
Another advantage is that the submolecular structures and
electronic properties of the product can be readily achieved by
using scanning probe techniques.54 The most straightforward

way to synthesize LPs on surfaces is through the
dehalogenative [2+2] cycloaddition of ortho-dihalogenated
arenes. In the pioneering work of Fasel and Meunier et al., the
cycloaddition reactions of ortho-dihalotetracenes on an
Ag(111) substrate gave multiple products, including tetracene
dimers, trimers, and tetramers.55 Recently, Lin and Kim
independently elucidated the mechanism of the metal-
mediated dehalogenative [2+2] cycloaddition and concurrent
[2+2+2] cycloaddition with 2,3,6,7,10,11-hexabromotripheny-
lene as the precursor.56,57 Overall, improving the selectivity of
dehalogenative [2+2] cycloaddition is crucial to realizing the
on-surface synthesis and characterization of LPs (Figure 1a).
For surface-confined reactions, steric hindrance plays an

important role in modulating the reaction pathways and even
determining the final products.58−62 By exploiting steric
hindrance, herein we report the synthesis of LPs on a
Au(111) surface via highly selective [2+2] cycloaddition;
specifically, the noncovalent interactions of the methyl groups
of the 1,2,4,5-tetrabromo-3,6-dimethylbenzene (TBDMB)
precursor improve the chemoselectivity and the orientational
order of the product (Figure 1b), whose atomic structure and
electronic states of the LPs are determined by scanning
tunneling microscopy/spectroscopy (STM/STS) and non-
contact atomic force microscopy (nc-AFM).
LPs with methyl-modified edges were fabricated by the

surface-assisted debrominative [2+2] cycloaddition of

Received: May 31, 2021
Published: August 16, 2021

Communicationpubs.acs.org/JACS

© 2021 American Chemical Society
12955

https://doi.org/10.1021/jacs.1c05586
J. Am. Chem. Soc. 2021, 143, 12955−12960

D
ow

nl
oa

de
d 

vi
a 

E
A

ST
 C

H
IN

A
 U

N
IV

 S
C

IE
N

C
E

 &
 T

E
C

H
L

G
Y

 o
n 

A
ug

us
t 2

7,
 2

02
1 

at
 1

1:
47

:5
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deng-Yuan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xia+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shi-Wen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yin-Ti+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Cheng+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen-Hui+Shu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Yu+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengxi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengxi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing-Qiang+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohui+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pei-Nian+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c05586&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05586?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05586?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05586?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05586?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/jacsat/143/33?ref=pdf
https://pubs.acs.org/toc/jacsat/143/33?ref=pdf
https://pubs.acs.org/toc/jacsat/143/33?ref=pdf
https://pubs.acs.org/toc/jacsat/143/33?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.1c05586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


TBDMB, as shown in Figure 1b. The TBDMB molecules were
sublimed onto the Au(111) surface held at 250 K under ultra-
high-vacuum conditions. The sample was then cooled to 120 K
for further characterization. The STM image (Figure S1 in the
Supporting Information) shows a close-packed monolayer
structure in which most of the molecules are intact, having a
hexagonal structure owing to the repulsion of the bromine
substituents (indicated by the white-dotted circle in Figure
S1b). The corners in the hexagonal structure could be assigned
to four C−Br moieties and two methyl groups of TBDMB
(Figure S1b). After annealing at 433 K, most of the TBDMB
molecules were desorbed from the Au(111) surface and only a
few short chains were absorbed along the edges of the terrace
on the Au(111) surface; these could be assigned to linear Me-
substituted ladder phenylenes derived from the [2+2]
cycloaddition of TBDMB (Figure S1c).
Next, we attempted to dose TBDMB on the Au(111)

surface held at 433 K in the hope of obtaining more and longer
Me-substituted LPs. The large-scale STM images (Figure 2a)
show many linear chain structures distributed on the Au(111)
surface, most of which are individual and tend to align with
[112] or the equivalent orientations of the Au(111) substrate.
The length distribution of the chains follows a log-normal
distribution peaking at approximately 5 nm, with some chains
extending to approximately 20 nm (more than 50 units)
(Figure 2b, inset). The statistical analysis by counting the
number of non-cyclobutadiene versus cyclobutadiene reveals
that the chemoselectivity of [2+2] cycloaddition is greater than
95%. The high-resolution STM image (Figure 2b) reveals that
the individual chain is surrounded by close-packed spherical
structures (indicated by white-dotted circles in Figure 2b),
which are most likely bromine atoms derived from the
debromination of TBDMB molecules. The STM image of a
single chain obtained at the indicated tunneling bias shows
periodic features with a pitch of 0.38 ± 0.02 nm between
adjacent protrusions (Figure 2c). This observation is
consistent with our simulated STM image of an LP chain
(Figure 2e), which shows a similar periodicity of 0.38 nm,
corresponding to the Me-substituted phenylene and cyclo-
butadiene units. A careful comparison of the experimental and
calculated results suggests that the bright protrusions from the
backbone of the chain can be assigned to cyclobutadiene
groups (indicated by the red dotted circle in Figure 2c), and
the dark protrusions at the edge of the chain can be assigned to
the methyl groups (indicated by the blue-dotted circles in
Figure 2c).

To identify the chemical structure of the as-synthesized
chains, nc-AFM measurements were performed. The high-
resolution nc-AFM image (Figure 2d) reveals that hexagons
and tetragons are alternately arranged along the axis of the
chain, whereas two protruding arrays are attached to the
opposite edge of the chain. Considering the steric config-
uration, the arrayed protrusions can be assigned to the methyl
groups (indicated by the blue-dotted circles in Figure 2d),
which is supported by the consistency between the
experimental nc-AFM image and the corresponding density
functional theory (DFT) simulation (Figure 2f). Moreover, the
high-resolution STM (Figure S2a) and nc-AFM images of the
chain end (Figure S2b) show a similar contrast to that of the
conjugated backbone structure, which can be attributed to the
passivation of the ends by hydrogen atoms.63

After further annealing to 473 K, most of the chains
remained intact (Figure S3b), whereas annealing to 513 K led
to the formation of kinks at the chain ends (Figure S3c). These
joints are most likely nonplanar structures composed of carbon
pentagons and hexagons (Figure S4), which can be attributed
to the C−H activation of the methyl groups induced by the
high temperature.
To demonstrate the effect of the steric hindrance of the

substituents in improving the selectivity of the [2+2]
cycloaddition reaction, we performed a control experiment
using 1,2,4,5-tetrabromobenzene (TBB), which does not
contain methyl groups, as a precursor (Figure S5). The
large-scale STM images obtained after dosing Au(111) with
TBB by holding the sample at the evaluated temperatures show

Figure 1. Strategy for the synthesis of LPs. (a) Challenges in
conventional [2+2] cycloaddition. (b) Steric hindrance-directed
[2+2] cycloaddition.

Figure 2. Synthesis and structural characterization of LPs on the
Au(111) surface. (a) Overview STM image of LPs after dosing
TBDMB on Au(111) held at 433 K. (b) Zoomed-in STM image of
LPs surrounded by bromine atoms. The inset is a length distribution
of the LPs on the Au(111) surface. (c) STM image of a segment of a
single LP chain at the indicated tunneling parameters and (e) the
corresponding simulation. (d) nc-AFM image of a segment of a single
LP chain and (f) the corresponding simulation. White, blue, and red
dotted circles in (b) and (d) indicate bromine atoms and methyl and
cyclobutadiene groups of LPs, respectively. Scale bars: (a) 10 nm, (b)
2 nm, (c, d) 0.5 nm. Tunneling parameters: (a) U = −1.63 V, I = 0.55
nA; (b) U = −1.20 V, I = 0.33 nA; (c) U = 1.50 V, I = 0.47 nA; (d)
Δz = 30 pm at set point: U = −0.5 V, I = 0.2 nA.
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that no observed coupling products were produced at 433 K,
and only a few short chains with terminals having branched
chains (indicated by the black-dotted frame in Figure S5c and
d) were absorbed along the edge of the terrace on the Au(111)
surfaces treated at 473 and 513 K (Figure S5c and d,
respectively). These results demonstrate that the methyl
groups not only control the selectivity of the [2+2]
cycloaddition via methyl-derived steric hindrance but also
increase the reactivity of the debrominative [2+2] cyclo-
addition of TBDB, possibly because of the electron-donating
effect of the methyl groups.
Differential conductance spectroscopy (dI/dV) was per-

formed to characterize the electronic structure of the Me-
modified LPs. The electronic states of the substrate are
dominant in the dI/dV spectra of the LP chain adsorbed on
Au(111) (Figure S6), thus preventing the identification of the
electronic states of individual chains. Therefore, we dragged an
LP oligomer onto the NaCl island via tip manipulation64−66 to
electrically decouple it from the metallic substrate (Figure S7).
The nc-AFM measurement (Figure S8) verifies that the
oligomers are intact after the manipulation. A comparison
between the experimental and the simulated STM images of
the end (Figure S9) suggests that the termini of LPs are
passivated by hydrogen atoms.63

Figure 3a shows the dI/dV spectra obtained on an LP
oligomer with nine benzene rings on NaCl(2 ML)/Au(111).
Four resonance states are identified at −0.85 V (O2), −0.65 V
(O1), +0.5 V (U1), and +1.05 V (U2) on the backbone region,
while the O1 and U1 states are not observed on the edge. The
dI/dV spectra acquired along/perpendicular to the chain are
shown in Figure S10. To avoid the topographic effect of the
bulky methyl groups at the chain edge on dI/dV maps, we
performed the dI/dV mapping in the constant-height mode,
which facilitates a rational comparison to the calculated local
density of states (LDOS). We find that the dI/dV maps
(Figure 3b) at O1 and U1 both resemble the LDOS of the
highest occupied molecular orbital (HOMO) (Figure S11).
The observations are in agreement with the earlier works on

molecules adsorbed on electronically decoupling layers,67−69

where charge transfer results in charged molecules, thus singly
occupied (SOMO) or the associated unoccupied (SUMO)
molecular orbitals are responsible for the resonance peaks
observed in the vicinity of the Fermi level.
We suggest that the LPs oligomer on NaCl is positively

charged,70,71 and calculated its spin-resolved density of states,
as shown in Figure 3c. The HOMO of the neutral LPs (Figure
S11) splits into a singly occupied and a singly unoccupied state
that locate below and above the Fermi energy, respectively.
Thus, the two states (O1 and U1) could be assigned as the
SOMO and SUMO, and both have the shape of the HOMO.
The O2 and U2 states as shown in Figure 3a can also be
assigned to HOMO−1 and the lowest unoccupied molecular
orbital (LUMO) states, as their experimental dI/dV maps
agree well with the calculated results (Figure 3b).
The energy gap between the SOMO and SUMO is

measured to be 1.15 eV, much larger than the calculated gap
of 0.48 eV (Figure 3c). The underestimation of the energy gap
could be understood by the incorrect asymptotic behavior of
the Heyd−Scuseria−Ernzerhof (HSE) potential. Further
considering the electron affinity (EA) and ionization potential
(IP) in our calculation,68 the corrected SOMO−SUMO gap of
a positively charged oligomer is 1.11 eV. The measured gap
decreases with the increasing length of oligomers on NaCl
(Figure S12), suggesting a reduced Coulomb repulsion energy
for longer oligomers resulting from the quantum confinement
in the axial direction.67

The electronic and magnetic properties of LP chains with
infinite length are examined theoretically (Figures S13−S17,
Table S1). The band structure and total density of states of
Me-modified LPs from DFT calculations reveal an indirect
bandgap of 1.25 eV (HSE06 result, SI). The Me-modified LPs
and LPs without the methyl groups both show an
antiferromagnetic ground state, and their nonmagnetism−
antiferromagnetism energy difference is comparable to that of
the narrowest zigzag graphene nanoribbon. For an LP oligomer
adsorbed on the substrate, its magnetization is affected by

Figure 3. Electronic properties of an LP oligomer on NaCl/Au(111) and the calculated results. (a) dI/dV spectra recorded on different locations
(marked in the inset STM image) of the oligomer. The black and gray curves were taken on a bare Au(111) surface and NaCl/Au(111),
demonstrating the Shockley surface state of Au(111) at around −0.4 V and the interface state of NaCl/Au(111) at −0.2 V, respectively. Inset: STM
topographic image of the oligomer on NaCl/Au(111) (U = −1.0 V, I = 10 pA). Scale bar: 1 nm. (b) Left column: constant-height dI/dV maps
conducted at energies of the U2, U1, O1, and O2 states indicated in (a). Right column: calculated LDOS of LUMO, SUMO, SOMO, and
HOMO−1 of the oligomer. (c) Spin-resolved density of states for the singly positively charged oligomer. The Fermi level is set to zero.
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multiple aspects, such as adsorption configurations, charge
transfer, and substrate screening effects (Figure S18, Table S2).
We carried out dI/dV spectra on the LP oligomers adsorbed
on Au(111) and NaCl/Au(111), and no obvious spin
excitation or Kondo effect signal has been seen (Figure S19).
In summary, we have demonstrated the atomically precise

synthesis of LP chains with more than 50 units on the Au(111)
surface via dehalogenative [2+2] cycloaddition. The sterically
hindered precursor ensures chemoselectivity and orientational
order in the product. The structure and electronic properties of
the LPs have been determined using a combination of STM
and nc-AFM. STS measurements revealed that the LPs on
NaCl are charged, whose SOMO and SUMO are identified by
dI/dV maps and corroborated by the DFT calculations.
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Müllen, K.; Fasel, R. Atomically precise bottom-up fabrication of
graphene nanoribbons. Nature 2010, 466, 470−473.
(45) Ruffieux, P.; Wang, S.; Yang, B.; Sánchez-Sánchez, C.; Liu, J.;
Dienel, T.; Talirz, L.; Shinde, P.; Pignedoli, C. A.; Passerone, D.;
Dumslaff, T.; Feng, X.; Müllen, K.; Fasel, R. On-surface synthesis of
graphene nanoribbons with zigzag edge topology. Nature 2016, 531,
489−492.
(46) Gröning, O.; Wang, S.; Yao, X.; Pignedoli, C. A.; Borin Barin,
G.; Daniels, C.; Cupo, A.; Meunier, V.; Feng, X.; Narita, A.; Müllen,
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