
REVIEW

Diels–Alder polymerization: a versatile synthetic
method toward functional polyphenylenes, ladder
polymers and graphene nanoribbons

Ian Cheng-Yi Hou1, Yunbin Hu1, Akimitsu Narita1 and Klaus Müllen1,2

The Diels–Alder reaction has been widely used in synthetic organic chemistry since its discovery in 1928. The catalyst-free

nature, functional group tolerance and high efficiency of the Diels–Alder reaction also make it promising for the fabrication of

functional polymeric materials. In particular, a large variety of functional polyphenylenes (polymer structures mainly consisting of

phenylenes) and ladder polymers (double-stranded polymers with periodic linkages connecting the strands) have been obtained

by this method, offering potential applications such as polymer electrolyte membranes and gas separation. More recently, tailor-

made polyphenylenes prepared by Diels–Alder polymerization have been used as precursors of structurally well-defined graphene

nanoribbons (ribbon-shaped nanometer-wide graphene segments) with different widths, exhibiting long lengths (4600 nm) and

tunable electronic bandgaps. This article provides a comprehensive review of the use of Diels–Alder polymerization to build

functional polyphenylenes, ladder polymers and graphene nanoribbons.
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INTRODUCTION

The Diels–Alder (D–A) reaction, named after Otto Diels and Kurt
Alder,1 is clearly one of the most important and commonly used
organic processes in synthetic organic chemistry.2 This concerted [4
+2] cycloaddition leads to six-membered-ring products with con-
trollable stereochemistry. The D–A reaction is, in principle, metal/
catalyst free, and it further features thermal reversibility, rapid kinetics,
high versatility and wide functional group tolerance.3,4 These char-
acteristics make the D–A reaction a suitable choice for constructing a
wide range of polymeric materials, including discrete and soft
supramolecular networks, semirigid polyphenylenes (PPs), rigid ladder
polymers and biocompatible and stimulus-responsive ‘smart’ materi-
als, such as self-repairing and shape-memory gels.4–7

PPs are a class of polymers mainly consisting of phenylene units, as
represented by poly(para-phenylene) (PPP 1; Scheme 1), which are
often substituted with solubilizing groups such as bulky alkyl chains
and/or additional aryl groups. In the 1960s, Kovacic and Kyriakis8

investigated the Lewis acid-mediated oxidative aryl–aryl coupling of
benzenes to form linear oligo(para-phenylene)s and PPP 1, albeit with
structural defects, limited solubility and a low degree of polymeriza-
tion (DP). Since then, there have been breakthroughs in the synthesis
of various PPs via, for example, metal-catalyzed aryl–aryl couplings
and the cyclotrimerization of alkynes, the thermal ring opening of
biphenylenes and D–A reactions (vide infra).9–11 The topologies of PPs
range from the above-mentioned one-dimensional polymers such as
PPP 1 as molecular ‘wires’ to two-dimensional porous PPs12 and

three-dimensional PP dendrimers.11 These PP materials are used in
various applications including organic electronics, sensors, bioimaging
and drug delivery.9–11,13–15 From an electronic perspective, the
benzene rings in PPP 1 are twisted away from each other due to the
steric repulsion between the protons, which compromises the con-
jugation along the polymer chain. In 1991, Scherf and Müllen et al.16

succeeded in ‘locking’ the conformation of PPP 1 by covalently
bridging neighboring phenylene rings, leading to the ladder-type poly
(para-phenylene) 2.
Ladder polymers can be defined as double-stranded polymers with

periodic linkages connecting the two strands, which resemble the rails
and rungs of a ladder,17 for example, ladder-type poly(para-pheny-
lene) 2 and the angular polyacene ladder polymer 3 (Scheme 1).
Ladder polymers can be conventionally constructed through (1) one-
pot polymerization, by which the two strands of ladder polymers are
built up simultaneously, for instance, by repetitive D–A reactions and
(2) a two-step sequence of polymerization and postannulation.18 In
particular, fully conjugated ladder polymers, including ladder-type
PPPs 2 and 3, are demonstrated to be promising semiconductor
materials with outstanding stability, large coherent π-conjugation
length,19 fast intrachain charge carrier mobility20 and long exciton
diffusion length.21 The remarkable electronic properties of such ladder
polymers make them suitable for applications in the field of organic
(opto)electronics such as organic light-emitting diodes, organic field-
effect transistors (FETs) and solid-state lasers.18,22–25
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On the other hand, such fully conjugated ladder polymers can be
regarded as the narrowest examples of graphene nanoribbons (GNRs),
quasi-one-dimensional graphene segments with widths o100 nm and
aspect ratios 410.26–28 Graphene is a two-dimensional allotrope of
carbon exhibiting excellent electronic properties such as extremely
high charge carrier mobility.29 Graphene is thus considered one of the
most promising materials for future nanoelectronics. However, the
lack of an electronic bandgap hinders the application of graphene as a
semiconductor material, for example, in FETs. In contrast to the
gapless graphene, GNRs, such as armchair GNR 4 (Scheme 1), have
tunable bandgaps that depend mainly on their width and edge

structures and are emerging as next-generation semiconductor
materials.30,31 Together with their high intrinsic charge carrier
mobility, GNRs are thus attracting attention for applications in
photovoltaic cells, optical sensors and logic gates.32–36 In recent years,
tremendous progress has been made in the fabrication of GNRs
through both top-down and bottom-up approaches. The top-down
approach is usually realized by lithographic slicing of the graphene
sheets and the unzipping of carbon nanotubes.37–41 However, this
method provides GNRs with low yield and without structural control.
In contrast, the bottom-up protocol, which is implemented via the
solution-mediated or surface-assisted planarization of tailor-made PP
precursors by intramolecular cyclodehydrogenation, offers structurally
well-defined GNRs.26,27

In this review, we shall describe the role of D–A polymerization in
the synthesis of functional PPs (in the next section), ladder-type
polymers (in the penultimate section) and GNRs (in the last section),
including the latest updates in the fields. The readers are advised to
consult previous reviews in the literature for more comprehensive
information about PPs,9–15 ladder-type polymers18,22–25 and
GNRs,26–28,30,31,34 especially their preparation through other polymer-
ization methods. Here, we highlight the key role of D–A polymeriza-
tion in the synthesis of these three classes of polymer materials, which
are closely related to each other but have seldom been discussed as
a group.

FUNCTIONAL PPS VIA D–A POLYMERIZATION

The A2B2-type D–A polymerization
The D–A reaction is an obvious protocol for a polymerization reaction
to synthesize aromatic polymers, as it generates a six-membered ring
product, which can then be aromatized. However, with its reversible
nature, namely, the possible retro-D–A reaction of the intermediate
products, it is possible to reach only D–A polymers with a relatively
low degree of polymerization (DP), because of the thermodynamic
limitations of the reactions. Polymers based on the D–A reactions of
furan and maleimide generally possess DPs lower than 20.42 Never-
theless, it is possible to overcome this obstacle and achieve higher DPs
by (1) enhancing the enthalpic driving force for the D–A cycloaddi-
tion, typically by simultaneous aromatization, for example, the D–A
reaction of o-quinodimethane and N-phenylmaleimide43 (Scheme 2a),
and/or (2) preprogramming an irreversible consecutive reaction such
as the removal of a volatile small molecule or aromatization of the
D–A adduct.44 A representative example is the reaction of 2,3,4,5-
tetraphenyl-cyclopentadienone as a diene and diphenylacetylene as a
dienophile, leading to the formation of an aromatic benzene ring after
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Scheme 1 Structures of poly(para-phenylene) 1, ladder-type poly(para-
phenylene) 2, angular polyacene ladder polymer 3 and armchair graphene
nanoribbon 4. Side chains are not shown.
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Scheme 2 Diels–Alder (D–A) reaction of (a) o-quinodimethane and N-phenylmaleimide and (b) 2,3,4,5-tetraphenylcyclopentadienone and diphenylacetylene.
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Table 1 Structures of linkers L1 and L2, substituents, DP and Td of representative PPs 5–14a

Abbreviations: Cps, cyclopentadienones; D–A, Diels–Alder; DP, degree of polymerization; GPC, gel permission chromatography; PP, polyphenylene; Td, decomposition temperature; TGA,
thermogravimetric analysis.
aSynthesized by A2B2-type D–A polymerization of bis-Cps and bisacetylenes.
bDetermined by GPC.
cThe highest reported values are listed.
dDetermined by TGA measured in air.
eDetermined by membrane osmometer.
fSynthesized as copolymer.
gTemperature of 5% weight loss.
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the removal of carbon monoxide to afford hexaphenylbenzene
(Scheme 2b, see Table 1 for more specific examples).9,45,46

In 1966, Stille et al.47 developed an A2B2-type D–A polymerization
using cyclopentadienone (Cp) units as the diene to synthesize
phenylated PPs 5 and 6, where the polymer backbones consisted of
random mixtures of para- and meta-phenylenes (Table 1). The
synthesis was accomplished by the repetitive D–A reaction of bis-
Cps as an A2 monomer and bisacetylene as a B2 monomer in toluene
at 300 °C in a sealed tube, with a possible isomerization upon each
cycloaddition step due to the asymmetrical diene structure of the bis-
Cps. In this first attempt, bis-Cps linked with diphenyl (thio)ether or
α,ω-diphenyl alkanes were reacted with m- and p-diethynylbenzenes
(PP 5, with x=O or S and PP 6, with n= 3 or 4 for L1; Table 1). In
the following few years, the scope of the bis-Cp A2 monomers was
extended, but no further progress in using other kinds of bisacetylene
was made (PPs 5–7; Table 1).47–54 Table 1 summarizes the different
structures of L1 and L2, the estimated number of monomeric units in
the D–A polymer (i.e., DP) and the thermal decomposition tempera-
ture (Td) of the representative PPs 5–14 reported in the literature.
Despite the successful demonstration of this A2B2-type synthesis of

PPs by repetitive D–A reactions, there was no follow-up study on this
subject for ~ 30 years, probably because of the lack of efficient
synthetic protocols for bisacetylenes.55 After the booming develop-
ment of the chemistry of metal-catalyzed cross-coupling reactions in
the 1970s, in particular the Sonogashira–Hagihara coupling, Kumar
and Neenan55 revisited and extended the scope of such D–A
polymerizations in 1995. Bisacetylenes with different L2 linkers, such
as trimethylsilyl and perfluorobenzene and benzophenone and thio-
phene, were successfully incorporated into this polymerization proto-
col under the milder reaction conditions of heating in
cyclohexylbenzene at 200 °C (PPs 8–11; Table 1).
The highest DP of 137 was obtained when diphenyl ether and

tetrafluoro-m-phenylene were used as linkers L1 and L2, respectively
(PP 5; Table 1). Chromophores such as fluorene, triphenyl amine and
quinoxaline could be directly incorporated into the polymer backbone,

providing blue-emitting materials (PP 12; Table 1).56 Moreover, these
materials demonstrated very high thermal stability with decomposition
temperature (Td) values up to 550 °C (Table 1). The solubility of these
phenylated PPs was surprisingly good in standard organic solvents
such as tetrahydrofuran (THF), chloroform and dimethylformamide,
which could be the result of random meta and para linkages in the
polymer backbone established during the polymerization (Table 1).
The high DP, stability and solubility rendered these materials attractive
for applications as polymer membranes, which require high physical
and chemical robustness for long-term use under harsh conditions.57

Polymer membrane applications of PPs from D–A polymerization
Gas separating membrane. PPs synthesized via A2B2-type D–A
polymerization can be cast as films from common organic
solvents.47,55 The amorphous nature and large fractional free volume
of the pure hydrocarbon PPs 7 and 13 were revealed by their broad
peaks in X-ray scattering patterns, their density and their calculated
van der Waals volume.58 These properties are important requirements
for highly permeable membrane applications.59 Very recently, Corne-
lius and co-workers58 studied the gas permeability, solubility, diffu-
sivity and selectivity of He, H2, O2, CO2, N2 and CH4 gases in
membranes composed of PPs 7 and 13 as well as their copolymers
(Table 1). These membranes displayed cutting-edge gas permeability/
selectivity trade-offs. Namely, they possessed higher CO2 gas perme-
ability (measured as pressure) than those of conventional devices built
from PP oxide and polyimide, while still exhibiting comparable
selectivity for CO2 over N2 (20 times greater permeability).

Polymer electrolyte membranes. Polymer electrolyte membranes
(PEMs) are showing great potential as components of fuel cells and
solar cells, as well as devices for electrolysis, dialysis and water
splitting.60,61 The standard material used in most cases is Nafion, a
poly(tetrafluoroethylene) with pendant perfluorosulfonic acids that
possesses low water uptake and high proton conductivity, but suffers
from limited operation temperatures (0–80 °C), high cost and high
fuel crossover. Hydrocarbon-based polymer electrolytes, because of
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Scheme 3 Postfunctionalization of polyphenylenes (PPs) 7, 13 and 14 toward hydrocarbon-based polyelectrolytes 15–17.
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their synthetic versatility, high chemical stability and relatively low
cost, are emerging as an important class of alternative materials for
PEMs in electrochemical applications.62 Since the first approach
conducted by Cornelius, Loy and co-workers in 2005,63 a series of
hydrocarbon-based PP polyelectrolytes, 15–17, have been synthesized
and investigated.64–67 These polyelectrolytes were obtained by the
sulfonation63,64,66,67 or bromination/amination65 of phenylated PPs 7,
13 and 14, which were subjected to functionalization after the initial
D–A polymerization (Table 1 and Scheme 3).
The ion exchange capacity (IEC) of polyelectrolyte 15 varied

between 0.98 and 2.2 mequiv g− 1, corresponding to 0.8–2.1 sulfonic
acid groups per repeating unit. These materials were soluble in highly
polar aprotic solvents such as dimethylacetamide and N-methyl-2-
pyrrolidone, but insoluble in nonpolar organic solvents and water.63

They were highly thermally stable with only 5% weight loss at 363–
422 °C, and the glass transition temperature (Tg) was not observed
before the decomposition temperature. In both the dry and wet forms
of the membrane of 15, the Young’s modulus was ~ 6 times higher
than that of a commercially available Nafion 117 membrane.63

Although the PEM of 15 revealed poorer proton conductivity than
that of Nafion 117, its methanol and glucose permeability values were
much smaller.64 With these intriguing properties, such PEMs were
successfully examined in various applications, including hydrogen/
methanol fuel cells,66 vanadium redox flow batteries68 and electro-
dialysis desalination.67 In particular, the electronic desalination of 1.0 L
of 0.1 wt% NaCl using the PEM of 15 was completed within 44 min
using 5.8 J g− 1, which was much more efficient than the performance
of the commercially available cation or anion exchange membranes
PC-SK and PC-SA. The latter required 8.4 J g− 1 and 79 min for the
same volume and concentration of NaCl solution.67

Cornelius and co-workers65 also synthesized a cationic polyelec-
trolyte, 16, with the IEC of 0.93–1.57 mequiv g− 1 through the
postbromination/amination of methylated PP 13 (Table 1 and
Scheme 3). Interestingly, the water uptake of the cationic polyelec-
trolyte 16 was roughly two times higher than that of its anionic analog
15 with similar IEC. Notably for an anion exchange membrane, the
PEM of 16 exhibited a high hydroxide conductivity of up to
50 mS cm− 1.
In 2014, Kim and co-workers69 described the synthesis of the

polyelectrolyte 17, with an IEC of 1.49–2.34 mequiv g− 1, by the
postsulfonation of D–A polymerized poly(pentaphenylene sulfone)

14 (Table 1 and Scheme 3). The thermal stability of the anionic poly
(pentaphenylene sulfone) polyelectrolyte 17 was slightly lower than
that of the PP polyelectrolyte 15, with 5% weight loss at ~ 270–350 °C
and with superior mechanical properties to those of Nafion 211.
Interestingly, the PEM of 17 showed lower water uptake than that of
15, probably a result of selective sulfonation on the pendant phenyl
rings due to the lowered reactivity of the phenylene backbone in the
presence of electron-withdrawing sulfone groups. The PEM of 17 with
an IEC of 2.34 mequiv g− 1 provided higher proton conductivity than
that of Nafion 212, leading to a slightly more efficient hydrogen
fuel cell.
Holdcroft and co-workers70,71 reported the synthesis of polyelec-

trolytes 19a–c by the D–A polymerization of the pre-sulfonated 4,4'-
(1,4-phenylene)bis-(2,3,5-triphenylcyclo-penta-2,4-dien-1-one) 18
with 1,4-diethynylbenzene, 4,4'-diethynylbiphenyl and 1,4-diethynyl-
naphthalene, respectively (Scheme 4). This approach achieved precise
numbers of functionalizations at specific positions, in contrast to PPs
15–17, which were prepared through rather random
postsulfonation.70,71 With very high DPs of up to 125 and polydisper-
sion indices (PDIs) of 1.44–2.33, polymers 15a–c displayed good
mechanical strength and thermal stability similar to those of their
analogs 15 and 17. The IECs of polyelectrolyte 19a–c were as high as
3.47, 3.19 and 3.28 mequiv g− 1, respectively.
With the larger hydrophobic bridges, the water uptake values of

biphenylene- and naphthylene-spaced 19b and 19c were smaller than
that of phenylene-spaced 19a, although still much larger (~6 and 9
times as high, respectively) than that of Nafion 211. Nevertheless, the
remarkably high proton conductivity of the PEMs of 19b and 19c (172
and 268 mS cm− 1, respectively, compared with 113 mS cm− 1 for the
PEM of Nafion 211 at 95% relative humidity, 80 °C) furnished
remarkable performance of their hydrogen fuel cells. The hydrogen
fuel cells of 19b and 19c exhibited 56% and 17%, respectively, greater
peak power density than that of Nafion 211. Moreover, the durability
of the hydrogen fuel cell using biphenylene-spaced 19b as the
membrane material was more than four times greater than that of
Nafion 211.
The hydrocarbon-based D–A phenylated PP PEMs with their

superior chemical and thermal stability as well as mechanical strength
could reach comparable and even higher performances compared with
those of the most commonly used Nafion-based PEMs. Clearly, they
are thus possible candidates for future PEM applications.
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Scheme 4 Diels–Alder (D–A) polymerization of presulfonated 4,4'-(1,4-phenylene)bis- (2,3,5-triphenylcyclopenta-2,4-dien-1-one) monomer 18 toward
polyelectrolyte 19a–c.
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Hyperbranched PP by D–A polymerization
In contrast to the time-consuming step-by-step synthesis of a dendrimer
from ABn building blocks,11,14,15 hyperbranched polymers could be
constructed in a one-pot ‘uncontrolled’ polymerization of ABn-type
monomers, in principle the same but unprotected, ideally forming a
branch on every repeating unit. Molecularly defined dendrimers as well
as dendritic and hyperbranched polymers establish a class of attractive
materials in view of their unique properties derived from their branched
three-dimensional architectures, such as the ability to accommodate a
large number of functional groups, high solubility and low viscosity.72

PPs synthesized by repetitive D–A reactions can furnish highly
substituted benzene building blocks whose molecular weights are higher
than those achieved by other methods such as cross-coupling reactions.9

This ability makes the D–A reaction a very promising choice for the
synthesis of hyperbranched phenylated PPs.

In parallel with the development of PP dendrimers from AB2-type
3,4-bis(4-ethynylphenyl)-2,5-diphenylcyclopentadienone-based build-
ing blocks 20, we have also worked on the direct D–A polymerization
of monomers 20a–c to form hyperbranched phenylated PPs with DPs
of ~ 45 and PDIs of 1.7–6.9 (Scheme 5).73 The resulting polymers
exhibited high thermal stability with Td values higher than 550 °C and
good solubility in toluene and benzene even without solubilizing
substituents. To test the possibility of forming free-standing tubular
structures of such hyperbranched polymeric materials, monomer 20d,
with long alkyl chains, was D–A polymerized in a vertically nano-
channeled aluminum membrane template at a temperature above
200 °C (Scheme 5).74 After removal of the template, the resulting
material formed highly flexible and orderly aligned hollow nanotubes.
They possessed a wall thickness ranging from 5 to 50 nm, an average
diameter of 200 nm and a length up to 60 μm, corresponding to the

O
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20a, R1 = H, R2 = H
    b, R1 = H, R2 = Me

c, R1 = H, R2 = Ph
d, R1 = C12H25, R2 = C10H21
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Scheme 5 Structures of AB2-, AB- and A2-type tetraphenylcyclopentadienone-based monomers and B3- and B6-type multiacetylene monomers as building
blocks for hyperbranched polyphenylenes (PPs).

Figure 1 Scanning electron microscope (SEM) images of (a) hyperbranched polyphenylene (PP) nanotubes of 20d and (b) the results after pyrolysis at
600 °C. Reprinted with permission from Zhi et al.74 Copyright 2005 John Wiley & Sons.
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thickness of the aluminum membrane used as the template
(Figure 1a). Moreover, it was possible to form a highly porous carbon
nanotube through direct carbonization of the hyperbranched polymer
in the aluminum membrane by heating to 600 °C followed by removal
of the template (Figure 1b). The pore size was large, up to 20 nm,
which probably stemmed from cleavage of the alkyl chains of 20d
during the carbonization.
Voit and co-workers75 revisited this field and developed two more

hyperbranched PP systems in 2006, namely, (1) extending the above-
mentioned AB2 system from 20 through an AB+AB2-type D–A
polymerization of 20c (AB2) and 21 (AB), and (2) an A2B3-type D–A
polymerization of 4,4'-(1,4-phenylene)bis(2,3,5-triphenylcyclopenta-2,4-
dien-1-one) (22) (A2) and 1,3,5-tris(phenylethynyl)benzene (23) (B3),
related to the A2B2 systems described in sections 'The A2B2-type D–A
polymerization' and 'Polymer membrane applications of PPs from D–A

polymerization' (Scheme 5).75 A Mw as high as 74 kg mol− 1 was
achieved for the AB+AB2 system when the reaction was carried out at a
ratio of 3:1 for 20c (AB2) and 21 (AB). The more AB linear segments 21
were used, the lower the resulting molecular weight became.
On the other hand, the molecular weight of the A2B3 polymers was
lower than that of the previous AB2 polymers. The nuclear magnetic
resonance spectral analysis suggested that in this A2B3 system, the
formation of the linear polymer was favored. The third B unit in B3
monomer 23 would react only when using a large excess of A2

monomer 22, thus providing a way to control the degree of branching
of the resulting polymers.
Along the same lines, Shifrina and co-workers76 described hyper-

branched pyridylphenylene polymers based on the A2B6-type D–A
polymerization of 22 (A2) and 24 (B6) (Scheme 5). Gelation was
observed when the reactions were carried out at a 3:1 ratio of A2 (22)
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Scheme 6 Synthesis of the first Diels–Alder (D–A) ladder polymer 28.
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and B6 (24) monomers, probably because severe crosslinking occurred
at this exact stoichiometric ratio of A and B units. The highest
detectable Mw of 80 kg mol− 1 was achieved when using a 1:1 ratio of
A2 (22) and B6 (24) building blocks. Based on the nuclear magnetic
resonance spectra, the degree of branching of this A2B6 system could
be controlled. By adjustment of the stoichiometry of the A and B
units, a dominant three- to fivefold reaction of the B6 building blocks
could be achieved.
These hyperbranched PPs obtained by D–A polymerization featured

high-molecular weights and controllable degrees of branching and
offered the possibility of introducing high numbers of functional
groups. This new class of functionalized PPs would be intriguing for
future applications, for example, in the PEM materials mentioned in
section 'Polymer membrane applications of PPs from D–A
polymerization'.

LADDER POLYMERS SYNTHESIZED BY D–A REACTIONS

The D–A reactions have a historical importance for the development
of ladder polymers. With the concerted mechanism of D–A reactions,

the two strands of ladder polymer could be built up simultaneously.

This simultaneous construction efficiently reduces the possibility of

side reactions, which is a great advantage for the synthesis of defect-

free ladder polymers. As early as 1962, Bailey et al.77 reported the

synthesis of ladder polymer 28 from one of the simplest bisdienes, 2-

vinylbutadiene (25), by D–A polymerization (Scheme 6).
The D–A reaction between bisdiene 25 and p-benzoquinone (26) at

room temperature probably formed the 1:1 adduct 27, which has both
diene and dienophile moieties. Then, 27 further homopolymerized as
an AB-type monomer in a refluxing CCl4 solution to afford ladder
polymer 28. Unfortunately, the resulting structure 28 could barely be
dissolved in hot chlorinated organic solvents, and the soluble part was
a mixture mainly containing dimers and trimers.
Since this example, several successful D–A polymerization

systems have been applied for the synthesis of ladder polymers

possessing rigid and semirigid structures. In the following sections,

these products will be categorized by the different bisdienes used in

their synthesis.
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Monomers containing 1,2,5,6-tetramethylenecyclooctane and
1,2,4,5-tetramethylenecyclohexane structures, toward the synthesis
of rigid and semiflexible ladder polymers
Tetramethylenecycloalkanes with rigid and bent structures, such as
that of 29, or more flexible cyclooctadiene structures, such as those of
30 and 31, can react as bisdienes and form ladder polymers with
unprecedented architectures (Scheme 7). In 1987, Williams, Stoddart
and co-workers78 synthesized a cyclic ‘molecular belt’ from two
2,3,5,6-tetramethylene-7-oxabicyclo[2.2.1]heptanes (29a) and two
1,4,5,8-tetrahydro-1,4:5,8-diepoxyanthracenes (32) by A2B2 type D–A
reaction under high-pressure conditions, which were made possible by
the rigid bent structures of 29a and 32, as well as the high
stereoselectivity of the D–A reaction. We used a similar bisdiene 29b
and bisalkene 33 to construct ladder polymer 34.79,80 In our approach, a
1:1 mixture of the syn-isomer of bisalkene 33 and its anti-isomer that
would form a more extended D–A adduct were used to suppress the
possible formation of small cyclic products. The A2B2 type D–A
polymerization of 29b and 33 was achieved in dichloromethane at
65 °C under a high pressure of 7.5 kbar. The obtained polyacene

precursor 34 was soluble in common organic solvents such as THF
and acetone with DP up to 17 and PDI of 2.8–3.2. The thermal stability
of this polymer was low, with a Td of ~200 °C.
In addition, we examined monomers 30 and 31, which feature

1,2,5,6-tetramethylenecyclooctane structures, and found that the
reactivity of 31 toward D–A polymerization was higher than that of
30 (Scheme 7).81 The D–A adducts of monomers 30 and 31 contain a
semiflexible cyclooctadiene moiety as a ‘molecular hinge’ that can
adopt chair, boat and twist-boat conformations. This hinge moiety
gave the D–A ladder polymers built from bisdiene 30 or 31 a higher
degree of conformational freedom than those built from the rigid
bisdiene 29. The A2B2-type D–A polymerization of bisdiene 31 and
alkyne 35 (reacted as an equivalent of bisalkene) under high pressure
(8 kbar) resulted in a complicated dynamic equilibrium, in which the
linear ladder polymer 36 could be isolated in 80% yield at 100 °C with
the highest DP of 27 (Scheme 7).82 On the other hand, at 50 °C, the 1
+1 cyclic cage product 37 together with other larger cyclic compounds
were favored, with up to 60% isolated yield.

Monomers containing cyclopentadienone moieties, toward the
synthesis of fully conjugated ladder-type polyfluoranthene
The use of Cp as the diene for the synthesis of fully conjugated ladder
polymers was first approached by Stille et al. in 1970.83 In this
approach, the AB-type Cp-based monomer 38 with phenyl side groups
was D–A polymerized and in situ aromatized by air to afford the
ladder-type polyfluoranthene 39, featuring a similar structure to that
of the belt region of C60 (Scheme 8). Ladder polymer 39, which has a
fully conjugated aromatic structure, could also be considered the first
synthesized GNR with defined defects. Polyfluoranthene 39 was
thermally stable with 10% weight loss at ~ 400 °C. However, it
displayed very low solubility and could be only partially dissolved in
benzene. Schlüter and Löffler et al.84 approached the solubility and
characterization problem of ladder polymer 39 in 1994 by replacing
the phenyl side groups with bridged flexible alkyl chains as well as
isolating the non-aromatized polymer precursor 41. The addition of
an antioxidant during the D–A polymerization of AB-type monomer
40 successfully hindered the otherwise simultaneous aromatization
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Scheme 11 Structures of iptycene-containing ladder polymers and the monomers from which they were derived.
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Figure 2 Schematic illustration of stretch-aligned polyvinyl chloride (PVC)
threaded through polymer 55 and the resulting perpendicular orientation of
the two polymers. Reprinted with permission from Thomas et al.91 Copyright
2005 American Chemical Society. A full color version of this figure is
available at the Polymer Journal journal online.
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and allowed the isolation of ladder polymer 41. The nonplanar
structure and bridged alkyl chains of 41 rendered it well soluble in
THF and chloroform. Polymer 41 was thus characterized by 1H and
13C nuclear magnetic resonance, ultraviolet–visible (UV–vis) spectro-
scopy and gel permission chromatography (GPC) to reveal its DP and
PDI of 7–14 and 2.5–2.8, respectively. The planarization of the
polymer precursor 41 toward the fully conjugated fluoranthene ladder
polymer 42 was achieved by oxidation in the presence of DDQ (2,3-
dichloro-5,6-dicyano-p-benzoquinone), demonstrating an optical
absorption of oligomers extending up to ca. 600 nm. Nevertheless,
the high-molecular-weight fraction of 42 still gave low solubility in
common organic solvents such as THF and chloroform.

In situ generation of benzo[1,2-c:4,5-c']difuran as a bisdiene for the
synthesis of fully conjugated ladder polymers
In parallel with the synthesis of fully conjugated ladder polymers using
Cp-containing monomers, Blatter and Schlüter85 and Schlüter and co-
workers86,87 developed another method, reacting highly reactive benzo
[1,2-c:4,5-c']difuran 44 with bisalkene 33, 45 and 46 for the synthesis
of ladder polymers 47, 48 and 49, respectively, via D–A polymerization
(Schemes 7,9 and 10). The bisdiene 44, with its open-shell biradical
character, was very unstable and extremely reactive and could not be
isolated. However, Hart and Luo88 discovered that by heating the
pentacene analog 43 above 190 °C, it was possible to generate 44
in situ via a twofold retro-D–A reaction (Scheme 9), and 44 could then
be reacted with another dienophile.
The synthetic design of ladder polymers using 44 was similar to that

of polymer 42. D–A polymerization was thus used for the one-pot
construction of soluble kinked polymer precursors, which could be
processed from solution, characterized and further ‘planarized’ into
fully conjugated ladder polymers. For example, the D–A polymeriza-
tion of bisdiene 44a with phenacene 45a provided ladder polymer 47a,
which features separate acene-like and phenacene segments, although
with poor solubility. In contrast, the use of bisdienophile 44b with
longer alkyl side chains afforded ladder polymer 47b, which exhibited
sufficient solubility for further characterizations. Its DP was estimated

to be 7.85 On the other hand, the soluble polyacene precursor 48 was
synthesized from the D–A polymerization of 33 with in situ generated
44b, reaching a DP of 23. Thermogravimetric analysis suggested that
polymer 48 was stable up to 300 °C.86 However, the planarization of
polymers 47 and 48 toward fully conjugated ladder polymers has not
been reported. With the same bridged alkyl chains as polymer 42,
another ‘polyacene-like’ ladder polymer 49 was synthesized by the D–
A polymerization of 44b with bisdienophile 46.87 The soluble fraction
of ladder polymer 49 gave a DP up to 7, but ~ 70% of the product was
insoluble. Further dehydration of the obtained polymer precursor 49
under acidic conditions yielded a barely soluble material, which ideally
would possess the fully conjugated structure 50. The UV–vis absorp-
tion of the soluble fraction of this product extended to above 650 nm,
which suggested the formation of a low-defect ladder polymer with
extended conjugation, although the unambiguous elucidation of the
structure as 50 remained elusive.87

Anthracene as the diene to provide poly(iptycene)s
Iptycene is a class of aromatic compounds composed of
bicyclooctatriene-bridged arenes. The simplest example is triptycene
51 (Scheme 11). The incorporation of iptycenes into poly(p-pheny-
leneethynylene) could enhance its solubility and mechanical
properties.89 Iptycenes are often synthesized from the D–A reactions
of anthracenes and higher acenes with dienophiles.90 Swager and co-
workers91,92 synthesized the ladder-type poly(iptycene) 55 via the D–A
polymerization of the AB-type iptycene monomer 52, which contains
anthracene moieties (Scheme 11). The polymerization of 52 in
refluxing decaline failed, but polymerization occurred when the
reaction was carried out under 8.9 kbar to afford 55. The addition
of 5 mol% of the A2 and B3 crosslinkers 53 and 54, respectively,
increased the DP from 19 to 60. When polymer 55 was dispersed in
uniaxially stretch-aligned polyvinyl chloride (PVC) thin films, it
tended to align such that the short axes of the anthracene (end)
groups were parallel to the stretching direction, as illustrated in
Figure 2. Taking into account that anthracene itself prefers to align
with its long axis parallel to the stretching direction, this behavior of

Figure 3 (a) Raman spectrum of graphene nanoribbon (GNR) 65a measured at 532 nm (2.33 eV) on a powder sample with laser power below 0.1 mW. Inset:
A magnified area of the spectrum (black oblong, bottom left) displaying a peak from the radial-breathing-like mode (RBLM) at 235 cm−1. Reprinted with
permission from Narita et al.98 Copyright 2013 Nature Publishing Group. (b) Ultraviolet–visible (UV–vis) absorption, photoluminescence and
photoluminescence excitation spectra (triangles) of GNR 65a. Reprinted with permission from Zhao et al.99 Copyright 2017 Elsevier Ltd. (c) Scanning
tunneling microscope image of GNR 65a on highly oriented pyrolytic graphite (HOPG) (dry film) reveals a well-organized self-assembled monolayer of straight
and uniform nanoribbons of up to ~60 nm in length. Reprinted with permission from Narita et al.98 Copyright 2013 Nature Publishing Group. (d) Atomic
force microscopy (AFM) phase image of GNR 65b on HOPG (dry film) reveals a highly organized self-assembled monolayer of straight and uniform
nanoribbons of over 200 nm in length. Reprinted with permission from Narita et al.98 Copyright 2013 Nature Publishing Group.
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poly(iptycene) 55 was controlled by the rigid linear nonplanar archi-
tecture granted by the unique iptycene building blocks in the backbone.
The perpendicular packing of the backbone of poly(iptycene) 55 and
PVC chains hardly perturbed the anisotropic alignment of the PVC
polymer matrix. This greatly reduced the local PVC density change and
the force applied on poly(iptycene) chains upon stretching (Figure 2).
Swager et al.92 also reported the AB-type monomer 56 without

preinstalled iptycene structure. Thermal examination by differential

scanning calorimetry and thermogravimetric analysis revealed that

polymerization occurred at ~ 162–215 °C to afford poly(iptycene)

precursor 57. A DP up to 40 and PDI of 2.2–3.6 of 57 could be

achieved when the polymerization was performed at 10 kbar in THF at

145 °C. The poly(iptycene) precursor 57 was soluble in DCM,
chloroform and THF, allowing its complete dehydration in acidic
conditions to form poly(iptycene) 58, which was thermally stable up
to 350 °C. With the alkoxy side chains and iptycene structures in the
backbone, ladder polymer 58 was readily soluble in DCM, chloroform
and THF. The high solubility of ladder polymers 55 and 58 is
intriguing for polymers with such rigid backbones. The iptycene
structure has not been introduced into ladder polymer backbones by
other synthetic methods, demonstrating the versatility of D–A poly-
merization. However, iptycene units interrupt the conjugation along
the backbone, which is reflected in large band gaps of over 3 and 4 eV
for ladder polymers 55 and 58, respectively.

Figure 4 (a) Atomic force microscopy (AFM) tapping-mode height image revealing synthesized graphene nanoribbon (GNR) 65a length 4500 nm. (b) Current
vs drain voltage (I–Vd) characteristic of an individual GNR 65a device. Inset shows a scanning electron microscopy image of a 20 nm gap between Ti/Pd and
angle-deposited Pd. (c) Current vs drain voltage (I–Vd) of a typical GNR 65a film device under different gate voltages (Vgs). (d) Time domain-normalized
conductance (G/G0) of the GNR 65a film device during the introduction of different concentrations of NO2. Green arrows correspond to the device being
exposed to a certain concentration of NO2, whereas red arrows correspond to the device being flushed with Ar only. Reprinted with permission from Konnerth
et al.101 Copyright 2014 American Chemical Society.

O
1) Diels-Alder

C12H25

C12H25

C12H25 C12H25 C12H25 C12H25

C12H25 C12H25 C12H25 C12H25

2) FeCl3
65a
68

GNR 65a GNR 68

Figure 5 (a) Synthesis of graphene nanoribbons (GNRs) 68 through AB-type Diels–Alder (D–A) polymerization of monomer 67. (b) Ultraviolet–visible–near
Infrared (UV–vis–NIR) absorption spectra of GNRs 65a and 68 in THF. Inset: Photographs of dispersions of GNRs 65a and 68 in THF. Reprinted with
permission from Narita et al.109 Copyright 2014, American Chemical Society.
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These examples leave no doubt that D–A polymerization is one of
the most powerful methods for constructing ladder polymers in a one-
pot approach. In particular, the synthesis of fully conjugated ladder
polymers, which can be considered the narrowest GNRs (vide infra),
has thus been addressed since as early as 1970, with more successful
examples in the 1990s, well before the emergence of the graphene
field. Although the reported characterization remained limited in those
days, it could be interesting to revisit such ladder polymers with the
present state-of-the-art theoretical and experimental characterization
methods.

SYNTHESIS OF GNRS THROUGH D–A POLYMERIZATION

In the past decade, the bottom-up chemical synthesis of GNRs has
been intensively investigated and has provided efficient access to GNRs
with atomic precision. This precision is crucial for the rational control
of their electronic, optical and even magnetic properties for use in
further applications in nanoelectronics, optolectronics and
spintronics.26,27 The bottom-up fabrication of GNRs could be
achieved by both surface-assisted and solution-mediated oxidative
cyclization of PPs with properly designed structures. While the scale of
the GNRs synthesized by surface-assisted methods is often very
limited, the solution-synthesis protocols are more promising
approaches to realizing the large-scale fabrication and practical
applications of GNRs. The solution protocols for GNRs typically
begin with the Suzuki, Yamamoto or D–A polymerization of tailor-

made monomers, giving rise to structurally well-defined PPs that are
straightforwardly converted to GNRs by intramolecular oxidative
cyclodehydrogenation.26,27 Since its development by Scholl93 and
Clar94, oxidative cyclodehydrogenation, namely, the Scholl reaction,
has been demonstrated to be highly efficient for the synthesis of a wide
variety of π-extended polycyclic aromatic hydrocarbons throughout
the twentieth century95. We further developed this reaction and used it
for the planarization of polymeric systems such as PPs, providing
GNRs in high quality. Herein, we focus on the recent advances in D–A
polymerization for GNR synthesis.

A2B2-type D–A polymerization toward the synthesis of GNRs
A2B2-type D–A polymerization using a bis-Cp and bisacetylene as the
A2 and B2 monomers to obtain phenylated PP is illustrated in the
second section (Table 1).47,49 The PPs obtained by this method
exhibited high solubility in common organic solvents because of their
flexible and twisted geometry, enabling further solution-phase cyclo-
dehydrogenation toward GNRs. In 2000, we undertook our first
attempt to planarize soluble PP 7 (Table 1) through intramolecular
oxidative cyclodehydrogenation with copper(II) trifluoromethane
sulfonate and aluminum(III) chloride.96 The partially dehydrogenated
polymer 59 was obtained, as demonstrated by infrared and Raman
spectroscopy (Scheme 12). However, the insolubility of polymer 59
hindered its further characterization.
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Scheme 12 Synthesis of graphene nanoribbons (GNRs) 59 and 62 through A2B2-type Diels–Alder (D–A) polymerization.
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In 2003, we reacted 1,4-diethynyl-2,5-di(4'-tert-butylphenyl)ben-
zene (60) with 4,4'-(1,4-phenylene)bis(2,3,5-triphenylcyclopenta-2,4-
dien-1-one) (22) (Scheme 5) to achieve A2B2-type D–A polymeriza-
tion, producing the tert-butyl-substituted PP 61 with a DP of 24
(Scheme 11).97 The planarization of polymer 61 was achieved by
treatment with iron(III) chloride in nitromethane and DCM, giving
GNR 62. Nevertheless, GNRs 59 and 62 are not linear but rather
contain irregular ‘kinks’ because of the structural isomerization of
their PP precursors. In addition, the lengths of these GNRs are limited
because of the difficulty in perfectly controlling the stoichiometry of
the two different monomers used for polymerization, which led to PP

precursors with low DP. This limitation is detrimental for the
fabrication of single-GNR-based devices.

AB-type D–A polymerization toward synthesis of GNRs
In comparison with the A2B2-type approach, AB-type D–A polymer-
ization can exclude the issue of stoichiometry, leading to PPs with high
DPs and thus producing longer GNRs. In 2014, we reported the first
example of ‘cove’-type GNRs 65a and 65b fabricated by the AB-type
D–A polymerization protocol, giving unprecedented lengths of up to
600 nm, as determined from the molecular weight of their alkylated
PP precursors.98 In this work, the rationally designed AB-type
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monomers 63a and 63b, having a Cp as the conjugated diene and an
ethynyl group as the dienophile, were used to perform D–A
polymerization and produced the alkylated PP precursors 64a and
64b, respectively (Scheme 13a). The high efficiency of such AB-type
D–A polymerization was demonstrated by the GPC analysis of
precursor 64a, finding an unprecedentedly high Mn of
340 000 g mol− 1, which corresponded to a DP as high as 473 and a
PDI of 1.9. This DP was significantly larger than those of PP
precursors produced by A2B2-type D–A polymerization and other
metal-catalyzed coupling reactions such as the Suzuki and Yamamoto
polymerizations. The high-molecular weight of 64a was also con-
firmed by photon-correlation spectroscopy.
The planarization of polymers 64a and 64b into the corresponding

GNRs 65a and 65b, respectively, was performed by intramolecular
oxidative cyclodehydrogenation with iron(III) chloride as the oxidant
and Lewis acid. As shown in Scheme 13a, 64a and 64b contained
numerous regioisomers because each step of the D–A cycloaddition of
monomers as well as intermediate products has two possible orienta-
tions. Nonetheless, all of them could lead to the straight and
structurally well-defined GNRs 65a and 65b, respectively, with a
theoretically estimated width of 0.69–1.13 nm (Scheme 13). The high
efficiency of cyclodehydrogenation was confirmed by Fourier-
transform infrared spectroscopy, Raman, solid-state nuclear magnetic
resonance and UV–vis spectroscopy, as well as scanning probe
microscopy. The Raman spectrum displayed intense G and D peaks
as well as a distinct peak at 235 cm− 1 from the radial-breathing-like
mode, indicating the high uniformity of the width of the obtained
GNRs (Figure 3a). The photoluminescence spectrum of GNR 65a
exhibited a broad emission peak at 695 nm with a large Stokes shift of
~ 135 nm, which might originate from excimer-like states in stacks of
individual GNRs or from other aggregation-induced effects and is
currently under further investigation (Figure 3b).99 The corresponding
photoluminescence excitation was consistent with the absorption
band, proving that the observed Stokes-shifted luminescence arose
from the GNRs.99 The scanning tunneling microscopy of GNR 65a
and atomic force microscopy (AFM) of GNR 65b revealed the
formation of self-assembled monolayers of uniform GNRs on a
graphite surface (Figures 3c and d). The optical properties of GNR
65a were further investigated by femtosecond transient absorption
spectroscopy, revealing efficient exciton–exciton annihilation to form a
biexciton with a high binding energy of ~ 250 meV as well as
stimulated emission from the biexciton state.100

For the fabrication of single-GNR-based devices, it is essential to
deposit isolated GNRs, which was achieved by immersing alkyl-
functionalized Si/SiO2 substrates in a dispersion of GNR 65a, revealing
a length of over 500 nm upon visualization by AFM (Figure 4a).101,102

The length distribution of GNR 65a observed by AFM was in good

agreement with the molecular weight distribution of the correspond-
ing alkylated PP precursor 64a based on GPC analysis.101 Such
individual GNR strands could then be used to fabricate single-
molecule devices exhibiting electrical conduction (Figure 4b).102

Moreover, thin-film devices based on GNR 65a were also fabricated
by drop casting the GNR dispersion onto functionalized Si/SiO2

substrates. The conductivity could be significantly enhanced after
annealing at 500 °C in H2/Ar gases, which removed the insulating alkyl
chains from the GNR edges (Figure 4c). The applicability of such GNR
films as NO2 gas sensors has been demonstrated, with limits of
detection as low as 50 ppb (Figure 4d). GNR 65a dispersed in a water/
surfactant mixture was also used to fabricate FETs based on isolated
GNR strands. Assuming that the channel width of the transistor was
identical to the height (2 nm) of an individual GNR, a current density
as high as 35 mA μm− 1 and a field-effect mobility of 500 cm2 V− 1 s− 1

were demonstrated.103 Nevertheless, the on–off ratio was still very
small, presumably due to the unintentional stacking of GNRs, which
was theoretically shown to reduce the band gap. The on–off ratio was
recently improved by using electrospray ionization deposition as well as
graphene-based electrodes instead of metal electrodes to establish better
contact with the GNRs.104 The resulting FET device exhibited n-type
semiconducting behavior with electron mobility ranging from 10− 3 to
10− 2 cm2 V− 1 s− 1. However, the device mobility of GNR-based
transistors remains underestimated due to the dominant contact
resistance. In addition, on-surface synthesized GNRs have been
investigated as semiconductor materials in FET devices, displaying
higher on–off ratios than those of FETs based on solution synthesized
GNRs. For example, Bokor and co-workers105 recently demonstrated
high-performance FETs with on-surface derived GNRs, presenting a
high on-current of ~ 1 μA and an on–off ratio of ~ 105. More recently,
we reported a structurally defined GNR constructed by ambient-
pressure chemical vapor deposition. The resulting FET device based on
this GNR also exhibited a high on–off ratio.106 However, further efforts
and improvements in deposition and device fabrication are required for
achieving devices with better performance as well as for studying the
intrinsic electronic properties of the GNRs in the device configurations.
On the other hand, the functionalization of the edges of GNR 65 has

been investigated as a way to tune the electronic and optical properties,
as well as to confer other functions on the GNRs. We have demon-
strated the edge chlorination of tert-butyl-substituted GNR 65c, leading
to chlorinated GNR 66 with redshifted absorption and an optical band
gap 0.2 eV lower (Scheme 13b).107 More recently, Fischer and co-
workers108 synthesized GNR 65d bearing methyl esters and prepared
composites with gold nanoparticles, which showed enhanced catalytic
performance for the electrocatalytic reduction of CO2. This enhanced
performance was probably because the GNR matrix effectively pre-
vented the assembly of gold nanoparticles into larger aggregates.

Scheme 15 Proposed synthesis of nitrogen-doped graphene nanoribbon (GNR) 73 through AB-type aza-D–A polymerization. D–A, Diels–Alder.

Diels–alder polymerization in synthetic organic chemistry
IC-Y Hou et al

16

Polymer Journal



To further modulate the optoelectronic properties of the GNRs, it is
essential to change their widths and edge structures. We have achieved
the lateral extension of GNR 65 by using the lateral extended
monomer 67 with four extra benzene rings instead of monomer
63,109 following the same sequence of AB-type D–A polymerization
and intramolecular cyclodehydrogenation (Figure 5a).3 The resulting
GNR 68 exhibited a broader absorption pattern and a lowered optical
band gap of ~ 1.2 eV compared to ~ 1.9 eV for the narrower GNR 65,
demonstrating a width-dependent bandgap modulation (Figure 5b).
We have more recently synthesized two GNRs (69 and 70) with the
same edge structure as GNR 65 and intermediate widths between 65
and 68 (Scheme 14). GNR 69, with dodecyl chains attached to the
outermost positions, has a planar conjugated structure, whereas 70,
with the dodecyl chains at the innermost positions, possesses a
distorted geometry based on theoretical studies. The structural
distortion gave GNR 70 a lower band gap than that of GNR 69, as
observed from their absorption spectra, accomplishing further band-
gap tuning. The Raman spectra of GNRs 65, 68 and 69 displayed shifts
of the low-energy radial-breathing-like mode peak from 130 to
230 cm− 1, as predicted by theoretical calculations.110 Moreover, the
photoconductivities of GNRs 60, 69 and 70 were compared using
time-resolved terahertz spectroscopy, which suggested that the struc-
tural distortion by alkyl chain substitution has little effect on the
photoconductive properties, while the width and edge structures of
GNRs have a more significant role.111

Recently, Gorodetsky and co-workers112 proposed a novel AB-type
aza-D–A (Povarov) polymerization method toward the synthesis of a
nitrogen-doped N= 7 armchair GNR 72 (Scheme 15). Monomer
precursor 71, which was furnished with an N-naphthalenylmethani-
mine as the diene and an ethynyl group as the dienophile, was used for
aza-D–A polymerization to give polybenzoquinoline 72. Polymer 72
exhibited a DP of up to 43 and a PDI of 1.4, based on GPC analysis.
Polybenzoquinoline 72 could potentially be used as precursor for GNR
73, although the further planarization of 72 was not described.
In addition to the present D–A polymerization protocols, metal-

catalyzed polymerization approaches have also been used for the
construction of GNRs, including the A2B2-type

113–116 and AB-
type117,118 Suzuki polymerization as well as AA-type Yamamoto
polymerization.119–121 Recently, Rubin and co-workers122 developed a
new synthetic approach to GNRs through the topochemical polymer-
ization of butadiyne-containing monomers followed by aromatization at
high temperature. However, all these synthesis concepts except AB-type
D–A polymerization could provide only GNRs with lengths limited to
dozens of nanometers, which still needed further efforts.

CONCLUSION AND OUTLOOK

The classical D–A reaction is still attracting attention from contem-
porary molecular architects in the field of synthetic polymer chemistry
and is gaining increasing importance. The development of A2B2-type
D–A polymerization using cyclopentadienones gave rise to a class of
functional phenylated PP materials. With their high DP, these PPs
exhibited promising applications as polymer membranes, especially as
PEMs. These polymer membranes displayed comparable and some-
times even superior performance to that of the cutting-edge materials
applied in gas separation, anionic/cationic fuel cells, batteries and
electrodialysis. However, more efforts should still be made to reduce
the water uptake and increase the proton conductivity and device
durability of the PEMs of PPs, as well as to achieve a better
understanding of their structure–property relationships. D–A reactions
could also be used to synthesize hyperbranched PPs. In contrast to
molecularly defined PP dendrimers synthesized step-by-step,

hyperbranched PPs synthesized through uncontrolled one-pot D–A
polymerization could provide three-dimensional macromolecular
architectures with higher simplicity and efficiency, albeit compromised
structural precision. The degree of branching of these hyperbranched
PPs could be controlled by adjusting the stoichiometry of the different
monomeric building blocks. To incorporate these hyperbranched PPs
as well as phenylated PPs synthesized via other protocols, such as AB-
type D–A polymerization, into the development of functional PPs with
new architectures would reinforce the PP-based polymer membrane
applications that have thrived in the past decade.
The D–A reaction has had a crucial role in the history of ladder

polymer synthesis. D–A polymerization, especially using 1,2,5,6-tetra-
methylenecyclooctane and 1,2,4,5-tetramethylenecyclohexane, cyclo-
pentadienone, benzo-[1,2-c:4,5-c′]difuran and anthracene as dienes,
has allowed the synthesis of ladder polymers involving unique
structural features such as rigid iptycene and semiflexible cycloocta-
diene. The semiflexible ladder polymers containing cyclooctadiene
confined the complicated three-dimensional motion of the polymer
chains to two dimensions. Such a design would be interesting for
fundamental studies of polymer folding and self-assembly. Moreover,
fully conjugated ladder-type poly(fluoranthene) with similar structure
to the belt region of C60 was also achieved by D–A polymerization,
showing extension of optical absorption above 600 nm, which sug-
gested a long effective conjugation length. These examples demon-
strated that the D–A reaction is undoubtedly one of the most powerful
reactions for constructing ladder polymers in one-pot polymerization.
However, the requirement for one-pot polymerization renders the
monomer structures more complicated and difficult to access, which
seems to be the reason for the limited number of new examples in the
past decade. With the emerging field of GNRs, ladder polymers,
especially fully conjugated ladder polymers as the narrowest GNRs,
could attract renewed attention in chemistry as well as in physics.
Finally, D–A polymerization offers a promising approach toward

high-DP PP precursors for bottom-up GNR synthesis. In particular,
AB-type D–A polymerization furnished GNRs with an unprecedented
length of over 600 nm, which surpassed GNRs constructed by other
reactions, including metal-catalyzed aryl–aryl coupling, which typically
possess lengths up to ~ 100 nm. Furthermore, the width of the GNRs
can be modulated by expanding the monomer structure, allowing
tuning of their optoelectronic properties. Nevertheless, successful GNR
synthesis through the AB-type D–A reaction is thus far limited to
monomers based on ethynyl-substituted Cps. Therefore, the next
challenge should be the design of new AB-type monomers equipped
with different dienes and dienophiles for synthesizing a greater variety
of GNRs with unique structures, heteroatom doping and/or added
functional groups, while preserving the length exceeding 100 nm. It is
especially desirable to synthesize low-bandgap GNRs with infrared
absorption without broadening the ribbons, thus maintaining the high
processability, which might be possible by incorporating zigzag and/or
cove edges or heteroatom dopants. Such synthetic advances would be
a key to enriching the GNR family and paving the way toward their
future applications in nanoelectronics and optoelectronics.
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Klaus Müllen received his PhD in 1972 at the University of Basel in Switzerland. He was then a postdoctoral fellow at ETH Zürich and
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