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Nanoconfined synthesis of conjugated ladder polymers 

Takashi Kitao, a,b Xiyuan Zhang c and Takashi Uemura a* 

Conjugated ladder polymers (CLPs) are an attractive type of macromolecule consisting of periodically repeated fused 

aromatic rings. Their rigid and fully conjugated backbones endow CLPs with intriguing optical, electronic, and magnetic 

properties. Current challenges of facing CLP chemistry are difficulty in regulating their synthesis due to unfavorable side 

reactions (e. g. cross-linking and branching) and their low solubility. Template-confined synthesis is a viable strategy for 

controlling CLP structures at the atomic scale. In this review, we describe recent developments and future perspectives in 

the confined synthesis of CLPs utilizing templates, including metal surfaces and nanoporous materials. Access to CLPs with 

greater diversity will contribute to the ability to control their intrinsic properties, paving the way to their future applications 

in many fields.   

1. Introduction 

Ladder polymers are defined as multi-stranded polymers 

consisting of fused rings, where adjacent rings share two or 

more atoms. Possessing backbones of fused aromatic rings, 

conjugated ladder polymers (CLPs) are intrinsically free from 

the torsional rotation of bonds between the monomeric units, 

in contrast to the flexible or semirigid nature of single-stranded 

conjugated polymers (Fig. 1).1-5 Owing to their highly extended 

-conjugation systems, CLPs exhibit several fascinating opto-

electronic properties, such as narrow band gaps, high carrier 

mobilities, and long exciton diffusion lengths.3, 6-13 Hence, CLPs 

are prime targets for numerous applications in optoelectronic 

devices including organic photovoltaics, light-emitting diodes, 

and thin-film transistors,14-16 continuously stimulating the 

creativity of chemists to develop synthetic methods for CLPs.3, 6, 

17 

The synthetic strategies for CLPs can be divided into two 

distinct types. The first is single-step ladder formation, in which 

monomer units are connected by simultaneously forming 

multiple bonds, such as polycondensation of tetra-functional 

monomers or repetitive Diels–Alder cycloaddition.18-20 The 

second approach involves the “zipping” of a pre-polymer, 

whereby a single-stranded polymer contains attached 

functional side moieties, including vinyl, sulfoxide, and aromatic 

C–H groups, that are then connected to form the ladder 

structure.21-27 The development of synthetic methods has 

widened the scope of well-defined CLP syntheses. However, 

these synthesis strategies remain intrinsically challenging in 

solution because the formation of undesirable non-ladder 

defects, such as branching and cross-linking, cannot be avoided 

owing to the multiple reaction sites. Furthermore, strong 

interchain - interactions render CLPs insoluble in common 

solvents, resulting in precipitation before the reactions are 

complete. Therefore, the monomer structures must be carefully 

designed to introduce solubilizing substituents that do not 

cause undesirable changes in the inherent physicochemical 

properties of CLPs. 

Template-confined synthesis has recently emerged as a 

feasible and powerful approach for CLPs.6, 28-31 Mediating the 

organization of the monomers/pre-polymers using templates (e. 

g. metal surfaces and nanoporous materials) allows for the 

regulation of reaction sites, providing CLPs that are otherwise 

inaccessible in solution. Confined propagation of the polymer 

chains can overcome solubility limitations by isolating individual 

chains. Moreover, this methodology provides control over the 

polymer assemblies, enabling the fabrication of nanostructured 

architectures that give rise to various unique optoelectronic 

properties. This review discusses recent developments in the 

confined synthesis of CLPs. We begin by introducing a diverse 

range of reaction fields amenable to CLP synthesis. We then 
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Fig. 1 Graphical representation of CLPs and conventional 

conjugated polymers connected by single bonds. 
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describe several attractive CLPs obtained in constrained media, 

and finally, detail viable future research directions in this field. 

2. Reaction fields for synthesis of CLPs 

2. 1 Metal surfaces 

The past decade has witnessed the significant development of on-

surface synthesis with considerable potential for the bottom-up 

preparation of polymeric nanomaterials.32-37 The surface can restrict 

intermolecular interactions to small dimensions, allowing for the 

rational synthesis of nanomaterials with diverse structures, ranging 

from one-dimensional (1D) polymer chains to two-dimensional (2D) 

networks. In this approach, the carefully designed organic building 

units are thermally sublimed and deposited on atomically clean 

metal surfaces, such as Au(111), Cu(111), Ag(111). Subsequent post 

annealing induce the polymerization of the monomers at 

predetermined (activated) sites. In general, surface reactions are 

conducted in an ultrahigh vacuum (UHV), allowing for a broader 

range of reaction temperatures without risk of air oxidation. In 

addition to the monomer design, the choice of metal surfaces is also 

a key step that dictates the polymerization outcome.38 This is 

because the mobility and reactivity of the monomers are significantly 

affected by the metal surfaces, as seen in the case of Ullmann 

coupling of aryl halides on metal surfaces. Bieri et.al. performed 

polymerization of the hexaido-substituted macrocycle cyclohexa-m-

phenylene (CHP) on metal surfaces.39 The branched network 

structures dominated on Cu(111), whereas, the use of Ag(111) 

provided highly ordered and dense polyphenylene networks (Fig. 2). 

Monte Carlo simulations revealed that the CHP radical generated by 

thermal annealing on Ag(111) had a lower diffusion barrier than that 

of Cu(111), which means the radicals migrate over large distances to 

find appropriate positions, resulting in the formation of the ordered 

network structures. 

The synthesis of CLPs on surfaces is characterized by several 

advantageous features. The polymerizations proceed directly on the 

surface without being hindered by the solubility issues that 

frequently occur in solution. The chemical structures of the final 

products and intermediates can be observed in detail using high-

resolution analytical techniques, such as atomic force microscopy 

(AFM) and scanning tunneling microscopy (STM). Moreover, UHV 

conditions provide access to polymers that would be unstable under 

ambient conditions. 

 

2.2 Nanospaces 

Confined polymerizations in artificial nanospaces have been 

investigated over the past decades as a method for controlling the 

primary and two- and three-dimensional multi-level structures. 

Moreover, the shielding provided by the nanoconfinement can 

improve the stability of otherwise unstable intermediates and/or 

products even under ambient conditions.40-42 

 

2.2.1 Carbon nanotubes 

The interior space of carbon nanotubes (CNTs) is uniform, and their 

sizes are in the range of approximately 1 nm to several tens of 

nanometers. A variety of guest species can be encapsulated in CNTs, 

leading to preferential alignment of the monomers through the 

geometrical constraint; thus, the polymerization of the monomers 

within the CNTs induces the selective formation of quasi 1D 

nanomaterials.43-46 Due to their high thermal and chemical stabilities, 

the polymerization reactions can be carried out even under harsh 

conditions, including hydrogen arc discharge and high thermal 

annealing, without risking damage to the host CNTs. These features 

highlight the potential of CNTs for a plethora of chemical reactions, 

affording various linear polymers, such as diamond nanowires and 

fullerene chains.47, 48 The chemical structures of the products in the 

CNTs can be directly analyzed using high-resolution transmission 

electron microscope (TEM) and scanning transmission electron 

microscopy measurements. 

2.2.2 Porous materials 

The regular nanochannels of crystalline porous materials can provide 

unique opportunities to synthesize polymers with controlled 

structures.31, 49-51 For example, extensive studies on polymerization 

in organic crystals have been made from the 1960s to the 1980s. 

Representative examples include γ-ray-assisted polymerization of 

conjugated diene and triene monomers in organic hosts, exhibiting 

specific nanochannel size and shape effects on the kinetics and 

selectivity of polymerization.52, 53 Thus, the use of porous materials 

as hosts is attractive for controlling the polymer structures, as well 

as the fabrication of novel nanohybrid materials. 

 

Mesoporous silicas 

 

Fig. 2 Comparison of the formation of polymer networks from CHP 

precursor on metal surfaces. (a, b) STM images of (a) Cu(111) and 

(b) Ag(111). (c, d) Monte Carlo simulations with varying factor P 

corresponding to the ratio of the reactivity to the diffusivity of the 

CHP molecules. Reprinted with permission from ref. 39. Copyright 

2010 American Chemical Society. 
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Mesoporous silicas are of interest due to their regular frameworks, 

high surface areas, and remarkable thermal, chemical, and 

mechanical stabilities. Since the first report on mesoporous silicate 

MCM-41 in 1992, a variety of mesoporous silicas have been 

developed.54 These inorganic materials have uniformly sized 

mesoscopic channels with an adjustable pore size ranging from 

approximately 15 to 300 Å. Aida et al. reported polymerization of 

methyl methacrylate in MCM-41 and showed its potential utility for 

controlled polymerization.55 The regular channels of mesoporous 

silicas can achieve the alignment of polymer chains by the formation 

of host–guest nanocomposites. Polyacrylonitrile (PAN) was 

synthesized in the nanochannels of MCM-41, and was subsequently 

pyrolyzed to form carbonized material.31 The nanospaces of MCM-

41 assisted the formation of larger domains of graphite with ordered 

structure. As a result, the carbonized material/MCM-41 adduct 

showed higher microwave conductivity ten times greater than that 

of the bulk carbon prepared in a similar process. Mesoporous silicas 

can also be exploited to modulate the optical and electronic 

properties of confined polymers by controlling the number of 

polymer chains and their conformation, providing insights for 

optimizing nanostructured materials for use in optoelectronic 

devices.42, 56, 57 

 

Metalorganic frameworks 

Recently, metalorganic frameworks (MOFs), which are composed 

of metal ions and bridging organic ligands, have attracted increasing 

attention as a new class of nanoporous materials.58-60 Due to their 

highly regular and well-defined framework structures, MOFs have 

been applied in numerous fields, including storage and separation, 

catalysis, sensing, and drug delivery.61-65 Since the first report on the 

radical polymerization of styrene in [Zn(bdc)ted]n (bdc = 1,4-

benzenedicarboxylate, ted = triethylenediamine) by Uemura et al,66 

MOFs have been recognized as promising templates for 

polymerization reactions (Fig. 3).51, 66-70 The methods for 

polymerizations generally involve encapsulation of monomoers 

together with the initiators in MOF nanochannels and subsequent 

heating the resulting composites. Several methods for in situ 

polymerizations have been reported, including radical,66 oxidative,71-

73 ionic,74, 75, and ring-opening polymerization,74, 75 allowing for the 

production of a highly diverse range of polymers within MOFs.  

The design of the framework structures enabled the synthesis of 

polymers with controlled primary and higher-order structures, such 

as molecular weight distribution,66, 76, 77 stereoregularity,77, 78 

alignment,79, 80 monomer sequences,81, 82 chirality,83 and 

dimensionalities.73, 84-88 One of the most important aspects of 

polymerizations within MOFs is that the monomers fit well in the 

pores, imposing selective propagation of linear polymer chains. This 

consideration is very important for monomers with multiple reaction 

sites. Polymerization of divinylbenzene (DVB) typically resulted in a 

highly cross-linked insoluble polymer. By contrast, polymerization of 

DVB in the 1D nanochannels of [Zn2(bdc)2ted]n yielded a completely 

soluble linear polymer via the selective reaction of only one vinyl 

group of DVB.89 The strategies for suppressing cross-linking and 

branching reactions using MOFs were applied to various types of 

monomers, including dimethyl 2,2’-[oxybis(methylene)]diacrylate, 

acrylic anhydride, and 1,6-anhydro-β-D-glucose.74, 90 

It should be noted that the MOF hosts can be easily removed 

under mild conditions because of the noncovalent framework 

structures, allowing for the liberation of the polymers without any 

side reactions during the recovery process. In addition, 

polymerization by means of MOF templates is tolerant to large-scale 

operation. These features prompted us to explore the potential of 

MOFs for precise and scalable synthesis of CLPs described in the next 

section. 

3. Synthesis of CLPs from aromatic ring monomers 

Considering the chemical structures of CLPs, one can easily imagine 

that aromatic ring molecules can be utilized as a starting monomer 

for CLP synthesis. The solubility of aromatic compounds dramatically 

decreases as the polymerization reactions proceed due to the strong 

inter-molecular - interactions. Therefore, ladderization reactions 

are often incomplete unless elaborate molecular design is applied to 

improve the reactivity and solubility of the monomers and/or pre-

polymers. In this section, we describe the feasible conversion of 

aromatic ring molecules to CLPs using templates, as well as the 

unique optoelectronic properties of the CLPs. 

3.1 Graphene nanoribbons 

Graphene nanoribbons (GNRs), nanometer-wide strips of 

graphene, can be considered one of the most exciting types of 

CLPs.91-96 The fascinating electronic and magnetic properties of GNRs 

are critically defined by the nanoribbon width and edge geometry; 

thus, fabrication of well-defined GNRs is of great interest to many 

material scientists. The preparation of GNRs has initially been 

achieved using ‘‘top-down’’ methods, including unzipping and 

squashing of the carbon nanotubes and the lithographic cutting of 

graphenes.97-99 However, such top-down approaches cannot be used 

to control over the width and edge structures. In stark contrast, 

“bottom-up” approaches offer significant opportunities to create 

atomically precise GNRs. Annulation of precursor polymers in 

solution can provide GNRs with atomic precision; however, this 

approach requires the solubilizing substituents, leading to 

undesirable changes in the intrinsic properties of the GNRs. 

Fig. 3 Schematic illustration of the polymerization of styrene in the 

nanochannels of [Zn2(bdc)2ted]n. Reprinted with permission from 

ref. 66. Copyright 2018 Royal Society of Chemistry. 
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The advent of on-surface chemistry has increased the ability to 

synthesize GNRs without any peripheries. In 2010, Fasel and Müllen 

et al. developed an elegant approach involving direct growth of GNRs 

on metal surfaces (Fig. 4a, b).100 An armchair-edge GNR with a width 

of seven carbon atoms (7-AGNR) was prepared on Au(111) using 

10,10’-dibromo-9,9’-bianthracene (DBBA) as a monomer under UHV 

conditions. Annealing the surface-deposited DBBA induced a two-

step reaction, i.e., thermally initiated dehalogenation at 470 K to 

yield polyanthrarylene intermediates via Ullmann coupling, followed 

by intrachain cyclodehydrogenation at 670 K to yield 7-AGNR. The 

formation of 7-AGNR was fully confirmed by high-resolution in-situ 

STM analysis.100 The on-surface reaction mechanism of the GNR was 

investigated by theoretical calculations.101 It was found that the 

Au(111) surface catalyzed the Ullmann coupling and 

cyclodehydration reactions: two H-atoms from anthracene units 

were pulled onto the surface, followed by desorption into the 

vacuum. The cyclodehydration reaction started at one end of the 

polyanthracene chain with a domino-like effect, where steric 

hindrance plays a key role.  

The accessible amount of GNRs is limited to areas smaller than 1 

cm2 under UHV conditions due to the small size of the UHV chamber. 

Elaborate and costly UHV equipment limits efficient fabrication of 

GNRs. By employing the readily available chemical vapor deposition 

(CVD) technique, Sakaguchi et al. developed an efficient process for 

high-throughput synthesis of atomically precise GNRs (Fig. 5).102 The 

resulting 7-AGNR could be transferred from metal to an insulating 

substrate for device fabrication and exhibited a significant 

photocurrent higher than that of a conventional p-type 

semiconductor, poly(3-hexylthiophene). Samori et al. fabricated a 

field-effect transistor (FET) memory device with a MoS2/7-AGNR van 

der Waals heterostructure.103 7-AGNR withdraws the redundant 

electrons from the intrinsically n-doped MoS2, suppressing the 

remaining photoconductivity after the termination of illumination. 

The effective interfacial charge transfer process achieved the 

photomodulation of the source drain current up to 52%. These 

results demonstrate the potential of AGNRs as a promising 

photoactive layer. 

 Many types of GNR structures, including AGNRs102, 104-108, 

chevron-type GNRs,100 chiral GNRs,109-112 hetero-atom-doped 

GNRs113-115, and heterojunctions116-120 have been successfully 

synthesized on metal surfaces. In contrast, the synthesis of zigzag-

edge GNR (ZGNR) has been significant challenge because the aryl-

aryl coupling of monomers does not take place along the zigzag 

direction. Recently, the use of a U-shaped monomer has enabled the 

synthesis of a ZGNR featuring six carbon atoms across the width of 

the ribbon (6-ZGNR).121 After polymerization of the U-shaped 

monomer on Au(111), the obtained pre-polymers were further 

annealed to initiate the cyclodehydration reaction. The methyl 

groups were dehydrogenatively incorporated to form a fully 

conjugated system with zigzag edges (Fig. 6). To decouple the 

electronic interaction between the GNRs and the metal surface, as-

synthesized GNRs were transferred to insulating NaCl islands. 

Evidence for the theoretically predicted edge states of the ZGNRs 

was obtained from the dI/dV spectrum taken at the edge of 6-ZGNR. 

ZGNRs can be doped by hetero atoms in their zigzag edges for novel 

magnetic properties. Fischer et al., fabricated a nitrogen-doped 6-

ZGNR (6-nZGNR), in which every sixth CH group along the edge was 

replaced by a nitrogen atom.122 STS measurements of 6-nZGNR 

revealed a significant splitting of the dopant edge state induced by 

the ferromagnetically ordered spins along the edge in agreement 

with theoretical calculations. The use of 6,11-bis(10-

bromoanthracen-9-yl)-1,4-dimethyltetracene and DBBA as a 

monomer provided a heterojunction of GNRs with armchair and 

zigzag edges via the oxidative cyclization of methyl groups.117 

Strikingly, the topological end states were demonstrated at their 

Fig. 4 (a) On-surface synthesis of 7-AGNR and (3,1)-chiral GNR. (b, c) 

STM images of (a) 7-AGNR on Au(111) and (c) (3,1)-chiral GNR on 

Cu(111). (b) Reprinted with permission from ref. 100. Copyright 

2010 Macmillan Publishers Ltd. (c) Reprinted with permission from 

ref. 109. Copyright 2013 American Chemical Society. 

 

 
Fig. 5 (a) Experimental CVD setup with an illustration of the GNR 

growth mechanism using DBBA. (b) Schematic illustration of GNR 

transfer process from the metal to the insulating substrate. 

Reprinted with permission from ref. 102. Copyright 2014 Wiley. 
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interfaces by dI/dV mapping, suggesting the significant potential of 

GNRs as a platform for developing topological quantum materials. 

Along with the monomer design, the choice of substrate also has 

a significant effect on the selectivity of a target reaction. 

Interestingly, on Cu(111), a (3,1)-chiral GNR was formed using the 

same monomer through selective dehydrogenative coupling at the 

2,2’-sites of DBBA (Fig. 4a, c).109 In the case of 7-AGNR synthesis on 

Au(111), the biradical intermediates are mobile, which allow them to 

find the active reaction site.123 In contrast, the DBBA monomers on 

Cu(111) cannot diffuse freely even at elevated temperatures. As a 

result, the cyclodehydrogenation reaction only occurs inside 

preassembled domains. 

In general, the length of GNRs synthesized on surfaces is limited 

by the undesired hydrogen passivation reaction of the radical ends 

of the oligomers and/or surface defects and step edges.124 The short 

lengths make it difficult to connect the GNRs to metal electrodes for 

their integration into molecular-based devices. The use of monomers 

with different halogen functionalization units revealed the impact of 

halogen atoms on the GNR length. The use of iodine-containing 

monomers induced the growth of longer AGNRs (average length = 45 

nm) in comparison with the analogue containing a bromine group 

(average length = 15 nm).125 Iodine has a higher desorption 

temperature from metal surfaces than that of bromine, promoting 

the formation of hydrogen iodine after the release of hydrogen 

atoms from the cyclodehydration process, which restrains the 

undesirable termination reaction of the active terminus. 

Supramolecular interactions of building units enabled the control 

of inter-chain coupling reactions, as demonstrated by the synthesis 

of 7-AGNR using para-dibromoterphenylene (DBTP) as a 

monomer.126 The halogen atoms in monomer units play a key role in 

their well-organized structures. The DBTP monomers were perfectly 

aligned on the Au(111) surface by halogen bond interactions 

between the monomers (Fig. 7a–d). The first annealing process led 

to debromination and the formation of polyphenylene chains. The 

pre-alignment of DBTP served as a template to guide the dense 

alignment of polyphenylene. Finally, higher temperature annealing 

induced the formation of the perfectly aligned fused nanoribbons. 

Recently, Moreno et al. successfully synthesized an aligned GNR with 

a length of > 100 nm using a reconstructed Au (111) surface (Fig. 7e, 

f).127 The uniaxial anisotropy of the zigzag pattern of the surface 

directed the growth of the GNR. The engineering of surface 

topologies would contribute to the realization of the parallel arrays 

of long GNRs that are essential for improving the performance of 

nanodevices. 

Recent works demonstrated that the on-surface method is 

suitable for fabricating 2D nanoporous GNRs in a programmable 

manner.128-131 A 2D GNR network was synthesized on a reconstructed 

Au(111) surface, in which the surface-assisted parallel alignment of a 

cross-linkable GNR is essential for the efficient interchain cross-

linking reaction (Fig. 8).129 The 2D nanoporous GNR showed a 

localized electronic state within the pores with a Fermi level that can 

be shifted by the interaction with ions and molecules, making this 

GNR a promising material for chemical and biological sensors. A 

short-channel field-effect transistor (FET) device was fabricated 

using a chevron type 2D GNR, and exhibited excellent switching 

behavior with superior on-off ratios of 104, in comparison with those 

of graphene.131, 132 Interestingly, the FET device exhibited n-type 

Fig. 6 (a) Synthetic route for 6-ZGNR. (b) STM image of 6-ZGNR on 

Au(111). (c) Differential conductance maps of filled edge states 

taken at a sample bias of 0.3 V. (d) DFT-based local density of states 

at a 4-Å tip-sample distance, showing the spatial distribution of 

filled edge states. Reprinted with permission from ref. 121. 

Copyright 2016 Macmillan Publishers Ltd. 

 

Fig. 7 (a–d) In-situ STM images during formation of 7-AGNR using 

DBTP as a monomer. Annealing at (a) 47, (b) 87–127, (c) 247, and (c) 

377 ˚C, respectively. Alignment of the DBTP monomers was 

preserved during the annealing process and stepwise formation of 

aligned polyphenylene chains and the GNR. (e–f) STM images of (e) 

Au(111) surface consisting of a periodic array of face-centered-cubic 

(fcc) and hexagonal-close-packed (hcp) stacking strip domains and 

(f) the GNRs. Fourier transform of the STM image (inset) clearly 

shows the periodically ordered structures. (a–d) Reprinted with 

permission from ref. 126. Copyright 2015 American Chemical 

Society. (e–f) Reprinted with permission from ref. 127. Copyright 

2018 Royal Society of Chemistry. 
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charge transport behavior under vacuum while the device in air 

converted to a p-type transistor. These device behavior changes are 

attributed to the absorption of gases or moisture that induced 

changes in the electronic band structures. 

The aforementioned bottom-up strategies using surface-

mediated chemical reactions were confirmed to be effective for 

synthesizing GNRs with atomic precision, although in extremely small 

quantities due to the limited available reaction areas on the 

substrates. In recent years, the use of the 1D nanospaces of CNTs and 

porous materials provided an effective method for the scalable and 

precise synthesis of GNRs. 

Talyzin et al. demonstrated that perylene could be polymerized 

and fused into an AGNR with a width of five carbon atoms (5-AGNR) 

by heat treatment within a single-walled CNT (SWCNT), as confirmed 

by Raman and TEM measurements (Fig. 9).28 The diameter of the 

host SWCNT is critical for the orientation of the guest species, 

dictating the reactivity of the monomers, as well as the chemical 

structures of the polymers. First-principle simulations showed that 

encapsulation of the GNRs in the SWCNT with a diameter of 1.4 nm 

was energetically favorable with respect to the isolated systems, 

facilitating the formation of the GNRs within SWCNTs.28 In a similar 

manner, the synthesis of GNRs in SWCNTs has been reported using a 

fullerene derivative, tetrathiafulvalene, and perylene-3,4,9,10-

tetracarboxylic dianhydride as precursors.133-135 The zigzag edges of 

the nanoribbons were terminated with sulphur atoms generated 

from the precursors, stabilizing otherwise unstable GNRs.133, 134 

Thermally induced self-intertwining of the resulting GNRs led to the 

selective formation of CNTs with specific chirality in the parent-tube 

templates, which appeared a promising route for the synthesis of 

well-defined CNTs.135 

Owing to the exceptionally high stability of CNTs, the removal of 

host CNTs remains challenging. Thus, isolation of the GNRs has never 

been achieved, limiting further study and applications of the GNRs; 

instead, much attention has been given to the properties of the GNRs 

inside the nanotubes. The electronic structures of CNTs can be 

modulated by surface covalent functionalization. Suppression of the 

excitonic absorption peaks of the nanotubes enabled the 

investigation of the optical properties of the GNRs in the 

nanotubes.136 Khlobystov et al. revealed the diverse dynamic 

behavior of the GNRs within the SWCNTs, in which rotation, 

translation, and helical twisting motions were observed (Fig. 10).134 

Since the physical properties of the GNRs would be significantly 

affected by the GNR conformations,137, 138 this finding shows promise 

for the control of the electronic and magnetic properties of GNRs via 

nanoconfinement. Furthermore, this method can provide a route for 

the fabrication of novel carbon nanocomposites with superior 

optoelectronic properties beyond those offered by the individual 

components. The electronic structures of CNT/GNR nanohybrids 

have been studied theoretically, demonstrating that the nanohybrids 

form a type-II heterojunction and charge transfer occurs in opposite 

directions at the interface.139 Well-separated spatial distribution of 

electrons and holes make this class of nanohybrids promising for 

photovoltaic and electronics applications.  

Preparation of properly engineered nanospaces with controlled 

sizes is an essential prerequisite for the precise synthesis of GNRs. 

Owing to their design freedom and diverse functionality, MOFs can 

provide an ideal reaction field for GNR synthesis. Uemura and co-

workers have recently disclosed a new method for bulk-scale 

synthesis of GNRs with atomic precision using a MOF as a template. 

The first report on GNR synthesis in MOFs involved the synthesis of 

5-AGNR within the 1D nanochannels of [ZrO(4,4’-

bipnehyldicarboxylate)]n via the selective coupling reaction of 

perylene (Fig. 11).29 The coupling reaction of perylene does not 

proceed at 400 °C in the bulk state. An increase in the heating 

temperature to 600 °C led to the formation of branched or graphitic 

structures. Strikingly, the polymerization of perylene proceeded 

within the MOF even at 400 °C, most likely because the Lewis acid 

sites in the MOF acted catalytic sites140 and/or the perylene 

molecules aligned uniaxially along the nanochannels. As a result, 5-

AGNR formed via the selective coupling reaction at the 3-, 4-, 9-, and 

10-positions of perylene. The bulk quantity of 5-AGNR could be 

obtained by digesting the framework, as evidenced by a series of 

characterization methods, including Raman, NMR, IR, and MALDI-

TOF MS measurements. The careful selection of host and monomer 

Fig. 8 Laplacian-filtered topographic image of nanoporous graphene. 

Reprinted with permission from ref. 129. Copyright 2018 AAAS. 

 

Fig. 9 Schematic image for 5-AGNR synthesis in SWCNT using 

perylene as a monomer and TEM image of SWCNT containing 5-

AGNR. Reprinted with permission from ref. 28. Copyright 2011 

American Chemical Society. 

 
Fig. 10 TEM images of GNRs with different widths inside nanotubes. 

Reprinted with permission from ref. 134. Copyright 2012 American 

Chemical Society. 
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combinations will accomplish the fabrication of a variety of GNRs. 

Bulk-scale GNRs enable a wide range of methods for evaluating the 

chemical and physical properties of GNRs, as well as their practical 

applications in electronics. 

In addition to their width and edge structures, interchain 

interactions are also important in governing a diverse range of GNR 

properties and functions. Thus, it is essential to control the assembly 

packing structures of GNRs at the molecular level. However, strong 

interchain - interactions cause GNRs to be non-melting and 

insoluble; hence the control of the assemblies has remained 

challenging, thus significantly limiting the extensive application of 

GNRs. Since host MOFs can be removed under mild conditions, 

polymer assemblies can be retained even after the removal of the 

frameworks.79, 80 MOF-templated methods would provide the highly 

ordered alignment of the nanoribbons, leading to the enhancement 

of their functions for future application in FETs and photovoltaic cells. 

Recently, the surface-confined preparation of 2D nanoporous 

GNRs on metal substrates has been reported.129, 131 However, this 

method requires highly symmetric multivalent monomers to define 

the growth and dimensions of the networks. In addition, this surface-

assisted method inevitably suffers from their scalable synthesis. 

Dimensionally programmed polymerization in the 2D nanospaces of 

MOFs84 will afford 2D GNRs with precise structures and scalability, 

leading to the expression of the topological properties.141 

3.2 CLPs comprising nonbenzenoid moieties 

In non-benzenoid systems, the -electron density distribution and 

molecular orbital levels are uneven in contrast to those of benzenoid 

systems, polarizing the ground state and leading to intriguing 

behavior in the excited state.142 The incorporation of nonbenzenoid 

rings into CLPs represents an another approach for significantly 

modulating CLP properties. CLPs containing nonbenzenoid 

components are theoretically predicted to exhibit an open-shell state 

with one or more unpaired electrons, leading to characteristic 

physicochemical properties, such as narrow Highest Occupied 

Molecular Orbital-Lowest Occupied Molecular Orbital gaps and anti-

aromaticity.143, 144 CLPs synthesized by incorporating nonbenzenoid 

moieties in wet chemistry suffer from structural defects and low 

solubility that prevent control over the synthesis as well as structural 

characterization at the atomic level. 

Ladder phenylene (LP) is comprised of linearly alternating fused 

benzene and cyclobutadiene rings. LPs are expected to possess 

intriguing optoelectronic properties due to this combination of 

aromatic and antiaromatic groups.145 Despite many efforts to 

synthesize LPs in solution, the longest LPs contained only five 

benzene units because of their insolubility and poor stability, which 

limited the exploration of the properties of the polymeric LP.146 Liu 

et al. reported the synthesis of LP with more than 50 units on Au(111) 

by direct ladder polymerization, surface-assisted debrominative 

[2+2] cycloaddition; noncovalent interactions of the methyl groups 

of 1,2,4,5-tetrabromo-3,6-dimethylbenzene (TBDMB) improve the 

chemoselectivity and the orientation orderliness (Fig. 12).147 The 

electronic properties of LP were examined by scanning tunnelling 

spectroscopy (STS) measurements after transferring the LP chains 

from the metal surface to NaCl islands via tip manipulation. LP was 

found to be positively charged, with singly occupied (SOMO) and 

associated unoccupied (SUMO) molecular orbitals identified by dI/dV 

maps and confirmed by density functional theory (DFT) calculations. 

Although LP was predicted to show an antiferromagnetic ground 

state by the DFT calculations, no obvious spin excitation has been 

seen in dI/dV spectra. This is probably because the magnetization 

would be affected by multiple factors, such as substrate screening 

effects, adsorption configurations, and charge transfer. Various 

types of CLPs containing cyclobutadienoid moieties have been 

synthesized by means of debrominative [2+2] cycloaddition, and 

they exhibited unique optoelectronic properties.148, 149 For example, 

a linearly fused coronene-cyclobutadienoid polymer featured an 

exceptionally narrow indirect band gap of 600 meV.148  

Poly(indenoindene) is a CLP consisting of an alternating sequence 

of five- and six-membered rings. The synthesis of poly(indenoindene) 

Fig. 11 Schematic of the fabrication of 5-AGNR with atomic precision 

on the bulk scale using a MOF as a template. Reprinted with 

permission from ref. 29. Copyright 2020 American Chemical Society. 

 

Fig. 12 (a) Synthetic route for LP using TBDMB as a monomer. (b) STM 

image of LP. (c) STM image of LP. (d) dI/dV spectra recorded on 

different locations of LP (marked in the inset STM image). Chemical 

structure of poly(indenoindene). The two states (O1 and U1) were 

assigned as the SOMO and SUMO, respectively. Reprinted with 

permission from ref. 147. Copyright 2021 American Chemical Society. 
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has remained challenging to date because of the inherent reactivity 

of the indenofluorene monomers.150 The on-surface method enabled 

the synthesis of poly(indenoindene) by sequential arylaryl coupling 

of the p-terphenyl-based precursor and oxidative cyclization of 

methyl groups against the phenylene rings of the polyphenylene 

backbone (Fig. 13a-c).151 The successful “zipping” of the pre-polymer 

was confirmed by STM and AFM measurements. The DFT calculations 

and STS measurements revealed the low band gap and 

antiferromagnetic character of poly(indenoindene). 

The incorporation of fused pentalene units into CLPs was 

achieved by Écija et al. Ethynylene-linked anthracene and cumulene-

linked bisanthracene polymers were synthesized on Au(111) using 

[9,10-bis(dibromomethylene)-9,10-dihydroanthracene] (4BrAn) and 

[10,10′-bis(dibromomethylene)-10H,10′H-9,9′-bianthracenylidene] 

(4BrBiA) as a monomer, respectively (Fig. 14).152 Interestingly, 

despite their similar cyclization activation barriers, annealing of the 

precursor polymers led to distinct behavior of the formed polymers. 

In the case of the anthracene polymers, the annealing process 

induced distinct side reactions, giving rise to intra-polymeric warping 

and inter-polymeric fusion. In contrast, thermal treatment of the 

bisanthracene polymer resulted in the formation of a non-benzenoid 

fused pentalene bridged CLP via a two-fold cyclization reaction. The 

observed differences in reactivity were rationalized in terms of the 

vibrational modes of the polymers; the bending vibration modes of 

the bisanthracene polymer matched very well with the cyclization 

reaction coordinate. High resolution AFM images allowed 

identification of the resonance form of the polymer, demonstrating 

the Glidewell and Lloyd rules for aromaticity.153, 154 

Azulene consists of annulated five- and seven-membered rings. 

CLPs containing four-, five, and seven-membered rings were 

obtained using polyazulene chains as a precursor polymer.155 Initially, 

polymerization of 2,6-dibromoazulene was performed on the 

Au(111) surface by Ullmann coupling, leading to ordered domains of 

polyazulene chains. During the polymerization, bromine adatoms 

were generated by CBr bond scission of the monomer. The resulting 

BrH hydrogen bonds are the driving force for the ordered 

arrangement of the polymer chains. Finally, the lateral 

dehydrogenative CC coupling of the neighboring polyazulene chains 

led to the formation of CLPs containing four-, five, and seven-

membered rings. 

Eight-membered rings were also periodically incorporated into 

the structures of CLPs. 1,6,7,12-tetrabromo-3,4,9,10-perylene-

ttracarboxylic-dianhydride (Br4-PTCDA) was sublimed onto the 

Au(111) surface as a monomer (Fig. 15).156 In addition, 4,4”-dibromo-

p-terphenyl (DBTP) molecules were codeposited with Br4-PTCDA. 

Owing to the instability of the anhydride groups of Br4-PTCDA, 

undesirable reactions, such as decarbonylation and ring opening 

reactions of anhydrides may take place, leading to disordered 

structures. DBTP first reacted after annealing to form polyphenylene, 

 

Fig. 14 (a, b) Scheme of the reaction sequence of (a) 4BrAn and (b) 

4BisA. (c, d) STM image of (c) bisanthracene polymer and (d) fused 

pentalene bridged CLP. Reprinted with permission from ref. 152. 

Copyright 2020 Macmillan Publishers Ltd. 

 
Fig. 15 (a) Synthetic strategy for CLPs containing eight- and four-

member rings. (b) STM image of PTCDA-Au2-Br4 linear chains. (c) 

STM image of CLP periodically embedded with eight- and four-

member rings. Reprinted with permission from ref. 156. Copyright 

2017 Macmillan Publishers Ltd. 

Fig. 13 (a) Reaction pathway from p-terphenyl-based precursor to 

poly(indenoindene). (b, c) AFM (b) and Laplace-filtered (c) images of 

poly(indenoindene) synthesized on Au (111). Reprinted with 

permission from ref. 151. Copyright 2020 American Chemical Society.  
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which served as 1D molecular grooves to constrain Br4-PTCDA, 

preventing such side reactions. Thermal annealing of Br4-PTCDA 

induced the CBr bond cleavage and the PTCDA intermediates 

diffused unidirectionally along the molecular grooves, yielding 

PTCDA-Au2-Br4 linear chains. Further annealing released gold atoms 

from the polymers, resulting in the regulated formation of eight- and 

four-membered rings between perylene backbones. 

CLPs consisting of repeated porphyrin units, so-called porphyrin 

nanotapes157, 158, have also gained considerable attention as near-

infrared absorbers and molecular wires. The on-surface approach 

provided porphyrin nanotapes and atomic-scale characterizations of 

their structural and electronic properties (Fig. 16).159 Porphyrin 

nanotapes provide a scaffold for the arrangement of magnetic ions 

using the inner porphyrin cavity, which would lead to exotic physical 

phenomena and quantum applications. 

4 Synthesis of CLPs by zipping of vinyl polymers 

Carbon fibers have been a critical engineering material since their 

initial development in the 1960s because of their outstanding 

physical properties.160 PAN is one of the most widely used precursors 

for carbon fibers. Among the several production processes, thermal 

stabilization is the most important process for obtaining fine carbon 

fibers, in which PAN transforms into a nZGNR featuring two lines of 

carbon atoms across the width of the ribbon (2-nZGNR) via intrachain 

cyclization and dehydration reactions.161 However, a series of 

characterization methods demonstrate that the actual structure of 

2-nZGNR is more complex and consists of cross-linking, aliphatic 

carbon, and carbonyl groups. It is crucial to control the ladderization 

(zipping) reaction; however, both intra- and interchain reactions 

inevitably occur in the bulk state because of the random polymer 

entanglement. Furthermore, the stabilization is an exothermic 

reaction with an abrupt heat release that causes many side reactions, 

such as chain scission, resulting in the complicated and 

uncontrollable structure of the product. 

Confinement of polymer chains in porous materials is a feasible 

method for controlling polymer assemblies because this approach 

can prevent the entanglement and conformational disorder of 

polymer chains in the bulk state. Nanoconfinement effects on the 

reactivity of PAN have been extensively explored using nanoporous 

materials. Initially, PAN was prepared by in-situ polymerization of 

acrylonitrile, then subsequently pyrolyzed inside the channels of 

MCM-41 with a pore size of ca. 30 Å.31 The obtained carbon 

nanofilaments had well-ordered graphitic domains and showed 

higher microwave conductivity than that of the bulk PAN pyrolyzed  

under the same conditions. This was probably owing to the polymer 

chain alignment within the 1-D nanochannels that facilitate the 

stabilization and carbonization reactions. Recent studies showed 

that the stabilization reaction of PAN was radically affected by the 

environment surrounding the polymer chains because of the isolated 

chain state. The stabilization reaction of PAN proceeds with abrupt 

heat release, as observed by the sharp exothermic peak around 280 

˚C in the differential scanning calorimetry (DSC) curve for the neat 

PAN.161 The stabilization reactions of PAN confined in porous 

materials were examined using DSC measurements. The 

transformation temperature of PAN within the 3-D porous polymer 

(pore size = 14 Å) was shifted 20 °C higher that of the neat PAN.48 

This was most likely because the polymer chains were strictly 

interwoven within the 3D host and the kinetics of the transformation 

slowed. In contrast, the transformation temperature of PAN within 

the 1D channels of mesoporous organosilica (pore size = 38 Å) was 

40 °C lower than that of neat PAN because of an extended 

conformation of PAN chains within the channels that promoted the 

intramolecular cyclization process.49 

The controllable channel size of MOFs enables the achievement 

of precise polymer assemblies in the nanochannels, which are of key 

importance for inhibiting the interchain cross-linking reactions of 

Fig. 17 (a) Scheme of chemical reaction for carbon fibers. (b) 

Schematic for the transformation reaction of PAN within the 

nanochannels of MOFs. (c) Solid-state 13C NMR spectra of neat PAN 

after heating at 280 ˚C (black) and 2-ZGNR liberated from 

[Al(OH)(bpdc)]n (red) and [Al(OH)(ndc)]n (blue). (d) DSC curves of 

neat PAN, PAN in [Al(OH)(bpdc)]n,  and PAN in [Al(OH)(ndc)]n. 

Reprinted with permission from ref. 30. Copyright 2020 Royal 

Society of Chemistry. 

 

Fig. 16 (a) Two-step strategy for synthesis of laterally -extended 

porphyrin nanotapes on Au(111). (b) STM images of porphyrin 

nanotapes. Reprinted with permission from ref. 159. Copyright 

2021 Wiley. 
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PAN. We performed the transformation reaction of single PAN chains 

within two MOFs with distinct channel sizes, [Al(OH)(bpdc)]n (pore 

size = 11.1 Å) and [Al(OH)(ndc)]n (ndc = 2,6-

naphthalenedicarboxylate, pore size = 8.5 Å) to study the effect of 

pore size on the transformation process (Fig. 17a, b).30 Note that the 

2-nZGNR prepared within the MOFs had a more extended 

conjugated backbone with smaller amounts of aliphatic carbons than 

in the bulk condition, as confirmed by solid-state 13C NMR (Fig. 17c). 

Accommodation of single PAN chains in MOF nanochannels allowed 

for the suppression of rapid heat generation during the stabilization 

process (Fig. 17d). In general, MOFs show low thermal conductivity 

because of the heterogeneity of the bond stiffnesses and atomic 

masses.162 PAN chains were encapsulated within each nanochannel 

in a single-chain fashion. Thus, heat transfer between the polymer 

chains was inhibited, suppressing the abrupt heat release. Further 

heat treatment of 2-nZGNR will potentially enhance the properties 

of the carbon fibers. Owing to the extended conjugated backbone 

with a heteroatom-doped structure, the formation of 2-nZGNR 

within the MOFs would result in fascinating physicochemical 

properties. 

The molecular weight, primary structures, and loading amounts 

of the precursor polymers would significantly affect the structures 

and properties of the CLPs after the zipping reaction. However, with 

the in situ polymerization method, this level of precise control 

remains challenging. In 2010, it was demonstrated that polyethylene 

glycol (PEG) spontaneously intercalated into nanopores when mixed 

with MOFs above its melting temperature.163 Moreover, Uemura et 

al. have recently demonstrated that the insertion of PEG into MOFs 

occurred even in the solution phase.164, 165 Due to their flexible main 

chains, the control of ladderization reactions of vinyl polymers has 

remained challenging, and there are limited examples of CLPs and 

non-conjugated ladder polymers. The direct insertion of precursor 

vinyl polymers with well-defined primary structures into MOFs will 

allow a much wider scope of ladder polymers with well-defined 

structures and novel topological properties. 

4. Summary and outlook 

For the synthesis of CLP, the development of synthetic 

strategies in solution has seen significant progress. However, 

this conventional method suffers from the formation of 

undesirable non-ladder defects (e.g. cross-linking and 

branching) owing to the multiple reaction sites. The difficulty in 

precision chemical synthesis as well as solubility issues in 

synthesis, characterization, and processing should be overcome 

for their future applications.166 In this review article, we described 

the progress of CLP synthesis using various templates. As shown in 

Fig. 18, this approach has some general advantages and 

disadvantages. Thus, the appropriate choice and rational design of 

the templates are required for the synthesis and applications of 

targeted CLPs. Although this methodology affords a wide range of 

CLPs that cannot be produced using conventional solution 

approaches, there are still many scientific and technological 

challenges that must be overcome for their future applications. 

The intrinsic high density of low-energy electronic states of a 

metal substrate does not allow for the electronic decoupling of the 

synthesized CLPs, which is essential for detailed characterizations of 

their intrinsic properties, such as conductivity and magnetism. 

 
Fig. 18 Characteristic features of metal surfaces, CNTs, mesoporous silicas, and MOFs for CLP synthesis. 
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Furthermore, these obstacles hinder the applications of CLPs with 

unique physicochemical functions in electronic and magnetic 

devices.167 The synthesis of CLPs on nonmetals (such as insulators or 

semiconductors) is difficult because the metal surfaces act as a 

polymerization catalyst. The transfer of the polymers onto nonmetal 

substrates is complex and time-consuming. Therefore, the 

exploration of direct fabrication methods on nonmetal substrates is 

greatly needed.168, 169 A combination of STM with an optical 

detection system170 allows for the exploration of the optical 

properties of CLPs at the atomic scale, providing a deeper insight for 

future design and optimization of molecular-scale devices. 

The current fabrication methods, such as arc discharge and 

chemical vapor deposition, typically produce CNTs with various 

diameters and sidewall structures (armchair, zigzag, and chiral).171 

Improvements in CNT synthesis will result in greater control of 

nanotube structures,172 allowing the specific selection of CNTs for 

the control of polymerization reactions. 

Because of their high degree of design freedom, the use of MOF 

templates can satisfy the requirement of both precision at the atomic 

scale and scalability. From the viewpoint of polymer synthesis, 

periodic incorporation of catalytically active metal sites in the 

frameworks will facilitate the formation of CLPs within 

nanochannels, expanding the scope of CLP synthesis. In addition, 

nanoconfinement of the polymer chains within the nanochannels 

will endow the CLPs with new functions via electronic and magnetic 

couplings between host and guests.83, 173-175 One of the most striking 

features of MOFs is their flexibility, by which the frameworks 

undergo structural changes upon exposure to external stimuli, such 

as heat, light,  pressure, and magnetic fields. Cooperative structural 

transformations of MOFs and CLPs will offer opportunities for 

fabrication of novel stimuli-responsive materials, which are highly 

beneficial for optoelectrical applications. 

 Overall, recent rapid progress in the confined synthesis of CLPs 

has led to breakthroughs in both fundamental science and materials 

applications. We envision that the demand for novel CLPs will 

increase more than ever in the near future, and believe the 

development of new templates will guide the more thrilling 

discoveries in this class of polymeric nanomaterials. 
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