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ABSTRACT 

 

Ladder-type conjugated molecules and macromolecules are attractive organic 

materials with optical and electronic properties suitable for various applications, as a result 

of their extended π-delocalization and strong intermolecular coupling facilitated by rigid 

coplanar structures. This dissertation focuses on incorporation of ladder-type constitution 

in aromatic and quinoidal conjugated oligomers and polymers, in order to address the 

fundamental challenges associated with conjugated organic materials, such as stability and 

limited delocalization ranges of states or quasi-particles.  

This dissertation begins with an introduction of ladder-type conjugated structures 

and quinoidal resonance (Chapter I). Important concepts involved in the following 

chapters are introduced and related challenges are discussed. 

Chapter II describes an example of conjugated ladder polymer featuring rigid 

coplanar backbone and self-complementary intermolecular hydrogen-bonding 

interactions. To address the low-solubility challenge of ladder polymers, a reversible 

protection and cleavage strategy is employed, realizing solution-phase characterization 

and processing. The rigid backbone with strong intermolecular interactions leads to 

compact aggregation and this ladder polymer demonstrates excellent thermal and chemical 

stability, showing promising potential as coating materials for harsh environment 

applications. 

In Chapter III, ladder-type constitution is incorporated in a pernigraniline salt-

derived system containing quinoidal building blocks. As the fully-oxidized and acid-
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doped derivative of polyanilines, pernigraniline salt is not well-understood due to their 

poor stability and configurational uncertainty. Ladder-type constitution is imparted into 

oligomers to address these issues, demonstrating well-defined configuration and excellent 

chemical stability, rendering it possible to reveal the intrinsic electronic and magnetic 

properties. A dominant Pauli paramagnetism was observed, indicating the delocalization 

nature of polarons in ladder oligomers as a result of extended intramolecular and 

intermolecular interactions. 

In Chapter IV, this design principle is expanded into a macromolecular system as 

ladder-type polyaniline derivatives. Chemical stability the ladder polymer ensures an 

unprecedented electrochemical stability under highly oxidative conditions. This material 

is applied in an electrochromic device, showing distinct switches between UV- and near-

infrared-absorbing states with a remarkable cyclability and high tolerance to operation 

voltages. 

Overall, this dissertation is to demonstrate the strategy of incorporating ladder-

type constitution in aromatic and quinoidal conjugated macromolecules to address 

challenges in the field of organic electronic materials in both fundamental and application 

research. Enhanced stability and extended delocalization ranges of states are investigated 

in ladder-type conjugated macromolecules, showing their great potential as next-

generation electronic active materials. 
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CHAPTER I  

INTRODUCTION  

1.1 Ladder-Type Conjugated Molecules 

A π-conjugated system is a molecular entity whose structure may be represented 

as a system of alternating single and multiple bonds.1 In conjugated molecules and 

polymers, the relatively narrow energy bandgap [the energy difference between highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)] 

resulted from π-electron delocalization leads to semiconducting or conducting properties. 

Starting from the early 1960s, organic conjugated molecules and polymers have been one 

of the most important modern materials in diverse optical and electronic applications. In 

recent decades, research interest has never waned in development of organic conjugated 

molecules and polymers as next-generation materials.  

In a conventional conjugated structure, the torsional rotation of sigma bond 

connections results into a non-coplanar conformation, which renders them good solubility, 

while limits the π-conjugation scale and intermolecular interactions (Figure 1a). In 

contrast, the torsional rotation is prohibited in a ladder-type conjugated structure. A 

ladder-type molecule is defined as a multiple-strand molecule consisting of an 

uninterrupted sequence of rings with adjacent rings sharing two or more atoms (Figure 

1b).2 Ladder molecules feature high backbone rigidity and coplanarity, and lack 

configurational or conformational disorders.3, 4 The high coplanarity promotes both 

intramolecular π-conjugation5 and intermolecular interactions.6 As a result, π-electron 

delocalization scale is extended efficiently in ladder polymers. In the condensed phases, 
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the reorganization energy of ladder polymer is much decreased and intrinsic charge 

mobility is enhanced. Although the first ladder polymer was synthesized in 1960s, not 

until recent decades have people achieved efficient synthesis of soluble ladder-type 

conjugated polymers and studied their electronic properties systematically (Figure 1c). 

Their unique optical and electronic properties are suitable for diverse applications in 

organic light-emitting diodes,7 organic field-effect transistors,8, 9 organic photovoltaics,10-

12 thermoelectrics,13 molecular wire,10 etc. For example, in an organic field-effect 

transistor device, the representative ladder poly(benzimidazole benzophenanthroline) 

possesses an electron mobility 105 times higher than that of the non-ladder analogue.14 

Ladder molecules and polymers also acquire advanced stability from the structure with 

multi-strand of bonds, promising their great potential in various demanding applications. 

 

Figure 1. Graphic representations of (a) a π-conjugated molecule connected with a 
single strand of bonds, (b) a ladder-type π-conjugated molecule, and (d) stepwise 
synthesis approach of ladder-type conjugated polymers. (c) Representative examples 
of ladder-type conjugated macromolecules. 
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Despite the intriguing properties, challenges still remained in the field of ladder 

molecules and polymers. The rigid backbones and strong intermolecular interactions lead 

to intrinsically low solubility of ladder systems, which renders synthesis, characterization 

and processing difficult. Sufficient solubilizing substituents are required to be 

incorporated. Additionally, high demands are also present in controlling a low defect level 

in the ladder-type backbone through efficient synthesis route to achieve desired structures 

and properties.15 In recent decades, a stepwise approach is commonly employed to 

construct ladder polymers (Figure 1c). Based on the polymerized non-ladder-precursors, 

efficient ring-annulation reactions are required to complete the intramolecular 

“ladderization” step. A broad library of reactions, including electrophilic aromatic 

substitution, Schiff base formation, olefin metathesis, Scholl coupling, etc., have been 

explored.16, 17 In these reactions, bulky side-chains can be used to prevent the undesired 

intermolecular reactions, while too much bulkiness would decrease the reactivity and lead 

to high defect levels. Therefore, a delicate balance is required to maintain a high reactivity 

meanwhile avoid intermolecular side reactions. Regioselectivity is another important 

factor which controls the configuration of the final ladder products. Highly regioselective 

ring-annulation reactions are required to obtain isometrically pure ladder structures. 

Defects can occur in ladder polymers in multiple ways, including incomplete ladderization 

reactions, loss of solubility en route to the products, undesired end groups, or degradation 

side reactions. Although many structurally perfect ladder-type conjugated 

macromolecules have been synthesized, further efforts are still needed to develop wider 
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scope of this material and achieve defect-free ladder polymers with superior electronic 

properties and chemical, thermal, and photostability.18 

Overall, novel ladder conjugated polymers with synthetic/processing feasibility, 

structural versatility and controlled functionality are expected to deliver breakthrough 

performance in potential optical, electronic, and magnetic applications. 

 

1.2 Quinoidal Structure in Conjugated Molecules and Polymers 

1.2.1 Quinoidal Resonance 

Most conjugated polymers contain cyclic π-units in the mainchain. These building 

blocks can adopt either a Hückle aromatic form or a quinoidal form. The aromatic building 

blocks are typically connected with one another by single bonds. In contrast, in the 

quinoidal form, a π-conjugated unit exerts no local ring aromaticity and is typically 

connected with others by double bonds. These polymers often exhibit drastically different 

structural features, such as bond lengths, conformation, and open-shell character, etc., 

compared to their counterparts composed of non-quinoidal aromatic units. As a result, 

quinoidal conjugated polymers can exhibit distinctive electronic, optical, and magnetic 

properties that are often not accessible in aromatic conjugated polymers, promising for a 

wide range of applications. 

 A quinoidal π-system differs from its aromatic counterpart drastically in terms of 

the bond length alternation (BLA), which is defined as the average of the differences in 

bond lengths between the alternating single and double bonds.19 As an important structural 

parameter, BLA governs the electronic properties of a conjugated polymer, such as the 
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energy bandgap and Peierls distortion. In one of the simplest examples, polyacetylene 

(Figure 2a), the resonance hybrid with BLA = 0 should be metallic in an ideal situation. 

However, such metallic state is unstable and Peierls distortion takes place to generate a 

more stable form with |BLA| > 0. As a result, one of the resonance forms is favored and 

the distorted structure possesses an energy bandgap, leading to the non-metallic nature of 

polyacetylene in reality. For an infinite chain of conjugated polymers with cyclic π-units, 

the quinoidal and aromatic forms can be viewed as resonance forms with respect to each 

other (Figure 2b). The aromatic form, however, often dominates the contribution due to 

the added stability by Hückle aromaticity. 

 Despite the fact that aromatic conjugated polymers dominate the research field due 

to their favorable stability and ease of synthesis, research attentions have been paid on the 

quinoidal conjugated polymers since the early days of conductive polymers.20-22  It was 

hypothesized and confirmed that a conjugated polymer in its quinoidal form is more 

electrically conductive than the corresponding aromatic form.23, 24 On an infinite chain, 

theoretically, the maximum π-conjugation scale is obtained where all bond lengths are 

equal (BLA = 0), although it is an unstable form in between the quinoidal and the aromatic 

forms.25 In reality, a polymer containing quinoidal building blocks often also exhibits 

contribution from its aromatic resonance form, resulting a smaller |BLA| value compared 

to a “pure” aromatic polymer. The resonance transformation in between quinoidal and 

aromatic forms of building blocks also leads to the generation of open-shell radical 

character. Combining these features, polymers containing quinoidal building blocks often 
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possess larger degree of π-conjugation and higher conductivity compared to “pure” 

aromatic polymers.26  

 Apart from BLA, the backbone conformations of conjugated polymers are also 

drastically different between quinoidal and aromatic resonance forms. On account of the 

all-double-bond connections, a quinoidal structure often possesses higher coplanarity and 

rigidity, while its aromatic counterpart has a higher degree of freedom for torsional 

rotation about the single bond linkages (Figure 2c).27 The coplanarity of quinoidal 

structure further facilitates electron delocalization throughout the π-system, contributing 

to a larger π-conjugation scale.  

 

 

Figure 2. Energy diagrams of the ground state of (a) polyacetylene and (b) 
conjugated polymers with infinite chain length. Reproduced (adapted) from ref 23 
with permission from John Wiley and Sons. (c) Aromatic and quinoidal form 
showing constitutional and conformational differences. 
 

Although the importance of quinoidal structure has been revealed for a long time, 

polymeric π-systems with intrinsic quinoidal character (defined as quinoidal conjugated 
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polymers in this article) are less reported due to challenges associated with the synthesis 

and stability.28 Despite these challenges, a number of important advances have been made 

to further our knowledge on the design and synthesis of quinoidal conjugated polymers 

and to deepen our understanding of the quinoidal properties for a wide range of diverse 

applications.  

1.2.2 Open-Shell Diradical Character 

 In quinoidal structures featuring small BLA, the small energy bandgap can enable 

admixing of HOMO and LUMO in the ground state, leading to open-shell diradical 

character and spin-active states.29, 30 From the perspective of resonance forms, such open-

shell diradical character can be considered as a result of increased resonance contribution 

of the diradical form due to the stabilization effect of the central ring gaining Hückle 

aromaticity (Figure 3).31, 32 In a diradical system, with the increasing of one-electron 

overlap integral SAB of two odd electrons, the singlet state is stabilized and triplet state is 

destabilized, leading to increasing of singlet-triplet gap.33  
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Figure 3. Change of energies of triplet/singlet pair with increased of one-electron 
overlap integral SAB and resonances between open-shell diradical and closed-shell 
quinoidal structures. Reproduced (adapted) from ref. 29 with permission from the 
Royal Society of Chemistry. 
 

 For quinoidal conjugated molecules, open-shell character and singlet-triplet gap is 

critically dependent on the molecular structures. The diradical open-shell resonance is 

favored when a significant aromaticity is obtained in this form compared to the closed-

shell quinoidal form. High torsional rotation is also usually employed to reduce the overlap 

between two spins and increase the diradical character. In recent literatures, coplanar 

quinoidal molecules with polycyclic skeletons have been investigated extensively, 

displaying intriguing diradical and polyradical properties (Figure 4a).34-37 Conjugated 

polymers with quinoidal building blocks have also been investigated. For example, a high-

spin ground state and small singlet-triplet energy gap was achieved in a copolymer 

composed of cyclopentadithiophenyl and thiadiazoloquinoxaline units38 (Figure 4b) as a 

result of the open-shell character of the thiadiazole-based quinoidal moieties. 
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 The unpaired electrons and their corresponding magnetic moments render 

intriguing behaviors of quinoidal conjugated polymer that are not observable on their 

closed-shell counterparts. Therefore, the investigation of quinoidal polymers with isolable 

stability of high-spin states has emerged in diverse research fields, including spin 

manipulation, organic magnetism, quantum functionalities, and interrelated optoelectronic 

properties.39 It is believed that there is a close correlation between diradical and 

polyradical character and two-photon absorption, magnetic properties, singlet fission 

phenomenon, etc., indicating great potential of quinoidal conjugated molecules as 

materials for various applications including organic photonics, electronics, spintronics, 

energy storage, and so on. 

 

 

Figure 4. (a) Structures of some recently reported quinoidal molecules and their 
open-shell diradical resonance form. (b) Structure of a quinoidal conjugated polymer 
with high-spin ground state. Reproduced from Ref. 38 with permission from the 
American Association for the Advancement of Science. 
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1.2.3 Extended Delocalization of Polarons/Bipolarons 

Quinoidal forms are important in the doping process of π-conjugated polymers. In 

fact, in early studies, most of the quinoidal characters of conjugated polymers were 

investigated in the doped states20 or in the transient states40 of their aromatic precursors, 

such as polypyrrole, polythiophene, and polyaniline (PANI), etc. Upon doping, the 

aromatic building blocks in conjugated polymer are partially converted into their quinoidal 

form, therefore affording drastically changed chemical, electronic, and magnetic 

properties (Figure 5a). For example, without doping, polypyrrole and polythiophene 

possess a dominant aromatic form. The relatively small energy gap between the overall π-

bonding and π*-antibonding orbitals, corresponding to valence and conductance bands, 

respectively, renders semiconducting properties.41 Upon oxidative doping, positive 

charges are created and local reorganization leads to an ionized quinoidal form. In the 

solid state, the lattice deformation with radical cation is termed as a “polaron”, whose 

energy levels are localized in the forbidden band (Figure 5b), leading to the shift of the 

Fermi level simultaneously and electrical conductivity. At a higher doping level, radical 

cations in close proximity can combine so that the two neighboring positive charges are 

coupled in the quinoidal unit.42 Such a doubly-charged quinoidal section can be considered 

as a “bipolaron” that delocalizes over several rings. In this case, two localized states form 

in the original bandgap and evolve into two bipolaron bands with increased doping levels. 

In doped polymers, both high-spin polarons and spinless bipolarons are charge carriers. 

The low effective mass of polarons and bipolarons and high carrier mobility give rise to 

the ultrahigh conductivity of polymers with quinoidal segments,43 while polarons are 
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believed to possess higher mobility than bipolarons.44 Overall, the quinoidal form is 

ubiquitous in the doping process of conjugated polymers, and is critical to the generation 

of polarons and bipolarons for electrical conductivity. 

 

 

Figure 5. (a) Structural formulas of polyacetylene, polypyrrole, polythiophene and 
PANI in their undoped aromatic form and partially quinoidal form after doping; (b) 
Energy diagrams of the neutral, polaron, and bipolaron states. 
 

Recently, direct observation of quinoidal units as charge carriers was reported in 

poly(para-phenylene) (PPP) chains.45 The aromatic (benzenoid) and quinoidal forms can 

be distinctively visualized under scanning tunneling microscopy (STM) and noncontact 

atomic force microscopy. Under STM with a voltage bias, both intrachain and interchain 

transports of quinoidal segments were observed (Figure 6), showing high mobility 

character of the quinoidal polarons or bipolarons. High-spin polarons and bipolarons can 

also be generated in conjugated copolymers with quinoidal building blocks. In recent 

research, the high conductivity rendered by hopping of the quinoidal segment has been 
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applied in organic conducting and thermoelectric devices.38, 46-49 In a recent study, DFT 

calculation was also used to reveal the formation of stable triplet bipolarons which is 

believed to be the reason of the large Seebeck coefficient for thermoelectric application 

despite the high electrical conductivity. 

 

 

Figure 6. (a, b) (top) experimental STM images of PPP chains showing the transport 
of quinoidal segment in one of the chains; (middle) simulated STM images; (bottom) 
structural representation of the three chains shown above. (c, d) (top) Constant-
height STM images of PPP chains showing the hopping of quinoidal segment from 
the middle chain to the bottom chain; (middle) simulated current images; (bottom) 
structural representation of the three chains shown above. Reproduced from ref. 45 
with permission from the American Chemical Society. 
 

1.2.4 Conclusion and Perspectives 

Quinoidal characters impart a number of intriguing properties — including but not 

limited to open-shell character, polaron/bipolaron delocalization and narrowed energy 

bandgap — into conjugated systems. A wide range of small molecules and polymers with 

diverse structural constitutions have been investigated and demonstrated great potential as 

novel materials. However, various challenges still remain in this research topic. First, the 
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scope of structures and syntheses of quinoidal monomeric building blocks is relatively 

narrow compared to traditional aromatic conjugated polymers. Second, it is still 

challenging to precisely predict and control energy levels of quinoidal building blocks due 

to the complex contribution from BLA, intrachain charge transfer, and Peierls distortion.50 

Last but not least, the open-shell character of quinoidal structure could bring in stability 

issues for practical applications. 

In future research, the discovery and development of novel quinoidal building 

blocks and synthetic methodologies are desired in order to achieve precision control of the 

unique properties of quinoidal conjugated polymers. Further fundamental investigations 

on the open-shell high-spin character and polaron and/or bipolaron delocalization 

properties are critical to understand the nature of quinoidal structures and to render high 

stability in these materials.47 

In this context, integration of quinoidal units and ladder-type constitution can be a 

viable strategy to achieve robust organic materials with metallic ground states for 

applications including thermoelectricity, spintronics, and nonlinear optics, etc. 
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CHAPTER II  

AROMATIC LADDER POLYMER FEATURING INTERMOLECULAR 

HYDROGEN-BONDS* 

2.1 Introduction 

In conjugated polymers, in addition to the constitutional and conformational 

features of individual chains, interchain interactions also play a key role in governing a 

wide range of properties/functions of polymers, particularly for those closely related to 

solid-state packing.51-54 This concept applies to ladder polymers as well. It is crucial to 

manipulate the intermolecular interactions (non-covalent bonds), as well as the 

macromolecular characteristics (rigid ladder-type backbone), to precisely control the 

properties and functions of ladder polymers.55 In the context of addressing this grand 

challenge, hydrogen bonds (H-bonds) represent a class of ideal non-covalent interactions 

because they are highly selective and directional. Furthermore, the important role of H-

bonding in shaping the properties of conjugated systems has been recognized in the 

literature,56-63 demonstrating profound impacts in the charge transport, mechanical 

strength and film-forming properties of these materials. Therefore, the incorporation of 

well-defined H-bonds into ladder polymer backbones represents an important advance in 

terms of both fundamental investigation of structure-property relationship and practical 

exploration for electronic or mechanical performances. 

                                                

*Reprinted (adapted) with permission from “Synthesis and Solution Processing of A 
Hydrogen-Bonded Ladder Polymer” Zou, Y.; Ji, X.; Cai, J.; Yuan, T.; Stanton, D. J.; Lin, 
Y. H.; Naraghi, M.; Fang, L. Chem 2017, 2, 139. Copyright 2017 Elsevier. 
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Despite the numerous examples of ladder polymers, only a handful with 

intermolecular H-bonds were proposed or reported in the literature.64-66 Precise structural 

characterization of these examples, however, has not been well-established because of 

their insoluble nature. The formidable challenges associated with this class of polymer are 

twofold: difficulties in constructing ladder-type backbones with H-bond donors and 

acceptors, and the solubility issues in the synthesis, characterization and processing.  

 

2.2 Molecular Design 

Molecular design of the H-bonded ladder polymer was developed on the basis of 

a quinacridone unit,67 which features 5 linearly fused rings (Figure 7a). As an 

inexpensive, non-toxic and environmentally friendly pigment with a pentacene-like 

backbone, quinacridone is a promising building block of high performance optoelectronics 

materials.60, 68-71 Two sets of self-complementary H-bonds can be formed intermolecularly 

between the carbonyl and N−H functional groups on the quinacridone unit.72-74 These H-

bonding interactions promote strong intermolecular electronic coupling60 of quinacridone 

molecules and guide their self-assembly to give compact packing mode, leading to good 

charge carrier mobility,60 as well as high thermal, chemical and photochemical stability.75-

77 We envisioned that the incorporation of quinacridone into a ladder polymer backbone 

could create a rigid ladder-type polymer chain with fixed conformation and multiple H-

bonding interactions, addressing the aforementioned grand challenge. In this context, 

ladder-type poly(indenoquinacridone) (PIQA) was designed for this study (Figure 7b).  
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Figure 7. (a) Structural formula of quinacridone, IQA, and PIQA. The two starting 
materials for PIQA are diaminofluorene and DMSS; (b) Structural formula of Boc 
functionalized IQA and PIQA: BocIQA and BocPIQA. Reprinted with permission 
from [78]. 
 
 

2.3 Synthesis and Characterization 

The synthetic strategy of PIQA was devised based on our previously reported 

''condensation-followed-by-cyclization" method79 which afforded indenoquinacridone 

(IQA) small molecules in high efficiency. Building upon this strategy, PIQA can be 

constructed in a similar manner through a polycondensation-followed-by-cyclization 

strategy. 

Based on the aforementioned design principles, a highly efficient 3-step-synthesis 

was developed and optimized (Figure 8) to give PIQA in gram-scale without using noble 

metal catalysts. The synthesis started with the step-growth imine condensation 

polymerization between 9,9-didodecyl-2,7-diaminofluorene and dimethyl succinyl 

succinate (DMSS). A subsequent tautomerization80, 81 to the enamine form afforded the 

intermediate cyclohexadiene-fluorene polymer―P1.82 The polymerization conditions 

(a) (b)



 

17 

 

were optimized as using p-toluenesulfonic acid (PTSA) as the catalyst in CHCl3 at 95 °C 

for 72 hr. End-capping of the polymer was attempted with monofunctional aniline and 

carbonyl compounds. However, due to the dynamic nature of imine condensation, the 

polymer degraded into oligomers as a result of loss of the stoichiometric balance of 

functional groups. Therefore, P1 was not treated with an end-capping reagent. The linear 

n-dodecyl chains on diaminofluorene monomer were essential for achieving a reasonable 

degree of polymerization. Shorter alkyl chains such as ethyl or 2-ethylhexyl were 

insufficient in maintaining the solubility, hence led to precipitation of oligomers during 

the reaction. In contrast, long branched alkyl chains (i.e.2-octyldodecyl) led to lower 

reactivity and resulted in a low degree of polymerization. P1 was readily oxidized79, 83 into 

the conjugated fluorene-aniline polymer―P2 in air in the presence of catalytic amount of 

trifluoroacetic acid (TFA), leading to a color change from light orange to red. After 

purification by acetone extraction, size exclusion chromatography (SEC) of P2 revealed a 

number-average molecular weight (Mn) of 24.0 kg/mol and a dispersity (Ð) of 2.3. The 

structure of P2 was further characterized by using Fourier-transform infrared spectroscopy 

(FT-IR) (Figure 20) and 1H NMR, 13C NMR, 1H-1H COSY, NOESY NMR spectroscopy 

(Figure 23, 27, 28). 

To complete the construction of the ladder backbone, an electrophilic aromatic 

cyclization reaction was employed to form the second strand of covalent bonds between 

the fluorene units and the carbonyl groups. The only remaining reactive sites on the 

fluorene unit for electrophilic cyclization are C3 and C6 positions while the C1 and C8 

positions are too steric hindered to react.84-88 The regiospecific reactivity of the fluorene 
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unit avoids the possibility of isomer formation during the cyclization step. Reaction 

optimization demonstrated that a carboxylic acid was a better substrate, affording 

quantitative conversion, compared to the less efficient methyl ester substrate. In this 

context, the pendant methyl ester groups in P2 were hydrolyzed by potassium hydroxide 

into carboxylic acid groups quantitatively. The resulting polymer ― P3 was subjected to 

the electrophilic aromatic cyclization. The regiospecificity of the fluorene unit guaranteed 

a regio-regular product.88-90 The optimized conditions involved heating in 

methanesulfonic acid (MSA), an inexpensive and environmentally friendly reagent,91 and 

resulted in a near-quantitative yield. During this process, the acidic MSA promoted79 the 

electrophilic cyclization at high temperature and maintained the intermediate and product 

well solubilized, ensuring the completion of the reaction. In fact, MSA is the only known 

solvent capable of dissolving the ladder polymer product PIQA. Overall, the gram-scale, 

transition-metal-free synthesis of PIQA was achieved in only 3 steps from 

diaminofluorene, with a 66% overall yield. 

Despite the solubilizing dodecyl side-chains, with a rigid ladder-type backbone 

and strong intermolecular H-bonds, the solubility of PIQA was extremely low in common 

organic solvents, preventing any meaningful solution-phase characterization. To 

overcome this issue, we designed a unique post-functionalization method to reversibly 

convert PIQA into a highly soluble material. This strategy involved the attachment of Boc 

onto the N–H functional groups by treating PIQA suspension in THF with di-tert-butyl 

dicarbonate at 60 ºC. Once attached to the polymer backbone, the bulky Boc moieties not 

only diminished the intermolecular H-bonds, but also prohibited the interchain π-π 
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interaction by steric effects. Therefore, the resulting product BocPIQA was highly soluble 

in chloroform (over 100 mg/mL), THF, toluene, etc. It is noteworthy that the conversion 

of PIQA into BocPIQA was not 100% because the higher molecular weight fraction of 

PIQA was extremely insoluble hence not reacted during the reaction time scale. As a 

result, the SEC measured molecular weight of BocPIQA (Mn = 14.0 kg/mol) was lower 

than the measured Mn of precursor P2 (24.0 kg/mol). The Boc units in BocPIQA, 

however, could be easily cleaved to regenerate PIQA quantitatively. 

 

 

Figure 8. Synthetic route of the quinacridone derived ladder polymer PIQA and its 
Boc protected derivative BocPIQA. Reprinted with permission from [78]. 
 

67%



 

20 

 

 
Characterization of BocPIQA confirmed the structure of its precursor — insoluble 

PIQA— unambiguously. 1H NMR spectrum of BocPIQA showed broad15, 89, 92, 93 yet 

well-defined peaks (Figure 28), corresponding to the highly symmetrical protons on the 

ladder-type backbone. 1H-1H COSY NMR spectrum of BocPIQA (Figure 29) 

demonstrated no coupling between any of the aromatic proton signals, ruling out the 

possibility of regioisomers formed by the C1/C8 electrophilic cyclization. More 

importantly, the excellent solubility of BocPIQA allowed for the acquirement of a 

concentration-demanding 13C NMR spectrum with a high signal/noise ratio (Figure 9c, 

25). Sharp and characteristic 13C resonance peaks were observed and all were assigned to 

specific carbons on the polymer. This assignment was rigorously performed using the 

small molecular model compound BocIQA as a reference (Figure 22, 26). All the 13C 

resonance peaks of BocIQA were assigned based on its HSQC and HMBC spectra 

(Figure 9a). Sharing a similar constitutional structure, BocPIQA showed 13C resonance 

patterns matching that of BocIQA (Figure 9b, c), with less signals due to the more 

symmetrical nature of its repeating units. The clean and well-defined 13C NMR spectrum 

of BocPIQA confirmed its unique regio-regular ladder-type structure and a low defect 

level along the backbone.15  
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Figure 9. (a) 1H-13C HMBC spectrum of BocIQA. 13C NMR (125 MHz) spectra and 
13C signal assignment of (b) BocIQA and (c) BocPIQA. (CDCl3, 298 K). Reprinted 
with permission from [78]. 
 
 

In addition, PIQA and BocPIQA shared similar photophysical properties with 

their small molecular analogues, IQA and BocIQA respectively, as revealed by UV-vis 

absorption spectroscopy (Figure 10, 11). Compared to IQA and BocIQA, the 

bathochromic shift of PIQA and BocPIQA indicates the extended conjugation of the 

polymeric chains. 

 

 

(a) (b)

(c)
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Figure 10. UV-vis spectra of IQA and PIQA in MSA. Reprinted with permission 
from [78]. 
 
 

 

Figure 11. UV-vis spectra of IQA, BocIQA, PIQA, and BocPIQA in thin film. 
Reprinted with permission from [78]. 
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In order to further correlate the characterization data of BocPIQA with PIQA, it 

was also essential to demonstrate that BocPIQA could be converted back to PIQA 

completely after the anticipated thermal treatment (Figure 12a). We first performed 

thermogravimetric analysis (TGA) of BocPIQA to demonstrate a weight loss at 160−200 

°C (Figure 12b), representing the Boc cleavage process.94 This phenomenon was similar 

to that of BocIQA, and the 22% weight loss agreed well with the theoretical weight 

percentage of Boc groups in BocPIQA (23%). One of the anticipated properties of sp2 

ladder polymers was high thermal stability, considering the thermodynamically stable 

nature of carbon materials like graphene and carbon nanotubes.95 TGA of PIQA (Figure 

12b) demonstrated the remarkably higher thermal stability of ladder polymer over 

conventional polymers in terms of both decomposition temperature (Td) and carbonization 

yield. For example, before ring-cyclization, P2 showed a Td at 315 °C with carbonization 

yield of 32% at 800 °C. In contrast, PIQA showed an elevated Td at 370 °C. The weight 

loss at 370 °C was attributed to the decomposition of the sp3 dodecyl side-chains. The 

conjugated, fused-ring sp2 backbone, however, remained the weight at temperatures as 

high as 800 °C. The carbonization yield of 50% at this temperature was much higher than 

that of P2, and agreed well with the theoretical sp2 backbone weight (49%). The results 

clearly demonstrated that BocPIQA possesses both thermal-cleavable side chains and a 

backbone with good thermal stability, allowing for further applications under harsh 

thermal treatment conditions. 

Furthermore, FT-IR was employed to characterize the chemical structure before 

and after the thermal cleavage. Compared to that of PIQA, the FT-IR spectrum of 
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BocPIQA showed (Figure 12c) additional C=O stretching at 1758 cm-1 corresponding to 

the Boc group, and absence of N–H stretching at 3100~3500 cm-1. After thermal annealing 

of BocPIQA, the FT-IR spectrum became identical to the original spectrum of PIQA, 

clearly demonstrating the fully recovered structure of PIQA from BocPIQA. 

 

 

Figure 12. (a) Schematic representation of Boc cleavage of BocPIQA by thermal 
annealing in the solid state, regenerating PIQA with intermolecular H-bonds; (b) 
TGA curves of PIQA and BocPIQA showing key weight losses and carbonizations 
yields at 800°C; (c) FT-IR spectra of PIQA, and BocPIQA before and after thermal 
annealing. Reprinted with permission from [78]. 
 

Cleavage of the Boc groups was also observed by UV-vis absorption and 

fluorescence emission spectroscopy. The solid-state UV-vis spectrum of BocPIQA, after 

annealing at 200 °C for 30 min showed an identical absorption spectrum as that of PIQA 

(Figure 13), while its strong fluorescence was quenched due to aggregation (Figure 14).  

(a)

(b) (c)
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Figure 13. UV-vis absorption spectra of BocPIQA thin film before and after thermal 
annealing at 200 ˚C for 30 min. Reprinted with permission from [78]. 
 

 

 

Figure 14. Fluorescence emission spectra of BocPIQA before and after thermal 
annealing at 200 ˚C for 30 min. Excitation wavelength was 440 nm. Reprinted with 
permission from [78]. 
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2.4 Thin Film Processing and Solvent Resistance Test 

Processability is vital for almost all the applications of polymers. Thanks to the 

excellent solubility of BocPIQA and its efficient regeneration back to PIQA, thin films 

of this H-bonded ladder polymer can be easily processed through spin-coating BocPIQA, 

followed by thermal Boc cleavage (Figure 15a). To the best of our knowledge, this 

approach represents the first example of solution processed thin films of an insoluble, rigid 

ladder polymer in common organic solvents. Uniform films of BocPIQA with thickness 

of 83 and 125 nm on silicon wafer substrates were prepared by spin-casting from 

chlorobenzene solution, at spin speeds of 1000 and 600 rpm, respectively. Under atomic 

force microscopy (AFM), both films showed smooth surface morphology with root-mean-

square (RMS) roughness of around 0.35 nm. To regenerate the H-bonded PIQA thin films, 

they were annealed at 180 °C for 30 min. Both films were found to remain smooth and 

uniform (RMS ~ 0.41 nm), with a moderate decrease in the thickness to 62 nm and 90 nm, 

respectively (Figure 15a, 21). This thickness decrease was attributed to the loss of Boc 

groups and a resulting tighter solid-state packing promoted by the regenerated H-bonds. 

Grazing incidence X-ray diffraction (GIXRD) was employed to examine the nanostructure 

of the polymer thin films of BocPIQA before and after thermal annealing (Figure 15c, 

19). Two characteristic peaks were observed for both as-cast and annealed samples. The 

peak at q~ 0.30 A-1corresponded to the scattering of dodecyl chains on fluorene moieties 

and did not shift before and after thermal annealing. The π−π stacking scattering of the 

backbone, however, shifted significantly from 1.35 A-1 to 1.47A-1 after converting 

BocPIQA into PIQA, corresponding to a decrease of the π−π distance from 4.65Å for 
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BocPIQA to 4.27Å of PIQA. This change agreed with the thickness decrease, as a result 

of the removal of bulky Boc groups.96 

 

 

Figure 15. (a) AFM height profile images of a BocPIQA thin film on silicon wafer 
(left) before and (right) after (right) thermal annealing; (b) Photographic image of 
the result after soaking the (left) as cast and the (right) annealed thin films on glass 
slide into chlorobenzene; (c) GIXRD of the as cast and annealed thin films. Reprinted 
with permission from [78]. 
 

Because of the stability and low solubility of PIQA, its thin films were expected to 

be solvent and heat resistant. The annealed films, indeed, remained intact against a wide 

variety of aggressive solvents at a high temperature, except for concentrated H2SO4 and 

MSA (Figure 16). Solvent resistance tests were performed by soaking annealed PIQA 

thin films (with thickness of ~ 105 nm) on glass substrates into varies solvents for 30 min. 

UV-vis absorption spectroscopy and AFM measurements were performed after solvent 

treatments to evaluate the integrity of these thin films. It was found that they remained 
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intact in most of the hot organic solvents and acid solutions, including boiling THF, 

chloroform, chlorobenzene, 13 M HCl aqueous solution, ethyl acetate, and hexane. No 

significant change was found in the UV-vis spectra either after soaking (Figure 17). 

Moreover, as revealed by AFM, the film thickness and morphology remained the same, 

with thickness of 105 ± 5 nm and RMS ~ 0.5 nm (Figure 16, Table 1). No solvent 

swelling induced thickness increase was observed, indicating an extremely tight 

intermolecular interaction between PIQA chains in the thin film state. The only exceptions 

were observed when soaking the thin films into very aggressive boiling DMSO, room 

temperature H2SO4, or MSA. A partial degradation/dissolvation took place in boiling 

DMSO or in room temperature H2SO4. MSA was the only solvent that can fully dissolve 

the thin film at room temperature. Overall, the H-bonded ladder polymer PIQA 

demonstrated excellent resistance to aggressive solvents in the thin film state.  

 

Figure 16. Thickness of annealed BocPIQA film after soaking in different solvents 
for 30 minutes. The red bars represent boiling solvents/solutions, while the blue bars 
represent treatment at room temperature. Reprinted with permission from [78]. 
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Figure 17. UV-vis absorption spectra of annealed BocPIQA film after soaked in 
different solvents. Reprinted with permission from [78]. 
 

In addition, BocPIQA was anticipated to be a precursor for carbon-based materials 

since all the soluble side chains can be cleaved at high temperature as demonstrated by 

TGA, leaving the graphitic sp2-carbon backbone, which may be further aligned by 

multiple intermolecular H-bonds. Temperature-dependent conductivity measurement was 

performed to investigate the effect of heat treatment on BocPIQA’s electrical 

conductivity. BocPIQA was found to be an insulator at room temperature, while the DC 

conductivity was slightly increased after annealing at 200 °C (cleaving Boc) and 500 °C 

(cleaving the alkyl chains). After further annealing 700 °C, BocPIQA was found to 

became conductive with conductivity of 5.45 × 10-4 S/cm. Raman spectra was selected to 

explore the origin of the conductivity enhancement, the sample carbonized at 700 °C 

showed an enhancement characteristic peak at 1754 cm-1 known as G band, indicating a 

regulated graphitic sp2 structure after heating (Figure 18). This result clearly demonstrated 
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the ladder polymer’s future application as a processable, fused ring precursor for high 

performance, graphitic carbon-based materials.97, 98 

 

 

Figure 18. Raman spectra of as cast and annealed (700 ̊ C) BocPIQA films. Reprinted 
with permission from [78]. 
 

2.5 Conclusion 

In summary, we present here PIQA – a unique class of polymeric material with self-

complementary H-bonds incorporated into ladder-type repeating units. The synthetic 

approach to PIQA requires only 3 steps with a high overall yield of 66%. Feasible gram-

scale preparation has been demonstrated. No noble metal reagent or catalyst is involved 

in the synthesis. Clear solution-phase characterization and solution-processing of this 

polymer were achieved through a reversible post-functionalization strategy. This approach 

enabled concentration-demanding methods such as 13C NMR spectroscopy for structure 

elucidation. Furthermore, it imparts solution processability to such a highly challenging 
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material through a processing-followed-by-annealing approach, enabling not only thin 

film casting that is demonstrated here, but also potential solution processing techniques 

such as printing and electrospinning, etc. 

PIQA features of backbone rigidity and strong intermolecular H-bonds are integrated 

to render its excellent thermal stability and chemical/solvent resistance in the solid state. 

In particular, the stability against aggressive solvents at high temperature allows the 

polymer film to be used as protective coating materials for harsh environments, or 

employed in applications involving extreme operation conditions or multiple steps of 

solution-processing/etching/development. Moreover, with the thermal labile side-chain 

and thermal stable all-fused aromatic backbone, after annealing at 700 ºC, a characteristic 

G-band was observed in Raman spectra. The insulate BocPIQA becomes conductive, 

demonstrating its potential to be a precursor for carbon materials. Our synthetic approach 

opens up the possibility of design and large-scale production of highly rigid, strongly self-

associated macromolecules possessing unprecedented properties. Its unique properties 

allow for the possibility of functional ladder polymers for various applications. 

 

2.6 Experimental Details 

2.6.1 General Methods 

All starting materials were obtained from commercial suppliers and were used 

without further purification. DMSS was recrystallized from toluene before 

polymerization. Reaction solvents were purified by solvent purification system prior to 

use. 2,7-Diamino-9,9-didodecylfluorene99 and compound IQA79were prepared according 
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to the literature. 1H, 13C, 1H-1H COSY, NOESY, HSQC, and HMBC NMR spectra were 

obtained on a Varian Inova 500 MHz spectrometer at room temperature. Chemical shifts 

were reported in ppm relative to the signals corresponding to the residual non-deuterated 

solvents (CDCl3: δ = 7.26 ppm, d8-THF: δ = 3.58 ppm for 1H, and CDCl3: δ = 77.16 ppm, 

d8-THF: δ =  67.67 ppm for 13C at 298 K). SEC was performed on a TOSOH EcoSEC 

(HLC-8320GPC) chromatograph at 40ºC with THF as the eluent. The molecular weights 

were calculated using a calibration curve based on polystyrene standards. The SEC 

columns were TSK gel SuperHM-M and TSK gel SuperH-RC. TGA was taken with a 

TAQ500 thermogravimetric analyzer. UV-vis absorption spectra were recorded using a 

Shimadzu UV-2600 UV-vis spectrophotometer, while the fluorescent spectra were 

measured on Horiba Fluoromax-4. FT-IR spectra were recorded with ZnSe ATR using 

Shimadzu IRAffinity-1S.  

2.6.2 Synthesis 

 

Synthesis of BocIQA: To a solution of IQA (1.00 g, 0.86 mmol) and DMAP (0.21 g, 1.72 

mmol) in 20 mL anhydrous THF at room temperature under N2 protection, di-tert-butyl 

dicarbonate (0.47 g, 2.15 mmol) in 10 mL anhydrous THF was added slowly. The reaction 

was carried out at room temperature for overnight. The yellow solution was then poured 

into water, extracted with dichloromethane (3 × 15 mL). The organic layers were 
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combined and dried with anhydrous MgSO4. After removing the solvent under reduced 

pressure, the residue was purified by column chromatography (SiO2, CH2Cl2/hexane: v/v 

= 1/4) to obtain a yellow powder (0.94 g, 80%).1H NMR (500 MHz, CDCl3, 298 K, ppm) 

δ = 8.81 (s, 2H), 8.70 (s, 2H), 7.84-7.82 (m, 2H), 7.75 (s, 2H), 7.40-7.35 (m, 6H), 2.05-

2.01 (m, 8H), 1.78 (s, 18H),1.23-1.04 (m, 72H), 0.85-0.82 (m, 12H), 0.67 (br, 8H). 13C 

NMR (125 MHz, CDCl3, 298 K, ppm) δ = 178.86, 158.08, 151.86, 150.29, 139.88, 139.69, 

137.83, 134.94, 127.92, 127.43, 126.47, 122.99, 122.56, 120.45, 117.59, 117.49, 113.25, 

86.33, 55.96, 40.93, 31.98, 30.10, 29.68, 29.63, 29.41, 29.35, 28.00, 27.96, 23.98, 22.76, 

14.17. 

 

Synthesis of P2: 2,7- Diamino-9,9-didodecylfluorene (1.17g, 2.20 mmol), DMSS (502 

mg, 2.20 mmol) and PTSA·H2O (76 mg, 0.44 mmol) were dissolved in 14 mL of dry 

chloroform in a 100 mL Schlenk tube and degassed with freeze-pump-thaw for 3 times. 

The tube was then sealed and heated to 95 ºC for 72 h to form a viscous orange mixture. 

The reaction mixture was then cooled to room temperature. After quenching the reaction 

with 20 mL solution of triethylamine/THF (v/v = 1/10), the solvent was removed under 

reduced pressure. The resulting orange solid was dissolved in 100 mL THF, and 0.1 mL 

of TFA was added. The orange solution was stirred in air at 50 ºC for 24 h and the color 

changed to deep-red. After removing the solvent under reduced pressure, the resulting 

solid was transferred to a Soxhlet extractor and extracted with acetone for 24 h to obtain 
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the product as a deep-red solid (1.37 g, 86%). 1H NMR (500 MHz, CDCl3, 298 K, ppm) δ 

= 8.96 (s, 2H), 8.09 (s, 2H), 7.60-7.59 (m, 2H), 7.19-7.17 (m, 4H), 3.89 (s, 6H), 1.97-1.67 

(m, 4H), 1.20-1.11 (m, 36H), 0.84-0.77 (m, 10H). 13C NMR (125 MHz, CDCl3, 298 K, 

ppm) δ = 168.28, 152.16, 140.41, 138.19, 135.84, 119.83, 118.97, 118.58, 118.24, 114.87, 

55.22, 52.41, 40.81, 32.04, 30.52, 29.89, 29.76, 29.62, 29.46, 24.14, 22.82, 14.25. SEC 

analysis: Mn = 24.0 kg/mol, Ð = 2.3. 

 

Synthesis of P3: P2 (1.50 g), KOH (2.00 g, 36 mmol), THF (40 mL), methanol (20 mL) 

and H2O (20 mL) were mixed in a 250 mL flask and degassed with N2. The mixture was 

heated to 80 ºC for 24 h. After cooling to room temperature, the deep-green solution was 

transferred to a beaker in ice water bath and acidified drop-wise with 2 M HCl. The 

resulting purple solid was collected by filtration, and washed with acetone and chloroform 

(3 × 10 mL). The product was obtained as a deep-violet solid after drying (1.41 g, 98%). 

1H NMR (500 MHz, d8-THF, 298 K, ppm) δ = 9.32 (s, 2H), 8.20 (s, 2H), 7.59-7.57 (m, 

2H), 7.28 (s, 2H), 7.14-7.13 (m, 2H), 2.00 (br, 4H), 1.22-1.13 (m, 36H), 0.86-0.79 (m, 

10H). 13C NMR (125 MHz, d8-THF, 298 K, ppm) δ = 169.12, 151.68, 140.50, 137.97, 

135.60, 119.47, 118.44, 118.32, 118.07, 113.72, 54.94, 40.58, 31.88, 29.63, 29.61, 29.43, 

29.31, 22.57, 13.50. 
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Synthesis of PIQA: P3 (1.00 g) was mixed with fresh MSA (20 mL) and degassed with 

N2. Then the mixture was heated to 130 ºC for 48 h. After cooling to room temperature, 

the reaction mixture was poured into ice water and the solid was collected by filtration. 

The solid was transferred to Soxhlet extractor and extracted with THF for 24 h to obtain 

PIQA as a black solid (0.76 g, 80%). NMR spectra were not obtained due to extreme poor 

solubility. FT-IR (KBr, cm-1) ν = 3423, 2913, 2852, 1593, 1545, 1447, 1341, 1254, 889. 

 

Synthesis of BocPIQA: PIQA (0.50 g), di-tert-butyl dicarbonate (1 mL), DMAP (100 

mg) were mixed in 20 mL dry THF and stirred at room temperature for 72 h. The reaction 

mixture was then filtered. After removing the solvent of the filtrates under reduced 

pressure, the resulting solid was washed with acetone and dried under vacuum. Product 

was obtained as a brown solid (0.36 g, 67%). 1H NMR (500 MHz, d8-THF, 298 K, ppm) 

δ = 8.89-8.86 (br, 8H), 8.02-7.92 (br, 4H), 2.23-2.13 (br, 8H), 1.77 (s, 36H), 1,17-1.15 (br, 

72H), 0.81-0.80 (br, 20H). 13C NMR (125 MHz, CDCl3, 298 K, ppm) δ = 178.69, 157.24, 

151.78, 140.30, 136.26, 135.12, 126.70, 123.21, 118.49, 117.94, 113.62, 86.52, 82.56, 

67%
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56.72, 56.05, 41.34, 31.96, 30.06, 29.69, 29.66, 29.63, 29.39, 28.01, 24.12, 22.75, 14.18. 

SEC analysis: Mn = 14.0 kg/mol, Ð = 2.3. 

2.6.3 Thin Film Processing and Characterization 

BocPIQA solutions in chlorobenzene (20 mg/mL) were added to a UV-Ozone 

cleaned silicon wafer. BocPIQA thin films were formed by spin-coating with the 

condition of 600 or 1000 rpm for 7s then 2000 rpm for 13 s. After casting, the films were 

thermally annealed at 180 ºC for 0.5 h inside a glovebox to remove the Boc groups. The 

film morphology before and after thermal annealing was examined by optical microscope 

and AFM. AFM images were recorded with Bruker Dimension S4 Icon AFM in a tapping 

mode and processed using NanoScope Analysis. GIXRD measurements were carried out 

on Sector 8-ID-E at the Advanced Photon Source, Argonne National Laboratory. 

Beamline 8-ID-E operates at an energy of 7.35 keV and images were collected from a 

Pilatus 1MF camera (Dectris), with two exposures for different vertical positions of the 

detector. Using the GIXSGUI package2 for Matlab (Mathworks), data were corrected for 

X-ray polarization, detector sensitivity and geometrical solid-angle. The beam size was 

200 µm (h) × 20 µm (v). Sample detector distance was 204 mm. Sample measurement and 

thermal annealing were carried out under vacuum which was in the range of 2 ~ 3 ×10-6 

bar, with the sample stage interfaced with a Lakeshore 340 unit. 
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2.7 Appendix 

 

Figure 19. 2D-GIXRD patterns of a BocPIQA film before and after thermal 
annealing. Reprinted with permission from [78]. 
 
 

 

Figure 20. FT-IR Spectra of P2, P3, and as-synthesized PIQA. Reprinted with 
permission from [78]. 

 

(a) (b)
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Figure 21. AFM high profile images of annealed BocPIQA film after being soaked in 
boiling solvent. (a) THF, (b) CHCl3, (c) 13 M HCl, (d) chlorobenzene, (e) DMSO, (f) 
hexane, (g) ethyl acetate, (h) H2SO4. Reprinted with permission from [78]. 
 

 

Table 1. Thickness and RMS data of as cast and annealed BocPIQA films after 
soaked in boiling solvents. Reprinted with permission from [78]. 
 

 As cast THF CHCl3 13 M HCl Chlorobenzene Hexane 
Ethyl 

acetate 
H2SO4 

Thickness 

(nm) 
106±3 104±3 106±3 106±3 105±3 104±3 104±3 73±3 

RMS (nm) 0.466 0.798 0.593 0.485 0.499 0.500 0.489 1.270 

 

(a) (b) (c) (d)

(e) (f) (g) (h)
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Figure 22. 1H (500 MHz) and 13C (125 MHz) NMR of BocIQA in CDCl3 at 298 K. 
Reprinted with permission from [78]. 
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Figure 23. 1H (500 MHz) and 13C (125 MHz) NMR of P2 in CDCl3 at 298 K. Reprinted 
with permission from [78]. 
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Figure 24. 1H (500 MHz) and 13C (125 MHz) NMR of P3 in d8-THF at 298 K. 
Reprinted with permission from [78]. 
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Figure 25. 1H NMR (500 MHz) of BocPIQA in d8-THF and 13C NMR (125 MHz) of 
BocPIQA in CDCl3 at 298 K. Reprinted with permission from [78]. 
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Figure 26. 1H-13C HSQC spectrum (without decoupling) of BocIQA in CDCl3 at 298 
K. Reprinted with permission from [78]. 

 

Figure 27. 1H -1H COSY NMR spectrum of P2 in CDCl3 at 298 K. Reprinted with 
permission from [78]. 
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Figure 28. 1H -1H NOESY NMR spectrum of P2 in CDCl3 at 298 K. Reprinted with 
permission from [78]. 
 

 

Figure 29. 1H -1H COSY spectrum of BocPIQA in CDCl3 at 298 K. Reprinted with 
permission from [78]. 
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CHAPTER III  

QUINOIDAL LADDER-TYPE PERNIGRANILINE OLIGOMERS* 

3.1 Introduction 

Polyaniline (PANI) derivatives represent one of the most widely used classes of 

conductive polymers, applied in a great variety of fields, such as anticorrosive coatings,100 

energy storage systems,101-103 and electrochromic devices,104, 105 among others. In addition, 

their intriguing multi-stage redox chemistry, doping processes, and magnetic properties 

have been the subject of fundamental research for decades.106-112 PANI properties are 

determined by the oxidation and protonation levels (Figure 30). The fully-reduced 

leucoemeraldine base, half-oxidized emeraldine base, and fully-oxidized pernigraniline 

base states are all insulating materials. High conductivity is achieved by oxidative-doping 

of leucoemeraldine base, or acid-doping of emeraldine base, affording emeraldine salt 

which possesses both aromatic resonance with polarons and the quinoidal resonance with 

bipolarons.106 Both forms can serve as charge carriers while polaron species are believed 

to possess higher mobility. In previous reports, emeraldine salt exhibits both Curie 

paramagnetism and Pauli paramagnetism.113 While the fully-oxidized and protonated 

counterpart, the pernigraniline salt, was hypothesized to possess dominant bipolaron 

resonance due to a strong Coulombic repulsion,114, 115 and to act as insulators because of 

                                                

*Reprinted (adapted) with permission from “Pauli Paramagnetism of Stable Analogues of 
Pernigraniline Salt Featuring Ladder-Type Constitution” Ji, X.; Xie, H.; Zhu, C.; Zou, Y.; 
Mu, A. U.; Al-Hashimi, M.; Dunbar, K. R.; Fang, L. J. Am. Chem. Soc. 2020, 142(1), 641. 
Copyright 2020 American Chemical Society. 
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the strong localization of the bipolarons.116 Recently in situ electrochemical conductivity 

measurements on stabilized pernigraniline salt, however, indicated117 that it may be 

intrinsically conductive. Unfortunately, in-depth and rigorous investigation of 

pernigraniline salt is severely limited to date.118-121  Firstly, pernigraniline salt suffers from 

poor stability as they readily degrade through hydrolysis119, reduction118, 122-124, and 

conjugated addition125 under ambient conditions. Efforts have been made in stabilizing 

them by chemical modification116 or protection, which have met with limited success.117, 

126, 127 Secondly, the uncontrollable cis/trans isomerization of the iminium bonds128 and 

the torsional rotation of the backbone give rise to structural complexity of pernigraniline 

salt and discrepant results of their reported properties.111, 116, 117, 119 

 

Figure 30. Formulas and names of PANI at various oxidation and protonation (H-N 
ratio) levels. 
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In this context, there is an urgent demand to solve the stability and isomerization 

issues before further fundamental investigations and practical applications of 

pernigraniline salt derivatives can be conducted rigorously and extensively. Herein, we 

report a strategy to address these issues simultaneously by implementing a ladder-type 

constitution in analogues of pernigraniline salts. A series of oligomeric, ladder-type 

analogues were synthesized, comprehensively investigated, and compared to a non-

ladder-type control compound, the results of which revealed enhanced stability and 

unexpected Pauli paramagnetism produced by the ladder-type constitution. 

 

3.2 Molecular Design 

In this work, a series of ladder-type pernigraniline oligomers – Q1 ~ Q4 (Figure 

31) rather than polymers, were selected as the subjects of investigation in order to 

circumvent issues associated with ladder polymers, such as polydispersity, structural 

defects, and limited solubility.16, 32, 129-133 In addition, the series of ladder oligomers with 

well-defined structures and variable sizes allow for the study of precise property evolution 

from a small molecule to a polymer. Q1 ~ Q4 were designed based on the structure of 

quinonediimine, wherein Qn contains n quinonediimine units. Bridging dimethylmethene 

units were installed to fuse the neighboring units into a rigid coplanar ladder-type 

constitution while fixing the imine bond into a trans-configuration. In order to ensure good 

solubility, fluorene units with two hexyl groups installed at the 9-position were 

incorporated into the backbone as the aromatic unit to prohibit overly strong 

intermolecular π-π stacking. A control compound NLQ was designed as a non-ladder-type 
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analogue which resembles the constitutional structure of Q1 except for the lack of the 

dimethylmethene bridge.  

 

 

Figure 31. Structural formulas of pernigraniline base, pernigraniline salt, NLQ, and 
ladder-type oligomeric analogues of pernigraniline base Q1 ~ Q4. Reprinted with 
permission from [134]. 

 

3.3 Synthesis and Characterization 

The synthesis of Q1 started with the preparation of an aniline-like intermediate A1 

through imine condensation between 9,9-dihexyl-2-aminofluorene and DMSS, followed 

by in situ oxidative aromatization under ambient conditions (Figure 32a).79 The ester 

groups on A1, which are para to each other, were used in the subsequent cyclization. The 

methyl Grignard reagent was first used to convert the ester group into a tertiary alcohol, 
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followed by a regioselective Friedel-Crafts cyclization at the 3-position of the fluorene 

units promoted by boron trifluoride as a Lewis acid catalyst.135 The resulting fused-ring 

product 1 was then further oxidized with Ag2O to afford the quinoidal molecule Q1 

(Figure 32a), in which the trans-configuration is predetermined by the para position of 

the ester groups and locked by the covalent dimethylmethene bridge. This procedure was 

highly efficient and produced Q1 on a gram scale. Q1 exhibited moderate solubility in 

organic solvents (e.g., 0.4 mg/mL in THF). The structure of Q1 was characterized 

unambiguously by NMR, HRMS, and single crystal X-ray diffraction (Figure 52). 

Synthesis of the control compound NLQ was achieved using a similar strategy. Solution 

phase 1H and COSY NMR spectra of NLQ revealed the presence of both cis and trans 

isomers at room temperature in a ratio of 0.42/0.58 (Figure 57), in agreement with a 

previously reported example of pernigraniline base.128 These configurational isomers 

dynamically interconvert at room temperature in solution, making it impractical to isolate 

a pure isomer. 

A modified strategy was employed for the synthesis of the longer oligomers Q2 ~ 

Q4. First the linear precursors B2, B3, and B4 were synthesized by sequential Buchwald-

Hartwig coupling reactions136, 137 of varied combinations of diamino- and dibromo-

functionalized intermediates (Figure 32b). In these reactions, the formation of byproducts 

with higher degrees of oligomerization were suppressed by adjusting the stoichiometric 

ratio of the starting materials and optimizing the reaction conditions, leading to good 

yields ranging from 56% to 87% (Table 3). Compounds B2, B3, and B4 were then end-

capped by 9,9-dihexyl-2-aminofluorene through another Buchwald-Hartwig coupling, 
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affording the oligomeric intermediates A2, A3, and A4, respectively in excellent yields 

(85 ~ 96%) (Figure 32c, 59 ~ 61). Subsequently, ring-annulation and oxidation procedures 

similar to the synthesis of Q1 were applied to produce the quinoidal oligomer series Q2, 

Q3, and Q4 in which all of the quinonediimine units are locked into the trans-

configuration. Through this route, the longest oligomer Q4, which consists of 27 fused 

rings, was synthesized in five steps with a 34% overall yield. Q2, Q3, and Q4 were 

isolated as intensely colored powders (ranging from purple to blue) with increased 

solubility in organic solvents compared to that of Q1. All products were characterized by 

1H, 13C NMR, and HRMS. 1H NMR spectra of Q1 ~ Q4 demonstrated that they exclusively 

adopt the designed trans-configuration, in contrast to the undefined and isomerizing 

configuration of NLQ. Based on the NOESY NMR spectrum of Q1 (Figure 58), the 1H 

NMR signals in the sp2 region were assigned to the bay region hydrogens (orange and 

pink), the K-region hydrogens (green), terminal phenyl hydrogens (purple), and the 

quinoid hydrogens (blue), from downfield to upfield (Figure 32d). The extension of the 

molecular size did not impact the patterns and chemical shifts of the NMR signals 

significantly. The numbers of the sharp signals (blue) of quinoid hydrogens corresponded 

well with the numbers of distinct repeating units in different chemical environments.  
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Figure 32. (a) Synthesis of Q1. Reaction conditions: i) PTSA (0.2 equiv.), ethanol, 80 
˚C, in air; ii) CH3MgBr (10 equiv.), THF, 40 ˚C; then BF3·Et2O, dichloromethane, 
rt; iii) Ag2O, THF, rt. (b) Synthesis of dibromo-functionalized intermediates B2, B3, 
and B4. Reaction conditions: (iv) Pd(OAc)2 (10 mol%), Xantphos (15 mol%), Cs2CO3 
(4 equiv.), toluene, 110~120˚C; molar ratio between starting materials [NH2] : [Br] = 
1 : 2; (v) PTSA (0.2 equiv.), DMF, 110 ˚C, in air. (c) Synthesis of Q2, Q3, and Q4. 
Reaction conditions: (vi) Pd2(dba)3 (10 mol%), BINAP (30 mol%), Cs2CO3 (4 equiv.), 
toluene, 120 ˚C; molar ratio between starting materials [NH2] : [Br] = 1.5 : 1. (d) 
Downfield regions (7.0 ~ 8.0 ppm) of the 1H NMR spectra of Q1, Q2, Q3, and Q4 with 
color coded labels (500 MHz, C2D2Cl4, 298 K). Reprinted with permission from [134]. 
 

 

Based on the CV and DPV results, all of these ladder oligomers demonstrated 

quasi-reversible multi-electron electrochemical reduction processes, while that of the 

control compound NLQ was irreversible. This observation indicated that the ladder 

constitution better stabilized the anionic species upon reduction (Figure 33). 

1

2

(a)

(b)

(c) (d)
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Figure 33. Cyclic voltammograms and differential pulse voltammograms of Q1 ~ Q4 
and NLQ in dichloromethane. Reprinted with permission from [134]. 
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The ladder-type backbone rigidity was expected to impact the optical properties of 

Q1 ~ Q4 significantly. All the absorption spectra of Q1 ~ Q4 demonstrated distinctive 

vibrational progressions owing to their conformational rigidity. In a sharp contrast, the 

control compound NLQ, with a flexible backbone, exhibited a broad absorption peak at 

around 500 nm, similar to that of pernigraniline base, indicative of its flexible 

conformation and isomerizing configuration. The maximum absorption wavelengths of 

Q1 to Q4 red-shifted from 553 nm to 680 nm with the increase of the oligomer sizes due 

to the increased extension of π-conjugation and the consequent decreased energy 

bandgaps. A linear relationship with R2 = 0.99 was found when plotting the optical energy 

bandgap (Eg, optical) versus the reciprocal of repeating unit numbers (n-1), similar to other 

reported rigid polycyclic aromatic systems (Figure 34, 53). 

 

Figure 34. UV-vis absorption spectra of NLQ and Qn (n=1 ~ 4) in toluene (10-5 M). 
Inset: the plot of optical band gap versus n-1 (n = 1 ~ 4). Reprinted with permission 
from [134]. 
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In solid-state thin films, despite the rigid backbone, no feature of close π-π 

interaction was observed in Qn by grazing incidence wide-angle X-ray scattering 

(GIWAXS) experiment (Figure 35). 

 

Figure 35. GIWAXS patterns of NLQ and Qn (n = 1 ~ 4) spin-coated films on silicon 
wafer before and after annealing. Reprinted with permission from [134]. 
 

3.4 Protonation Study 

The ladder-type constitution of Q1 ~ Q4 was expected to promote the stability of 

the corresponding protonated species, leading to unprecedented stable pernigraniline salt 

derivatives. Upon protonation by Brønsted acids, the absorption bands of these oligomers 

dramatically red-shifted into the near-infrared (NIR) region, as a result of lowered LUMO 

levels and smaller BLA of the conjugated core. For example, with the increasing addition 

of MSA, Q1 showed a well-defined two-stage protonation process in THF solution 

(Figure 36a). The first stage took place with up to 9 mM of MSA, resulting in the mono-

protonated H-Q1+ with a broad lower-energy absorption band (𝜆max = 640 nm). In the 

second stage when the MSA concentration was further increased to 1.5 M, H-Q1+ was 

converted into the fully-protonated salt H2-Q12+, leading to a strong NIR absorption band 

Q1

NLQ

Annealed

Q1NLQ

As cast

Q2 Q3 Q4

Q2 Q3 Q4Q1
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(𝜆max = 798 nm). The well-defined isosbestic points in both stages indicated the clean 

transformations of Q1 to H-Q1+ and H-Q1+ to H2-Q12+ without notable side reactions. In 

contrast, the protonation of NLQ did not give a clear isosbestic point, likely attributed to 

the cis-/trans- isomerization and decomposition (Figure 36b).  

 

Figure 36. Structural formulas and UV-vis absorption spectra corresponding to the 
protonation stages of Q1 and NLQ in THF solution (10-5 M) with increasing amount 
of MSA. Reprinted with permission from [134]. 
 

Similar to Q1, oligomers Q2 ~ Q4 also displayed well-defined conversion into the 

protonated species H2n-Qn2n+ in acidic conditions, with absorption bands further red-

shifted to 1020 ~ 1190 nm (Figure 37a, 37b). In a drastic contrast with conventional 

pernigraniline salt and protonated NLQ, protonated Qn were all stable in highly acidic 

(a)

(b)
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conditions at room temperature. It has been reported that acid-doped pernigraniline salts 

readily decompose through redox pathway,118, 124 hydrolysis,121 and conjugated 

addition.125  

 

Figure 37. UV-vis absorption spectra of (a) Qn (n = 2 ~ 4) in toluene and (b) 
protonated Qn in TFA/THF (0.44 M) at room temperature. (c) Time-dependent UV-
vis absorbance intensity at λmax of NLQ and Qn. (d) Scheme of possible degradation 
of NLQ and Q1 in acidic conditions. Reprinted with permission from [134]. 
 

Such degradation was indeed observed for the control compound NLQ in our 

study. In an MSA/THF solution (0.8 M) under ambient conditions, the intensity of the 

main absorption peak of protonated NLQ (840 nm) decreased significantly over the course 

of one hour (Figure 38). Mass spectrometry data of the resulting solution indicated the 

presence of decomposed products via hydrolysis and further Michael addition (Figure 

39).125 The reduced product (Peak 1), the hydrolyzed amino product (Peak 2), and the 

(a) (b)

(c) (d)
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rearranged product (Peak 4 and 5) were observed. After 1 day, only low molecular weight 

species were present. 

 

Figure 38. Time-dependent UV-vis spectra of NLQ in MSA/THF (0 ~ 70 min). 
Reprinted with permission from [134]. 
 
 

 

Figure 39. Mass spectra of NLQ in TFA/THF (v/v = 1/10) and peak assignments. 
Reprinted with permission from [134]. 
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The ladder-type Qn products exhibited good stability under the same condition 

with little change in the absorption (Figure 37c) and 1H NMR spectra (Figure 51). The 

significantly higher chemical stability of the ladder-type molecules can be attributed to the 

additional strand of bonds, which decreases the entropy gain of the potential hydrolysis of 

the iminium bonds, rendering the decomposition process less thermodynamically 

favorable (Figure 37d).  

It is also noteworthy that, under thermogravimetric analysis (Figure 40), the 

ladder-type oligomers all showed carbonization yields over 40% compared to 0% residue 

weight of NLQ at 900 °C, indicating the much higher thermodynamic stability of the sp2 

ladder-type backbones.  

 

Figure 40. TGA plots of NLQ and Qn (n = 1 ~ 3) in nitrogen with a heating rate of 
10.00 ˚C/min). Reprinted with permission from [134]. 
 

3.5 Spin and Paramagnetism Characterization 

The superior stability of the ladder-type pernigraniline salt analogues sets the stage 

to perform extensive fundamental investigations with ensured structural integrity. In the 
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past, investigation of the magnetic property of conventional pernigraniline salts have been 

challenging due to the aforementioned poor stability and isomerization issues.138 In 

comparison, emeraldine salts have been extensively studied,113, 139 revealing the presence 

of both Curie and Pauli paramagnetism and providing important insights regarding their 

remarkable electronic conductivity. Herein, the excellent chemical robustness of 

protonated Qn allowed for the examination of the radical characters in pernigraniline salts 

by electron paramagnetic resonance spectroscopy (EPR).140 It was hypothesized that after 

protonation, the resonance contribution of the open-shell diradical cations increased. 

Indeed, solution-phase EPR spectra of neutral Q1 ~ Q4 all exhibit weak signals at room 

temperature with spin densities less than 10-3 spins per molecule (Figure 41), a 

confirmation of their dominant closed-shell resonance of the quinoidal building blocks.  

 

Figure 41. EPR spectra of NLQ and Qn in triethylamine/dichloromethane (v/v = 
1/10). Reprinted with permission from [134]. 
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In the presence of TFA (0.1 M), strong EPR signals (g factors = 2.0029 ~ 2.0040) 

with spin densities ranging from 0.3 to 0.8 spins per molecule were observed (Figure 42), 

indicating significantly increased open-shell characters upon protonation in solution. The 

well-split EPR signal of H2-Q12+ was attributed to the hyperfine coupling of the spins with 

the nitrogen atoms.141 In sharp contrast, the non-ladder-type analogue NLQ exhibited no 

well-resolved splitting,138 likely a result of the configurational isomerization and torsional 

rotation of the backbone. Broad EPR signals were also observed for the higher oligomers 

H2n-Qn2n+ (n = 2 ~ 4). The lack of resolved splitting in these cases is attributed to 

overlapping signals of multiple radical pairs and the complex hyperfine spin coupling with 

multiple nitrogen atoms in these larger molecules. The open-shell character of protonated 

Q1 and NLQ was also compared using DFT calculation, showing a slightly lower 

diradical character in H2-Q12+ (0.65) than that in trans-H2-NLQ2+ (0.70) because the 

locked coplanar conformation of H2-Q12+ favors the closed-shell resonance contribution 

(Table 2).  
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Figure 42. Normalized EPR spectra of protonated NLQ and Q1 ~ Q4 solution (10 
mM) in TFA/dichloromethane (0.1 M) at room temperature. Reprinted with 
permission from [134]. 
 

Table 2. Calculated diradical character of Q1, H2-Q12+, H2-NLQ2+, Me-Q12+ and PS-
dimer. Reprinted with permission from [134]. 

 

In order to further understand the magnetic and electronic properties of protonated 

Qn in the condensed phase, their spin characters were also investigated in the solid state. 

Complete protonation of Q1 was achieved in the solid state by mixing with 5 equivants of 

PTSA which was confirmed by the fact that a thin-film absorption spectrum is similar to 

that of H2-Q12+ in solution (Figure 43a).  

Compound 𝜎HONO 𝜎LUNO y 

Q1 1.3759 0.6241 0.34 

H2-Q12+ 1.1830 0.8169 0.65 

H2-NLQ2+ 1.1554 0.8446 0.70 

Me-Q12+ 1.2618 0.7382 0.51 

PS-dimer 1.3195 0.6805 0.42 



 

62 

 

 

Figure 43. (a) Solid-state UV-vis-NIR absorption spectra of Q1 with varied 
equivalents of PTSA as thin films; (b) Normalized UV-vis-NIR absorption spectra of 
Q1 solution (10-5 M) in TFA/THF (0.44 M) (red), Q1 with 20 equivalents of PTSA 
thin film (black), and the solution prepared by redissolving the film in TFA/THF 
(0.44 M) (blue). Reprinted with permission from [134]. 
 

Using this same approach, solid-state H2n-Qn2n+ samples were prepared by 

treatment with 5n equivalents of PTSA. To confirm the structural integrity of these solids 

after exposure to ambient conditions, they were redissolved and subjected to solution-

phase absorption spectroscopy, the results of which were identical to the measurements 

made before the solid state protonation treatment (Figure 43b, 44). 
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Figure 44. UV-vis-NIR absorption spectra of (a) Q2 with varies equivalents of PTSA 
in thin films, (b)(c)(d) Qn (n = 2 ~ 4) solutions (10-5 M) in TFA/THF (0.44 M) (blue), 
and Qn with 5n equivalents of PTSA thin film (black), and the solution prepared by 
redissolving the film in TFA/THF (0.44 M) (red). Reprinted with permission from 
[134]. 
 

Superconducting quantum interference device (SQUID) magnetic measurements 

were used to further characterize the spin character in the solid state. Surprisingly, all of 

the protonated ladder-type oligomers exhibit dominant temperature-independent 

paramagnetism (Figure 45). Magnetic susceptibility data obtained from 2 to 300 K 

revealed constant values. The product of molar magnetic susceptibility and temperature 

(χtotalT) was plotted against temperature, revealing a linear relationship with R2 > 0.99 [See 

equation (1)]. This temperature-independent paramagnetism behavior is attributed to Pauli 
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paramagnetism, given that van Vleck temperature-independent paramagnetism is only 

significant in cases of transition metal paramagnets of heavier elements wherein ground 

states mix with excited states.142, 143 Among H2n-Qn2n+, the χPauli per mol of 

quinoediiminium unit increases steadily from 4 × 10−3 emu/mol for H2-Q12+ to 1.2 × 10−2 

emu/mol for H8-Q48+, indicating that the temperature-independent paramagnetism is 

correlated to the size of the extended backbones. The densities of states at the Fermi level 

ρ(EF) were calculated to be in the range of 7 ´ 1025 to 2.2 ´ 1026 eV-1 mol-1. It is also 

noteworthy that the ctotalT vs T plot exhibited only a very small contribution from Curie 

paramagnetism (vertical intercepts on the plot), indicating the dominant delocalized nature 

of spins in the solid states of protonated Qn. 

𝜒total T = C + 𝜒PauliT (C: Curie paramagnetism; T: temperature)                       (1) 

Pauli paramagnetism in organic materials (e.g., doped polyacetylene144 and 

polythiophene145) is commonly indicative of the presence of a metallic polaron lattice, and 

can serve as a measurement of the density of states near the Fermi level.146 Among PANI 

derivatives, a combination of Pauli and Curie paramagnetism was observed in emeraldine 

salts as a result of the presence of both delocalized and localized paramagnetic centers.109, 

113, 114 The magnetic susceptibility of conventional pernigraniline salts, however, has not 

been well-established due to the stability and isomerization issues. In the present case, 

such measurements are rendered possible by the ladder-type constitution, which not only 

enhances the stability but also locks the configuration and conformation of these 

pernigraniline salt analogues. The dominant Pauli paramagnetism observed for protonated 

Qn revealed the delocalized nature of the polarons in the solids, in agreement with the 
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recent discovery of high conductivity of a pernigraniline salt film measured in situ by 

electrochemical methods.117  

 

Figure 45. Solid-state magnetic susceptibility (c) of PTSA doped Qn measured over 
the temperature range of 2 ~ 300 K in the powder form; (inset) cT-T plots (dots: 
experimental data points; lines: linear fitting). Reprinted with permission from [134]. 

  

Magnetic saturation plots were obtained at 2 K to investigate the spin ground states 

of these pernigraniline salt analogues (Figure 46). The data spots of NLQ data fit well 

with theoretical doublet plot, showing no spin-spin coupling (Figure 46a). While the data 

spots of Q1 and Q2 are fit based on a singlet ground state and a triplet excited state. The 

magnetization data for H2-Q12+ are in accord with a singlet ground state (S = 0) with a 

small negative coupling constant (-0.49 K), suggesting a weak antiferromagnetic coupling 
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between the radical pair (Figure 46b).147 Such coupling is likely facilitated by the rigidity 

and coplanarity of the conjugated ladder-type backbone. For H6-Q36+, the ground state 

changes from singlet to triplet with a small positive J value (Figure 46d). More 

interestingly, the fitting for H8-Q48+ could not be achieved using a singlet-triplet model 

as the M/Msat curve of H8-Q48+ is above the theoretical M/Msat curve for a triplet (S = 1), 

which indicates higher spin ground state could be involved (Figure 46e). The J values 

shift from small negative to positive as the conjugation systems are enlarged from H2-

Q12+ to H8-Q48+. The antiferromagnetically coupled nature of radical pair(s) in H2-Q12+ 

and H4-Q24+ is consistent with behaviors of benzene bridged diradicals with 1,4-

connection.148 The ferromagnetic coupling in H6-Q36+ and H8-Q48+ is likely caused by 

the nearly degenerated nature of radical molecular orbitals in solid-state local 

enviroments.147, 149 

 

Figure 46. Magnetization saturation plots of (a) NLQ and (b ~ e) Qn with 5n equiv. 
PTSA at 2 K (dots: experimental data points; lines: fitting curves). Reprinted with 
permission from [134]. 
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To further corroborate the magnetism data, solid-state conductivity measurements 

were performed on compressed pellets of Q1 and protonated Q1 and Q2 using a four-

probe method (Figure 47a, 47b, 47c); the conductivity of protonated NLQ could not be 

properly measured due to the rapid decomposition. Although limited by insulating hexyl 

chains and PTSA, as well as significant grain boundaries and disorder in the 

polycrystalline state (Figure 56), the protonated solids of Q1 nevertheless showed 

electrical conductivity up to 10−5 S/cm, in a sharp contrast to the insulating nature of 

pristine Q1 (conductivity less than 10−10 S/cm). Obvious DC conductivity was also 

observed for protonated Q1 and Q2 in as drop-casted thin films (Figure 47e, 47f). 

 



 

68 

 

 

Figure 47. I-V plots from four-probe conductivity measurement of (a) Q1-5PTSA, 
(b) Q2-10PTSA, (c) pristine Q1, (d) Me-Q12+ mixed with 5 equiv. PTSA as pellet 
samples, (e) Q1-PTSA and (f) Q2-10PTSA as drop-casted films. Reprinted with 
permission from [134]. 
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In addition, AC impedance measurement of the H2-Q12+ pellet sample showed 

only one semicircle Nyquist plot150, which should be attributed to the electronic 

conductive component as charge transport occurs through hopping. The real part of the 

impedance is attributed to the hopping process and the imaginary contribution comes from 

the atomic polarizability.151, 152 The AC impedance results indicate that the conductivity 

was mainly electronic with no observable ionic contribution (Figure 48). 

 

Figure 48. (a) Impedance plot and frequency dependence of (b)(c)(d) impedance and 
(e) phase shift of Q1-5PTSA pellet. Frequency was swept from 0.01 Hz to 100 kHz. 
Reprinted with permission from [134]. 
 

We attributed the delocalization nature of polarons to the intermolecular 

interaction153 through the protonated N–H units, which has also been a key factor 

contributing to the conductivity of emeraldine salts.154 To confirm this hypothesis, a 

control compound Me-Q12+ was synthesized and characterized by single crystal X-ray 

diffraction and UV-vis absorption spectroscopy (Figure 49, 54). The only difference 

between Me-Q12+ and H2-Q12+ was the N–CH3 unit that inhibits the potential 

intermolecular interaction between N–H groups. DFT calculation on Me-Q12+ revealed 
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similar delocalized spin density and a smaller diradical character (0.51) compared to that 

of H2-Q12+ (0.65) (Figure 55, Table 2). 

 

Figure 49. Formula and single crystal structure of Me-Q12+. Reprinted with 
permission from [134]. 
 

Interestingly, SQUID magnetometer measurements of Me-Q12+ showed a typical 

paramagnetic behavior of a localized diradical system (Figure 50),37, 155-157 dramatically 

different from that of H2-Q12+. The decrease of cT value at low temperature indicates the 

antiferromagnetically coupled nature of the diradical.  A fitting with the Bleaney-Bowers 

equation yields a coupling constant J = −0.96 cm-1.  The small and negative sign of the 

coupling constant reveals that Me-Q12+ possesses singlet ground state while its singlet 

and triplet states are almost degenerated. Conductivity of a mixture of Me-Q12+ with 5 

equivalents of PTSA was measured by the same four-probe method described above, 

showing no observable conductivity (Figure 47d).  
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Figure 50. cT-T plot of Me-Q12+· 2 SbCl6- (dots: experimental data points; line: 
Bleaney-Bowers fitting). Reprinted with permission from  [134]. 
 
 

Comparing the different paramagnetic behavior and bulk conductivity of Me-Q12+ 

and H2-Q12+, we confirmed that intermolecular interaction through N–H units is an 

important factor to facilitate the polaron delocalization in the solid of PTSA protonated 

ladder-type compound H2-Q12+. Taken together, the observed Pauli paramagnetism and 

conductivity of these stable ladder-type analogues of pernigraniline salt are 

incontrovertible evidence for the delocalized nature of fully-oxidized PANI derivatives 

and findings that address the long-standing challenge in understanding their intrinsic 

electronic characters.  
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3.6 Conclusion 

In this work, a series of ladder-type oligomers resembling the structure of 

pernigraniline base/salt have been designed and synthesized. With the additional strand of 

covalent bonds, the conjugated backbones are pre-determined to be in an all-trans 

configuration and are locked into a rigid coplanar conformation, allowing for the 

establishment of a structure-property correlation of pernigraniline salt-analogues 

excluding the influence of decomposition, isomerization and torsional disorder. 

Protonation of these pernigraniline base-analogues leads to pronounced open-shell 

resonance contribution with high spin density. Compared with conventional pernigraniline 

salts and the non-ladder type control compound, these ladder-type oligomers exhibit much 

higher stability in acidic conditions, enabling fundamental investigations and practical 

applications of this unique class of organic materials with reliable structural integrity. 

Interestingly, in the solid state, these pernigraniline salt-like oligomers exhibit a dominant 

temperature-independent Pauli paramagnetism, indicative of the delocalized status of the 

polarons. A methylated control compound, in contrast, did not show Pauli paramagnetism, 

confirming the key role of intermolecular interaction for the solid-state polaron 

delocalization. This observation agrees with their moderate conductivity properties 

measured in the solid state. Simply put, the ladder-type constitutional design imparts the 

desired chemical stability and structural certainty into acid-doped PANI materials in high 

oxidation states, such that their unexpected metallic magnetic and electronic properties 

can be revealed.  
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3.7 Experimental Details 

3.7.1 General Methods 

All reaction solvents were dried and purified by an Inert Technology pure solvent 

system (PureSolv-MD-5a). All starting materials were obtained from commercial 

suppliers and were used without further purification unless otherwise specified. 1H, 13C, 

1H-1H COSY and 1H-1H NOESY NMR spectra were recorded on a Varian Inova 500 MHz 

spectrometer at room temperature and processed by MestReNova 10.0.2. Chemical shifts 

are reported in ppm relative to the signals corresponding to the residual non-deuterated 

solvents (for 1H NMR: CDCl3 δ = 7.26 ppm; 1,1,2,2-C2D2Cl4 δ = 6.00 ppm; CD2Cl2 δ = 

5.32 ppm; for 13C NMR: CDCl3 δ = 77.16 ppm). Flash column chromatography 

purifications were carried out using a Biotage® Isolera™ Prime with various sizes of SiO2 

Biotage SNAP® cartridges. Preparative SEC purifications were performed at room 

temperature using a JAI recycling preparative HPLC (LC-92XXII NEXT SERIES) 

equipped with a reciprocating double plunger pump (model P-9104B), a UV-vis 4ch 

NEXT detector (254 nm, 280 nm, 300 nm, 3300 nm), and a two-column set including a 

JAIGEL-H 40P Gard column and a JAIGEL-2H-40 HPLC column. Chloroform was used 

as the eluent at a flow rate of 14 mL/min. UV-vis-NIR absorption spectra were recorded 

on a Hitachi U-4100 UV-Vis-NIR spectrophotometer. ESI-MS experiments were 

performed using a Thermo Scientific Q-Exactive Focus operated in full MS in positive 

mode. High resolution Matrix-assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF MS) was performed on a microflex™ LRF mass 

spectrometer (Bruker Corporation) in positive linear mode with 2,4,6-
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trihydroxyacetophenone monohydrate (THAP) as the matrix. EPR spectroscopy was 

conducted on a Bruker ELEXSYS II E500 with microwave frequency of ca. 9.38 GHz at 

288 K. 1 mm ID sample tubes were used for solutions and 4 mm ID sample tubes were 

used for solids. The spectra were acquired at 1 G modulation and 100 kHz modulation 

frequency with various powers. Magnetic measurements were conducted on a Quantum 

Design MPMS XL SQUID magnetometer from 2 to 300 K. The magnetization 

measurements were performed at 2 K over the magnetic field range of 250 - 70000 Oe. 

The diamagnetic contributions of the sample holders and the atoms were corrected with 

blank holders and the Pascal’s constants. Conductivity of Q1 and PTSA treated Q1 and 

Q2 was evaluated by a four-point probe method under vacuum. Pellet samples were 

prepared by compressing the powder materials (ca. 0.1 g) in a mold with inner diameter 

of 25 mm at pressure of 20 kPa in air. The electrical resistance was measured with a 

Keithley 2450 SourceMeter. The thickness of the pellet was measured using scanning 

electron microscopy as ca. 10-2 cm. The electrical conductivity was calculated based on 

the slope of the I-V plots. AC impedance experiment was performed with a Solartron SI 

1287 electrochemical interface and a Solartron SI 1260 impedance/gain-phase analyzer. 

The AC amplitude was set as 10 mV versus open circuit. The frequency sweep range was 

0.01 Hz to 100 kHz. Gold paste was applied on both sides of a Q1-5PTSA pellet. The 

measured values of cross-sectional area and thickness were 0.35 cm2 and 0.08 cm. For 

diradical character calculation, H2-Q12+ and H2-NLQ2+ was optimized at the DFT 

UB3LYP/6-311+G(d,p) level of theory with broken-symmetry. Q1 and Me-Q12+ was 

calculated based on the single crystal structure without optimization. The occupancy 
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number of highest occupied natural orbital (HONO) (𝜎HONO) and lowest unoccupied 

natural orbital (LUNO) (𝜎LUNO), and corresponding diradical character y were calculated 

for Q1, H2-Q12+, H2-NLQ2+ and Me-Q12+ at UHF/6-31+G(d,p) level of theory.158 

Pernigraniline salt dimer (PS-dimer) was also calculated at the same level of theory. 

3.7.2 Synthesis 

Condition screening was conducted on the Buchwald-Hartwig cross-coupling 

reactions between diamino fluorene and ester functionalized aryl dibromide B1, by 

varying the molar ratio between starting materials, catalyst and ligand loading, and 

temperature. The optimized condition is highlighted in Table 3. 

 

Table 3. Screened conditions and results of Buchwald-Hartwig reaction for synthesis 
of B2. Reprinted with permission from [134]. 

Equiv.  

(NH2 / Br) 
Catalyst (mol %) Ligand (mol %) T (˚C) Yield (%)a 

1 / 3.0 Pd2(dba)3 (10 %) tBu3P (40 %) 120 --b 

1 / 3.0 Pd2(dba)3 (10 %) Xphos (40 %) 120 --b 

1 / 3.0 Pd2(dba)3 (10 %) BINAP (30 %) 120 55 

1 / 3.0 Pd(OAc)2 (20 %) BINAP (30 %) 120 44 

1 / 3.5 Pd(OAc)2 (20 %) BINAP (15 %) 110 --b 

1 / 3.5 Pd2(dba)3 (10 %) BINAP (30 %) 110 28 

1 / 3.0 Pd(OAc)2 (10 %) Xantphos (15 %) 110 56 

1 / 4.0 Pd(OAc)2 (10 %) Xantphos (15 %) 120 87 

a Isolated yield; b Oligomeric byproducts were observed. 
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NLA: 9,9-Dihexyl-2-amino fluorene (0.51g, 1.46 mmol), 1,4-cyclohexanone (0.065 g, 

0.58 mmol), PTSA·H2O (22 mg, 0.12 mmol), and ethanol (15 mL) were charged in a 50 

mL-round-bottom flask with a condenser. The mixture was stirred open to the air at 80 ˚C 

for 12 h. After cooled to room temperature, the precipitate was filtered and washed with 

methanol to give the product as a grey powder (0.47 g, 84%). 1H NMR (500 MHz, CD2Cl2, 

298 K, ppm) δ = 7.63 – 7.57 (m, 4H), 7.34 – 7.28 (m, 4H), 7.23 (td, J1 = 7.4 Hz, J2 = 1.1 

Hz, 2H), 7.14 (s, 4H), 7.05 (d, J = 2.1 Hz, 2H), 7.00 (dd, J1 = 8.2, J2 = 2.2 Hz, 2H), 5.84 

(s, 2H), 2.01 – 1.88 (m, 8H), 1.21 – 1.03 (m, 24H), 0.80 (t, J = 7.2 Hz, 12H), 0.76 – 0.59 

(m, 8H). 13C NMR (125 MHz, CDCl3, 298 K, ppm) δ = 152.62, 150.21, 143.65, 141.44, 

137.62, 134.14, 126.78, 125.79, 122.79, 120.56, 120.38, 118.72, 115.82, 111.72, 55.06, 

40.67, 31.69, 29.90, 23.91, 22.76, 14.18. HRMS (+ESI): C56H72N2 [M+H]+ calcd. m/z = 

773.5768, found m/z = 773.5725. 

 

NLQ: Ag2O (60 mg) was added into a solution of NLA (0.1 g, 0.13 mmol) in THF (10 

mL). The mixture was stirred at room temperature in ambient condition for 12 h. The 

precipitate was filtered out and the filtrate was concentrated with a rotatory evaporator, 

affording the product a purple oil (0.1 g, quant.). 1H NMR (500 MHz, CD2Cl2, 298 K, 
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ppm) δ = 7.80 – 7.69 (m, 4H), 7.43 – 7.30 (m, 6H), 7.19 – 7.15 (s, 0.84H), 7.05 – 7.01 (s, 

2.32H), 6.98 – 6.92 (s, 3.16H), 6.91 – 6.85 (m, 1.68H), 2.01 (m, 8H), 1.22 – 1.01 (m, 

27.36H), 0.82 (t, J = 7.3 Hz, 5.04H), 0.79 – 0.58 (m, 11.6H). 13C NMR (125 MHz, CDCl3, 

298 K, ppm) δ = 158.45, 158.30, 152.00, 151.93, 150.74, 150.70, 149.28, 140.56, 140.52, 

138.94, 138.92, 137.62, 136.53, 126.99, 126.97, 126.87, 126.84, 125.08, 124.49, 122.81, 

120.09, 119.94, 119.70, 119.51, 119.46, 116.22, 116.03, 55.20, 55.17, 40.46, 40.41, 31.52, 

31.49, 29.69, 29.65, 23.79, 23.74, 22.56, 22.53, 14.00, 13.96. HRMS (+ESI): C56H70N2 

[M+H]+ calcd. m/z = 771.5612, found m/z = 771.5550. 

 

B2: 2,7-Diamino-9,9-dihexylfluorene (0.19 g, 0.54 mmol), dimethyl 2,5-

dibromoterephthalate B1 (0.75 g, 2.14 mmol), Pd(OAc)2 (12 mg, 0.054 mmol), Xantphos 

(47 mg, 0.081 mmol), and Cs2CO3 (1.05 g, 3.24 mmol) were mixed in 10 mL of dry 

toluene in a 50 mL-Schlenk tube. After freeze-pump-thaw for 3 times, the mixture was 

heated at 120 ˚C and stirred for 12 h. After cooling down, the mixture was diluted in 

dichloromethane and filtered through a Celite pack and concentrated by the rotatory 

evaporator. It was further purified by flash column chromatography (SiO2, hexane/ethyl 

acetate: v/v = 7/1). The product was isolated as a yellow powder (0.42 g, 87%). 1H NMR 

(500 MHz, CDCl3, 298 K, ppm): δ = 0.68 (qd, 4H, J1 = 3.2 Hz, J2 = 2.5 Hz, 4H), 0.77 (t, 

J = 7.1 Hz, 6H), 1.07-1.16 (m, 12H), 1.92 (m, 4H), 3.86 (s, 6H), 3.95 (s, 6H), 7.16 (d, J = 

1.9 Hz, 2H,), 7.20 (dd, J = 8.0 Hz, 2H), 7.64 (d, J = 8.0 Hz, 2H), 8.21 (s, 2H), 9.54 (s, 2H). 
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13C NMR (125 Hz, CDCl3, 298 K, ppm): δ = 167.61, 166.62, 152.61, 147.23, 138.50, 

137.61, 137.49, 136.71, 121.96, 120.50, 117.79, 116.51, 114.62, 105.85, 55.48, 52.84, 

52.52, 40.71, 31.78, 30.04, 24.14, 22.87, 14.19. HRMS (+ESI): C45H50Br2N2O8 [M+H]+ 

calcd. m/z = 907.1987, found m/z = 907.1954. 

 

Compound 2: 2,7-Diamino-9,9-hexyl-fluorene (0.65 g, 1.78 mmol), DMSS (0.16 g, 0.70 

mmol), and PTSA·H2O (30 mg, 0.14 mmol) was dissolved in DMF (10 mL). The mixture 

was heat to 110 ˚C under N2 for 4 h and exposed to air for 8 h. After cooling down, the 

mixture was poured into water and extracted with ethyl acetate (3 ́  10 mL). The combined 

organic layer was washed with water and brine. After removing the solvent under reduced 

pressure, the crude product was purified by flash column chromatography (SiO2, 

hexane/ethyl acetate: v/v = 6/1). The pure product was isolated as a dark red powder (0.60 

g, 74%). 1H NMR (500 MHz, CDCl3, 298 K, ppm): δ = 0.72 (m, 8H), 0.75-0.85 (t, 12H), 

0.97-1.19 (m, 24H), 1.87 (t, 8H, J = 8.3 Hz), 3.73 (br, 4H), 3.85 (s, 6H), 6.61-6.71 (m, 

4H), 7.06-7.14 (m, 4H), 7.42 (d, 2H, J = 8.3 Hz), 7.50 (d, 2H, J = 8.0 Hz), 8.01 (s, 2H), 

8.86 (s, 2H). 13C NMR (126 Hz, CDCl3, 298 K, ppm): δ = 14.0, 22.7, 23.8, 29.9, 31.6, 

40.8, 52.2, 54.8, 110.0, 113.9, 115.0, 117.9, 118.3, 119.0, 119.7, 132.5, 136.3, 138.2, 

139.6, 145.2, 151.4, 152.2, 168.2. HRMS (+ESI): C60H78N4O4 [M+H]+ calcd. m/z = 

919.6096, found m/z = 919.6071. 
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B3: Compound 2 (0.12 g, 0.13 mmol), dimethyl 2,5-dibromoterephthalate B1 (0.18 g, 0.52 

mmol), Pd(OAc)2 (3 mg, 0.013 mmol), Xantphos (12 mg, 0.019 mmol), and Cs2CO3 (0.17 

g, 0.52 mmol) were mixed in 5 mL of anhydrous toluene in a 50 mL Schlenk tube. After 

freeze-pump-thaw for 3 times, the reaction was heated to 110 ̊ C under nitrogen protection 

and stirred for 12 h. After cooling down, the mixture was diluted with dichloromethane 

and filtered through a Celite pack and concentrated by a rotatory evaporator. It was further 

purified by flash column chromatography (SiO2, hexane/ethyl acetate: v/v = 20/1 ~ 5/1). 

The pure product was isolated as a red powder (0.19 g, 64%). 1H NMR (500 MHz, CDCl3, 

298 K, ppm): δ = 0.77 (m, 20H), 1.12 (m, 32H), 1.92 (t, 8H, J = 8.4 Hz), 3.86 (s, 6H), 3.88 

(s, 6H), 3.96 (s, 6H), 7.17 (m, 8H), 7.56 (s, 2H), 7.61 (dd, 4H, J1 = 7.9, J2 = 3.3 Hz), 8.09 

(s, 2H), 8.21 (s, 2H), 8.97 (s, 2H), 9.52 (s, 2H). 13C NMR (126 Hz, CDCl3, 298 K, ppm): 

δ =14.1, 22.7, 23.8, 24.0, 24.7, 29.9, 30.0, 31.6, 36.6, 40.6, 40.7, 52.3, 52.7, 54.9, 55.2, 

105.4, 114.2, 116.2, 116.2, 117.9, 118.3, 118.6, 118.7, 119.8, 120.2, 121.9, 122.0, 135.1, 

136.4, 136.5, 137.6, 137.9, 138.1, 140.9, 147.3, 152.1, 152.3, 166.5, 167.5, 168.1. HRMS 

(+ESI): C80H92Br2N4O12 [M+H]+ calcd. m/z = 1461.5153, found m/z = 1461.5086. 

 

B4: 2,7-Diamino-9,9-dihexylfluorene (16 mg, 0.044 mmol), B2 (0.16 g, 0.18 mmol), 

Pd(OAc)2 (2.4 mg, 0.01 mmol), Xantphos (10 mg, 0.015 mmol), and Cs2CO3 (0.14 g, 0.42 
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mmol) were mixed in 5 mL of dry toluene in a 50 mL Schlenk tube. After freeze-pump-

thaw for 3 times, the reaction was heated up to 130 ˚C under nitrogen and stirred for 12 h. 

After cooling down, the mixture was diluted in dichloromethane and filtered through a 

Celite pack. Followed by being concentrated by a rotatory evaporator, the crude product 

was further purified by flash column chromatography (SiO2, hexane/ethyl acetate: v/v = 

20/1 ~ 7/1). The pure product was isolated as a red powder (80 mg, 56%). 1H NMR (500 

MHz, CDCl3, 298 K, ppm): δ = 0.72 (m, 12H), 0.78 (m, 18H), 0.99-1.20 (m, 36H), 1.92 

(t, 12H, J = 8.4 Hz), 3.86 (s, 6H), 3.88 (s, 6H), 3.89 (s, 6H), 3.96 (s, 6H), 7.10-7.21 (m, 

12H), 7.55 (s, 2H), 7.57-7.61 (m, 4H), 8.07 (s, 2H), 8.09 (s, 2H), 8.21 (s, 2H), 8.94 (s, 

2H), 8.96 (s, 2H), 9.52 (s, 2H). 13C NMR (126 MHz, CDCl3, 298 K, ppm) δ = 168.1, 167.4, 

166.5, 152.3, 152.1, 152.0, 147.3, 141.0, 140.2, 138.3, 138.1, 137.6, 137.3, 136.5, 135.8, 

134.9, 121.9, 120.2, 119.7, 119.0, 118.8, 118.6, 118.3, 118.1, 117.9, 116.2, 114.8, 114.2, 

105.4, 105.1, 55.2, 52.6, 52.3, 40.7, 31.7, 30.0, 29.7, 23.9, 22.7, 14.0. HRMS (+ESI): 

C115H134Br2N6O16 [M+H]+ calcd. m/z = 2016.8236, found m/z = 2016.9336. 

 

General Procedure to A2, A3, A4: Compound Bn (n=1, 2, 3) (ca. 0.1 mmol scale, 1 

equiv.), 2-amino-9,9-dihexyl-fluorene (3 equiv.), Pd2(dba)3 (10 mol%), BINAP (30 

mol%), and Cs2CO3 (4 equiv.) mixed dissolved in 5 mL dry toluene in a Schlenk flask. 

After freeze-pump-thaw for 3 times, the reaction was heat to 120 ˚C under nitrogen for 12 

h. After cooling down to room temperature, the mixture was diluted by dichloromethane 
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and filtered through Celite. After removing the solvent, the crude product was 

recrystallized in methanol to give the pure product.  

A2: Red solid (0.15 g, 85%). 1H NMR (500 MHz, CDCl3, 298 K, ppm): δ = 0.78 (m, 18H), 

1.10 (m, 48H), 1.95 (m, 12H), 3.88 (d, 12H, J = 1.1Hz), 7.11-7.21 (m, 8H), 7.31 (ddd, 4H, 

J1 = 7.1, J2 = 6.2, J3 = 1.4 Hz), 7.56-7.69 (m, 8H), 8.08 (dd, 4H, J1 = 13.3, J2 = 1.0 Hz), 

8.94 (d, 4H, J = 10.5 Hz). 13C NMR (125 Hz, CDCl3, 298 K, ppm): δ = 14.01, 22.64, 

23.81, 29.86, 31.56, 40.52, 52.28, 55.01, 114.23, 114.81, 118.07, 118.35, 118.57, 118.76, 

118.98, 119.71, 120.47, 122.77, 126.03, 135.52, 135.75, 137.73, 138.27, 140.23, 141.13, 

150.21, 152.02, 152.44, 168.10. HRMS (+ESI): C95H118N4O8 [M+H]+ calcd. m/z = 

1443.8983, found m/z = 1443.8986. 

A3: Red solid (0.14 g, 95%). 1H NMR (500 MHz, CDCl3, 298 K, ppm): δ = 0.59-0.78(m, 

40H), 0.99-1.31 (m, 48H), 1.94 (t, 16H, J = 8.4 Hz), 3.88 (d, 18H, J = 2.9 Hz), 7.12-7.20 

(m, 12H), 7.29-7.34 (m, 4H), 7.59 (d, 4H, J = 8.0 Hz), 7.64 (m, 4H), 8.07 (d, 4H, J = 3.8 

Hz), 8.09 (s, 2H), 8.95 (d, 6H, J = 10.2 Hz). 13C NMR (126 MHz, CDCl3, 298 K, ppm) δ 

= 168.32, 168.24, 152.61, 152.20, 150.42, 141.33, 141.21, 140.47, 140.39, 138.46, 138.25, 

137.90, 135.94, 135.87, 135.70, 126.86, 126.19, 122.93, 120.62, 119.86, 119.18, 119.10, 

119.01, 118.94, 118.76, 118.67, 118.51, 118.31, 118.23, 115.01, 114.93, 114.42, 77.40, 

77.15, 76.89, 55.23, 55.17, 52.41, 40.81, 40.66, 31.80, 31.71, 30.15, 30.00, 29.85, 24.09, 

23.97, 22.86, 22.78, 14.16, 14.14. HRMS (+ESI): C130H160N6O12 [M+H]+ calcd. m/z = 

1999.2201, found m/z = 1999.2889. 

A4: Red solid (0.12 g, 96%). 1H NMR (500 MHz, CDCl3, 298 K, ppm): δ =0.60-0.83 (m, 

50H), 0.95-1.22 (m, 60H), 1.81-2.03 (m, 40H), 3.81-3.91 (m, 24H), 7.12-7.20 (m, 16H), 
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7.31 (m, 6H), 7.58-7.66 (m, 10H), 8.00-8.11 (m, 8H), 8.86-8.99 (m, 8H). 13C NMR (125 

MHz, CDCl3, 298 K, ppm) δ = 168.1, 152.5, 152.0, 150.2, 141.1, 140.3, 140.2, 138.3, 

138.1, 137.7, 135.8, 135.7, 135.5, 126.7, 126.0, 122.8, 120.5, 119.7, 119.0, 118.9, 118.8, 

118.6, 118.5, 118.4, 118.1, 114.8, 114.2, 55.1, 55.0, 52.3, 40.7, 40.5, 31.7, 31.6, 30.0, 29.9, 

24.0, 23.8, 22.7, 14.0. HRMS (+MALDI-TOF): C165H202N8O16 [M+H]+ calcd. m/z = 

2552.5212, found m/z = 2552.5985.  

 

General Procedure to Q1, Q2, Q3, and Q4: To a solution of methylmagnesium bromide 

(3 M in diethyl ester) in dry THF (10n equiv.), a THF solution of An (n = 1, 2, 3, 4) (ca. 

0.1 mmol, 1 equiv.) was added dropwise at 0 ˚C in 30 min. The reaction mixture was heat 

up to 35 ˚C for 12 h. After cooled to room temperature, the reaction was quenched with 

saturated aqueous ammonia chloride solution. Ethyl acetate was used to extract the 

mixture for 3 times. The combined organic layer was washed with brine. After dried with 

anhydrous sodium sulfonate, the solvent was removed and the residue was redissolved in 
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dry dichloromethane. Boron trifluoride diethyl etherate (1 M) (1 equiv.) was added into 

the solution. The reaction was run under nitrogen protection at room temperature for 12 h 

and quenched with NaOH aqueous solution (1 M). After extraction with ethyl acetate, the 

combined organic layer was washed with brine. After removing the solvent, the crude 

product was directly used in the following oxidation step. The crude product was 

redissolved in THF. Ag2O (ca. 50 mg) was subsequently added into the solution and the 

mixture was stirred in air for 12 h. After filtered, the solution was concentrated under 

reduced pressure. Q1 was purified with flash column chromatography (SiO2, 

hexane/CH2Cl2: v/v = 3/1). Q2, Q3, and Q4 were first purified by flash column 

chromatography (SiO2, hexane/ethyl acetate), then further purified by preparation SEC 

with chloroform as the eluent. 

Q1: Dark red solid (1.03 g, 63%). 1H NMR (500 MHz, CDCl3, 298 K, ppm): δ = 0.70 (m, 

8H), 0.78 (t, 12H, J = 7.2 Hz), 0.94-1.19 (m, 24H), 1.70 (s, 12H), 2.01 (pd, 8H, J1 = 13.2 

Hz, J2 = 5.0 Hz), 7.26 (s, 2H), 7.37 (m, H), 7.54 (s, 2H), 7.77 (d, 2H, J = 7.4 Hz), 7.80 (s, 

2H). 13C NMR (125 MHz, CDCl3, 298 K, ppm) δ = 154.27, 151.83, 150.14, 142.84, 142.26, 

142.03, 140.35, 136.36, 131.16, 127.63, 126.89, 124.41, 122.99, 119.93, 116.84, 54.90, 

40.45, 37.05, 33.42, 31.55, 29.77, 23.88, 22.62, 13.99. HRMS (+ESI): C62H78N2 [M+H]+ 

calcd. m/z = 851.6238, found m/z = 851.6233. 

Q2: Dark purple powder (0.12 g, 86%). 1H NMR (500 MHz, CDCl3, 298 K, ppm): δ = 

0.58-0.73 (m, 12H), 0.77 (t, 18H, J = 7.2 Hz), 0.97-1.22 (m, 36H), 1.72 (s, 12H), 1.76 (s, 

12H), 2.01 (m, 12H), 7.27 (s, 2H), 7.29 (s, 2H), 7.35 (m, 6H), 7.52 (s, 2H), 7.53 (s, 2H), 

7.74 (m, 2H), 7.78 (s, 2H), 7.82 (s, 2H). 13C NMR (125 MHz, CDCl3, 298 K, ppm) δ = 
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154.50, 154.18, 151.84, 151.31, 150.17, 143.43, 142.85, 142.15, 142.09, 141.16, 140.30, 

136.70, 136.40, 135.19, 131.32, 131.08, 127.69, 126.91, 125.00, 124.45, 122.99, 119.95, 

117.19, 116.88, 54.89, 54.71, 40.54, 40.44, 37.08, 33.49, 33.42, 32.19, 31.61, 31.55, 29.82, 

29.76, 26.38, 24.01, 23.87, 23.42, 22.67, 22.61, 13.99. HRMS (+ESI): [M+H]+ calcd. m/z 

= 1368.9781, found m/z = 1368.9738. 

Q3: Dark blue powder (20 mg, 72%). 1H NMR (500 MHz, CDCl3, 298 K, ppm): δ = 0.76 

(m, 40H), 0.93-1.18 (m, 48H), 1.57 (s, 12H), 1.70 (s, 12H), 1.74 (s, 12H), 2.01 (m, 16H), 

7.27 (s, 2H), 7.29 (s, 2H), 7.30 (s, 2H), 7.32-7.39 (m, 6H), 7.53 (s, 6H), 7.75 (d, 2H, J = 

7.0 Hz), 7.78 (s, 2H), 7.82 (s, 4H). 13C NMR (125 MHz, CDCl3, 298 K, ppm) δ = 154.53, 

154.43, 154.16, 153.30, 151.84, 151.34, 150.17, 144.40, 143.46, 142.84, 142.44, 142.17, 

142.07, 141.39, 141.29, 141.12, 140.30, 136.75, 136.41, 131.35, 131.25, 131.07, 127.68, 

126.93, 124.51, 124.44, 123.00, 119.96, 117.23, 116.89, 54.89, 54.71, 40.55, 40.45, 37.13, 

33.50, 33.42, 31.62, 31.55, 29.72, 24.02, 23.87, 22.68, 22.62, 14.01. HRMS(+ESI): 

C136H166N6 [M+2H]2+ calcd. m/z = 943.6660, found m/z = 943.6690. 

Q4: Dark blue powder (27 mg, 73%). 1H NMR (500 MHz, CDCl3, 298 K, ppm): δ 7.83 

(m, 8H), 7.78 (d, J = 5.7 Hz, 2 H), 7.56 (m, 8H), 7.36 (m, 6H), 7.33-7.21 (m, 8H), 2.05 

(m, 20H), 1.75 (m, 48H), 1.22-1.00 (m, 60H), 0.79 (m, 50H). 13C NMR (126 MHz, d8-

THF, 298 K, ppm) δ = 155.07, 155.04, 155.03, 154.89, 152.21, 151.46, 151.43, 150.36, 

144.76, 144.71, 144.30, 142.66, 142.60, 142.55, 142.54, 142.45, 142.16, 142.08, 141.56, 

141.47, 137.40, 137.37, 137.09, 131.94, 131.82, 131.44, 131.08, 128.95, 128.13, 127.92, 

127.52, 125.34, 123.46, 120.70, 118.21, 117.63, 55.44, 55.18, 41.08, 37.59, 33.39, 32.38, 
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32.32, 30.63, 30.53, 23.39, 23.31, 14.18. HRMS (+MALDI-TOF): C173H210N8 [M+H]+ 

calcd. m/z = 2401.6785, found m/z = 2401.4970. 

  

Me-A: Q1 (0.45 g, 0.53 mmol) was dissolved in degassed THF under N2 protection. 

N2H4·H2O (0.26 mL, 5.3 mmol) was added slowly and the mixture was stirred at 40 ˚C 

for 12 h. The solution turned from red to light yellow. It was then cooled to room 

temperature and the solvent and excess hydrazine was removed under reduced pressure. 

After dried under vacuum, the crude product was charged into the next step without further 

purification. It was redissolved in 10 mL anhydrous DMF and sodium hydride (88 mg, 

60%, 2.2 mmol) was added. The mixture was heat to 60 ˚C and stirred for 1 h. After 

cooling to 35 ˚C, methyl iodide (0.23 mL, 4.1 mmol) was added slowly into the mixture. 

The reaction was stirred for 12 h before being quenched by water. The mixture was then 

extracted by dichloromethane for 3 times. The combined organic layer was washed by 

water. After dried against magnesium sulfonate, the crude product was purified using flash 

column (SiO2, hexane/ethyl acetate: v/v = 9/1). The pure product was isolated as a white 

powder with purple fluorescence (0.13 g, 33%). 1H NMR (500 MHz, CDCl3, 298 K, ppm) 

δ = 7.70 (s, 2H), 7.64 (d, J = 7.5 Hz, 4H), 7.29 (m, 4H), 7.18 (t, J = 7.3 Hz, 2H), 7.09 (s, 

2H), 6.83 (s, 2H), 3.57 (s, 6H), 1.93 (m, 8H), 1.65 (s, 12H), 1.17-0.94 (m, 24H), 0.75 (t, J 

= 7.1 Hz, 12H), 0.69-0.52 (m, 8H). 13C NMR (125 MHz, CDCl3, 298 K, ppm) δ = 150.35, 

149.59, 142.96, 142.09, 136.95, 133.43, 131.60, 131.25, 126.67, 125.33, 122.75, 118.43, 

N
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114.90, 108.18, 106.43, 54.99, 40.82, 37.10, 34.11, 31.66, 29.96, 27.61, 23.87, 22.78, 

14.16. HRMS(+ESI): C64H84N2 [M·]+ calcd. m/z = 880.6629, found m/z = 880.6610. 

 

Me-Q12+·2SbCl6− : Me-A (10.7 mg, 0.01 mmol) was dissolved in anhydrous 

dichloromethane (3 mL). Tris(4-bromophenyl)ammoniumyl hexachloroantimonate 

(“magic blue”, 18.4 mg, 0.022 mmol) was added into the solution and the mixture was 

stirred in a nitrogen-filled glovebox for 10 min, turning the color from color-less into deep-

blue. The solution was filtered through a syringe filter (PTFE, 0.45 µm) into a clean 20 

mL vial and pentane was then layered above. The single crystal was obtained after 

diffusion for 2 days and collected by filtration. 

3.7.3 Determination of Energy Levels of Frontier Molecular Orbitals 

The redox properties of oligomers Q1 ~ Q4 and NLQ and the corresponding 

energy levels of frontier orbitals were determined by CV and DPV carried out at room 

temperature under argon protection with a CHI720 voltammetric analyzer. TBAPF6 in 

anhydrous dichloromethane (0.1 M) was used. A conventional 3-electrode configuration 

was used, including a 3-mm glassy carbon working electrode, a Pt wire auxiliary electrode, 

and an Ag wire pseudoreference electrode with electrolyte solution (AgNO3 10 mM in 

dichloromethane) freshly prepared in glovebox right before the measurement. Scan rate 

was 100 mV/s for CV test and 40 mV/s for DPV test. Ferrocene was used as an exterior 

reference for determination of potentials and energy levels. The onset potentials of CV 
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oxidation and reduction processes were used to determine the HOMO and LUMO levels, 

respectively. 

In DFT calculation, the atomic structures of Q2 ~ Q4 were optimized at B3LYP/6-

311G(d,p) level of theory. Molecular orbitals and energies were calculated based on single 

crystal structure of Q1 and the optimized geometries of Q2 ~ Q4. The alkyl chains are 

replaced with methyl groups for computational simplicity. Orbital pictures were generated 

with GaussView 5.08. 

3.7.4 Protonation Study 

To record the optical spectra of NLQ after protonation, NLQ was dissolved in THF 

and diluted into a solution of 1.1 ´ 10-5 M. UV-vis absorption of NLQ solution (2.5 mL) 

was measured in a 1-cm quartz cuvette. MSA was dissolved in THF (1.54 M) and added 

into the cuvette in portions of 2, 4, 6, 10, 20, 30, 50, 70, 110, 150, and 250 µL. For 

experiments with high acid concentrations, NLQ was dissolved in nitrogen-bubbled 

solutions of MSA/THF (0.15, 1.54, 3.08, 7.7, and 15.4 M) and measured. 

During the first protonation stage of Q1, a solution of MSA/THF (0.5 M) was added 

into Q1 solution (2.5 mL, 2.2 ´ 10-5 M) by 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 8.5, 25, and 45 µL. 

During the second protonation stage, Q1 was dissolved in a mixed solvent of MSA in THF 

(1.5 M), affording a fully protonated Q1 solution (2.2 ´ 10-5 M). This fully protonated 

solution was added into the neutral Q1 solution (1 mL) of the same concentration in steps 

of 10, 30, 90, 150, 210, 290, 350, 450, 650, and 910 µL. 
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PTSA was used for solid-state acid-doping. The acid was first dissolved in THF. Qn 

was dissolved in the PTSA solutions of varies volumes. The resulting mixtures were drop-

cast on glass slides and dried in a desiccator for over 12 h under reduced pressure before 

measuring the UV-vis-NIR absorption. 

3.7.5 Degradation Study 

The degradation study of Qn and NLQ was performed with UV-vis absorption 

measurement. Solutions (ca. 10-5 M) were prepared by dissolving Qn and NLQ in a 

solution of MSA/THF (0.8 M). UV-vis absorption was measured every 5 min at room 

temperature at ambient condition for 70 min.  

The structural integrity of Q1 after protonation was further confirmed by NMR 

spectroscopy. 1H NMR spectrum of Q1 in TFA/CDCl3 (0.44 M) remained identical after 

24 h. The basic form of Q1 was subsequently regenerated by adding KOH into the 

solution, showing a 1H NMR spectrum identical to that of Q1 before the acid/base 

treatment. These results confirmed that protonated Q1 did not undergo significant 

decomposition or redox transformation in ambient conditions in the time scale of hours.  
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Figure 51. (a) HRMS of Q1 in TFA/THF (v/v = 1/10). (b)1H NMR (500 MHz, 298 K) 
spectra of Q1 in CDCl3, adding TFA (v/v = 1/1), after 1 day, and after adding KOH. 
Reprinted with permission from [134]. 
 

3.7.6 X-ray Crystallography 

A Leica MZ 75 microscope was used to identify a representative sample of crystals 

of the same habit. The crystal mounted on a nylon loop was then placed in a cold nitrogen 

stream (Oxford) maintained at 100 K. A BRUKER Venture X-ray (kappa geometry) 

diffractometer was employed for crystal screening, unit cell determination, and data 

collection. The goniometer was controlled using the APEX3 software suite. The sample 

was optically centered with the aid of a video camera such that no translations were 

observed as the crystal was rotated through all positions. The X-ray radiation employed 

was generated from a Cu-Iµs X-ray tube (Ka = 1.5418Å with a potential of 50 kV and a 

current of 1.0mA). 45 data frames were taken at widths of 1°. These reflections were used 

to determine the unit cell. The unit cell was verified by examination of the h k l overlays 

on several frames of data. No super-cell or erroneous reflections were observed. After 

careful examination of the unit cell, an extended data collection procedure (30 sets) was 

initiated using omega and phi scans. Integrated intensity information for each reflection 
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was obtained by reduction of the data frames with the program APEX3. The integration 

method employed a three-dimensional profiling algorithm and all data were corrected for 

Lorentz and polarization factors, as well as for crystal decay effects. Finally, the data was 

merged and scaled to produce a suitable data set. The absorption correction program 

SADABS was employed to correct the data for absorption effects. A solution was obtained 

readily (Z=1; Z'=0.5) using XT/XS in APEX3. Hydrogen atoms were placed in idealized 

positions and were set riding on the respective parent atoms. All non-hydrogen atoms were 

refined with anisotropic thermal parameters. Appropriate restraints and constraints were 

used to keep the bond distances, angles and thermal ellipsoids meaningful. Absence of 

additional symmetry or void were confirmed using PLATON (ADDSYM). The structure 

was refined (weighted least squares refinement on F2) to convergence. Olex2 was 

employed for the final data presentation and structure plots. 

 

Figure 52. Single crystal structures of Q1. Hydrogen atoms and solvent molecules 
were omitted for the sake of clarity. Thermal ellipsoids are scaled to the 50% 
probability level. Reprinted with permission from [134]. 
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3.8 Appendix 

Table 4. Measured and calculated HOMO and LUMO levels of Q1 ~ Q4. Reprinted 
with permission from [134]. 

Compound HOMOexp (eV) LUMOexp (eV) HOMODFT (eV) LUMODFT (eV) 

Q1 –5.56 –3.30 –5.19 –2.91 

Q2 –5.08 –3.32 –4.78 –2.86 

Q3 –5.24 –3.55 –4.98 –3.18 

Q4 –4.98 –3.56 –4.95 –3.23 

 

 

Figure 53. (left) Energy levels of frontier orbitals of Qn (n = 1 ~ 4) measured by CV 
(black) and calculated using DFT (red); (right) Diagrams of HOMOs and LUMOs of 
Qn (n = 1 ~ 4) generated by DFT calculation. Reprinted with permission from [134]. 
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Figure 54. UV-vis-NIR absorption spectrum of Me-Q12+·2 SbCl6- in 
dichloromethane. Reprinted with permission from [134]. 
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Figure 55. EPR spectra of Me-Q12+·2 SbCl6- in solid state (red) and in 
dichloromethane solution (black) at room temperature. Reprinted with permission 
from [134]. 
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Figure 56. Powder X-ray diffraction spectra of Q1, PTSA, and Q1 mixed with 5 
equiv. PTSA. Reprinted with permission from [134]. 
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Figure 57. 1H-1H COSY spectrum of NLQ in CD2Cl2 at room temperature and the 
peak assignments. The integral of peak (E1,2 + Z1,2) was set as 2 protons. The molar 
percentage of E and Z isomers were set to be x and y. Reprinted with permission 
from [134]. 
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Figure 58. 1H-1H NOSEY NMR of Q1 and Q2 (500 MHz, CDCl3, 298 K). Reprinted 
with permission from [134]. 
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Figure 59. 1H (500 MHz) and 13C (125 MHz) NMR spectra of A2 in CDCl3 at 298 K. 
Reprinted with permission from [134]. 
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Figure 60. 1H (500 MHz) and 13C (125 MHz) NMR spectra of A3 in CDCl3 at 298 K. 
Reprinted with permission from [134]. 
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Figure 61. 1H (500 MHz) and 13C (125 MHz) NMR spectra of A4 in CDCl3 at 298 K. 
Reprinted with permission from  [134]. 
 
 

H
N

H
N

N
H

C6H13C6H13
H3COOC

COOCH3

COOCH3

H3COOC
C6H13C6H13

N
HN

H

H
NH3COOC

COOCH3

C6H13C6H13

C6H13C6H13
H
N

N
H

COOCH3

H3COOC
C6H13C6H13

H
N

H
N

N
H

C6H13C6H13
H3COOC

COOCH3

COOCH3

H3COOC
C6H13C6H13

N
HN

H

H
NH3COOC

COOCH3

C6H13C6H13

C6H13C6H13
H
N

N
H

COOCH3

H3COOC
C6H13C6H13



 

100 

 

 

 

Figure 62. 1H (500 MHz) and 13C (125 MHz) NMR spectra of Me-A in CDCl3 at 298 
K. Reprinted with permission from [134]. 
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CHAPTER IV  

LADDER-TYPE POLYANILINE-ANALOGOUS POLYMERS* 

4.1 Introduction 

Polyaniline (PANI) derivatives, which represent one of the most extensively 

studied classes of conjugated polymers, are particularly intriguing for the incorporation of 

ladder-type constitution. PANI derivatives feature reversible redox transformation, high 

conductivity, feasible synthesis, and good processability,106, 110, 137, 159-162 hence are widely 

employed in conductive protective coating,100 electrochromism,159 and energy storage.102 

However, PANI share some of the common drawbacks with other organic electronic 

materials, such as (1) low stability of molecular constitutions and degraded performance 

in devices over time, and (2) limited intrachain delocalization ranges of states or quasi-

particles, such as polarons and excitons. One of the primary structural origins of these 

issues can be identified as the single-stranded and torsionally rotating bonds in the PANI 

polymer backbone, which gives rise to low barriers of bond scission and disordered chain 

conformation in the solid state. For example, the fundamental investigation and practical 

application of pernigraniline salt – the fully oxidized and protonated form of PANI – is 

severely limited due to its unstable nature. Iminium bond hydrolysis of pernigraniline salt 

takes place readily in acidic and oxidative conditions,163, 164 leading to irreversible scission 

                                                

*Reprinted (adapted) with permission from “Extraordinary electrochemical stability and 
extended polaron delocalization of ladder-type polyaniline-analogous polymers” Ji, X.; 
Leng, M.; Xie, H.; Wang, C.; Dunbar, K. R.; Zou, Y.; Fang, L. Chem. Sci. 2020, DOI: 
10.1039/D0SC03348K. Copyright 2020 Royal Society of Chemistry. 
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of the conjugated polymer chain and consequently loss in electrical conductivity, charge 

storage ability, and redox properties.160, 165 Several engineering approaches have been 

developed to improve the apparent stability of devices fabricated from conventional PANI, 

such as introducing external protection,117 applying limited voltage sweep windows and 

pretreatment at low voltages,160 and compositing PANI with carbon or inorganic 

nanomaterials.109, 160, 165 A few examples on the modification of the chemical constitution 

of PANI has also shown to be effective in enhancing the stability.166-170 In these cases, 

however, the intrinsically labile iminium bonds still presented in the pernigraniline 

backbone, remaining as a potential weakness that impacts the wider application of these 

PANI derivatives, especially when harsh electrochemical conditions are involved.   

In Chapter III, acid stability of pernigraniline salt-like structure is significantly 

improved in a series of ladder oligomers, in which the entropy-driven decomposition is 

inhibited by the ladder-type double stranded covalent bonds. In addition, unprecedented 

polaron delocalization in the solid state was observed. In this context, we envisioned that 

the implementation of ladder-type constitution in a polymeric PANI derivative could 

fundamentally address the unsolved issues of electrochemical stability and states 

delocalization of these polymers for their practical future applications. Herein, we reported 

the feasible synthesis of a series of PANI-derived ladder polymers, their extraordinary 

electrochemical stability under harsh conditions, and extensive polaron delocalization 

property. The intrinsic electrochemical stability and conductivity were further 

demonstrated by the excellent performance and cyclability of the polymer as the active 

material in NIR electrochromic device.  
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4.2 Polymer Design and Synthesis 

The ladder-type PANI derivative (LPANI) in this study was synthesized (Figure 

63) in a stepwise approach171 from the non-ladder polymer precursor P2 (Mn = 25.9 

kg/mol,  Ð = 2.23), which could be synthesized using a scalable approach involving imine-

condensation polymerization followed by in situ oxidation.78, 172 To facilitate the next ring-

annulation ladderization reaction, the ester groups in P2 were converted into tertiary 

alcohol groups in P4 by treating the polymer with p-tolyl Grignard reagent. Subsequently, 

Friedel-Crafts cyclization between the fluorene units and the tertiary alcohol group was 

promoted by boron trifluoride to afford the ladder polymer product LLB, which represents 

the fully reduced form of LPANI. This reaction was designed and optimized in a way that 

only the 3-position of the fluorene unit was activated for the cyclization, promoted by (1) 

the combined electronic effect of the fluorene moiety itself and the amino group on the 2-

position, as well as (2) the steric effect of the two dodecyl groups that prevents the 1-

position from reacting. In addition, the centrosymmetric positioning of the tertiary alcohol 

functional groups ensured a linear extension of the resulting rigid ladder polymer, instead 

of a helical extension if the repeating units are non-centrosymmetric.173  

LLB can be considered as a ladder-type analogue of leucoemeraldine base – the 

fully reduced form of conventional PANI. Upon exposure to air, ~50% of the benzenoid 

phenylene-1,4-diamine units in LLB can be oxidized to quinonoid cyclohexadiene-1,4-

diimine unit, to afford a green compound LEB, which is analogous to the emeraldine base 

form of conventional PANI. Complete oxidation of either LLB or LEB can be achieved 

quantitatively by treating the solution with m-chloroperoxybenzoic acid (mCPBA) to 
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afford a blue compound LPB, which is the ladder-type analogue of fully oxidized PANI, 

i.e. pernigraniline base. The reductive conversion from LPB through LEB to LLB was 

also clean and quantitative upon the treatment of reducing reagents, such as hydrazine or 

ascorbic acid. These well-defined, reversible oxidation and reduction processes indicated 

the highly robust nature of LPANI. In addition, LPB can be protonated on the 

cyclohexadiene-1,4-diimine units in in a strong acidic condition, such as 4.0 M MSA, to 

afford LPS, which is a ladder-type counterpart of the unstable, PANI-derived 

pernigraniline salt (Figure 63d). As expected, LPS exhibits much higher stability in acidic 

condition than conventional pernigraniline salt.  

Thanks to the presence of n-dodecyl groups R1 on the fluorene unit and the p-tolyl 

groups R2 on the backbone, LPANI is well-soluble in common organic solvents such as 

THF and chloroform regardless the oxidation state, enabling comprehensive solution-

phase characterization and processing. The molar mass values of all three forms of LPANI 

were measured by size exclusion chromatography (Figure 63b), showing similar 

dispersity values (Ð = 1.67 ~ 1.95) and a slight increase in measured Mn from LLB (21.6 

kg/mol) to LPB (25.5 kg/mol). Considering the higher rigidity of oxidized 

cyclohexadiene-1,4-diimine unit than that of the reduced phenylene-diamine unit, the 

higher apparent Mn of LPB and LEB than that of LLB is in a good agreement with the 

hypothesis that LPB has more rigid backbone and hence larger radius of gyration, 

according to Mark-Houwink equation.174, 175 The decreased of measured Mn from P1 to 

ladder polymers was attributed to the removal of unreacted or partially reacted 

intermediates.  
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Figure 63. (a) Synthesis of LPANI from polymer precursor P2, and the redox 
interconversion of its LLB, LEB, and LPB forms. (b) Size exclusion chromatogram 
and calculated Mn and dispersity (Ð) values. (c) UV-vis absorption spectra of 
oxidation process from LLB to LEB to LPB in THF; (inset) pictures of LLB, LEB 
and LPB solutions. (d) Protonation of LPB with MSA and structural formulas of the 
closed-shell and open-shell resonance forms of protonated LPS form. Reprinted with 
permission from [176].  

 

The chemical oxidation conversion from LLB to LPB was monitored with UV-

vis spectroscopy (Figure 63c). With an increasing amount of oxidant (mCPBA) added 

into LLB, the absorption peak of LLB at 375 nm decreased and a broad peak centered at 

680 nm emerged as a result of the generation of conjugated cyclohexadiene-1,4-diimine 

unit moieties. The clear isosbestic point during the titration demonstrated the well-defined, 

clean transformation between these different redox states. In comparison, conventional 

PANI does not exhibit such a clear isosbestic point when transforming from 

P2
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leucoemeraldine base to pernigraniline base, likely due to the presence of configurational 

isomers and poor solubility of pernigraniline base.177 In addition, by comparing the spectra 

of LEB prepared by air oxidation with the titration plot, oxidation ratio of LEB was 

determined to be ~ 50% (Figure 64). The photo-absorption peak of LPB is narrow and 

exhibit a clear vibrational progression, indicating a well-defined configuration and a rigid 

conformation at room temperature. This result is in sharp contrast with the spectrum of 

conventional non-ladder pernigraniline base, which shows a broad absorption peak with 

no vibrational feature due to the fast trans-/cis- isomerization and torsional rotation.118, 177, 

178 These pronounced differences between LPB and conventional pernigraniline base 

suggest the important impacts of ladder-type constitution on extending orbital/states 

delocalization as well as inhibiting isomerization and conformational disorder.  

 

 

Figure 64. UV-vis spectra of a solution of LLB titrated with mCPBA in 
dichloromethane (concentration of repeating units = 8.3 µM). Reprinted with 
permission from [176].  
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In order to fully elucidate the constitutional structures of LPANI, two small 

molecular model compounds, SLB and SPB, were synthesized and characterized with 1H, 

13C, HSQC, and HMBC NMR spectroscopy (Figure 80 ~ 85).  The 13C NMR peaks for 

SLB and SPB were fully assigned to their structures, so that they can be used as references 

to analyze the spectra of LPANI. 1H and 13C NMR spectra of LLB, LEB, and LPB were 

obtained in d8-THF at room temperature. Compared to the broad and heavily overlapping 

1H NMR signals (Figure 86 ~ 88), the 13C NMR peaks of LLB and LPB are sharp and 

well-defined. They matched well with those of SLB and SPB, respectively, so that full 

assignments of these polymer peaks were accomplished (Figure 65). The clearly 

identified NMR signals of LLB indicated high efficiency and regioselectivity of the 

Friedel-Crafts cyclization reaction, and the absence of observable defects during the 

ladderization step. Comparing the 13C NMR spectra of LLB and LPB, it is notable that 

the signals of the central ring (C5, C6, C9, C12) downfield shifted dramatically in the 

spectrum of LPB due to the more electron-deficient property of the oxidized 

cyclohexadiene-1,4-diimine units compared to the electron-rich form of phenylene-1,4-

diamine in LLB. Less distinct shifts were observed for carbons on the fluorene units (C10, 

C11, C13) and the sp3-C bridge (C14). Apart from the backbone, the p-tolyl side groups 

(C7 and C8) also showed distinguishable chemical shifts changes, serving as a good probe 

for identifying different oxidation states. LEB can be considered as a statistic copolymer 

of the phenylene-1,4-diamine- and the cyclohexadiene-1,4-diimine-containing repeating 

units. Not surprisingly its 13C NMR spectrum exhibited clearly both sets of peaks found 

in those of LLB and LPB.  
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Figure 65. 13C NMR spectra of small molecule model SLB and SPB, and varied 
oxidation states of LPANI (126 MHz, d8-THF, 298 K). Reprinted with permission 
from [176].  
 

The functional group transformation among these compounds is further confirmed 

by FT-IR spectra. The characteristic C=N (1681 cm−1) and C=C (1604 cm−1) stretching 

bands of cyclohexadiene-1,4-diimine units were observed in LEB and LPB while absent 

in LLB (Figure 66). 
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Figure 66. FT-IR spectra of LLB, LEB, and LPB. Reprinted with permission from 
[176].  
 

4.3 Electrochemical Stability 

The electrochemical interconversion of different oxidation states of LPANI was 

investigated in both solution phase and solid state by CV experiments. LEB was selected 

as the focus of the analysis as the polymer backbone contains both the phenylene-1,4-

diamine unit (unit A in Figure 67), which can be oxidized, and the cyclohexadiene-1,4-

diimine unit (unit D in Figure 67), which can be reduced (Figure 67a). Referred to the 

cyclic voltammograms of SLB and SPB (Figure 73), the step-wise oxidation and 

reduction processes of a thin film of LEB were identified. In an inert electrolyte (TBAPF6) 

solution, these processes are electrochemically irreversible although the chemical redox 
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processes were confirmed to be reversible. The electrochemical irreversibility was 

attributed to the deprotonation of the fully oxidized form C into C’ and protonation of the 

fully reduced form F into A shown in Figure 67a. Differently, with high concentration 

electrolytes of Brønsted acid or LiClO4, reversible oxidation processes were observed 

among different oxidation states, because the oxidized unit C was kept protonated or 

lithiated upon oxidation (Figure 67b, 67c). These results demonstrated the intrinsically 

reversible nature of the interconversion between A and C, which was important for the 

subsequent electrochromic device with Li+ electrolyte. CV of LLB and LPB were also 

conducted, showing only the anticipated oxidation process of A and reduction process of 

D, respectively (Figure 74). The presence of multiple redox peaks in these cyclic 

voltammograms indicated good electronic coupling between neighboring units along the 

ladder-type polymer backbones, i.e., the oxidation/reduction of one unit made it much 

more difficulty to oxidize/reduce the neighboring unit due to strong electronic coupling 

and molecular orbital delocalization. The fully reversible oxidation and reduction 

processes of LPANI in protonated or lithiated conditions demonstrated its excellent 

robustness within a wide potential range, and set the foundation for its electrochemical 

applications. 
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Figure 67. Cyclic voltammograms of (a) LEB film in acetonitrile with 0.1 M TBAPF6. 
(b) LPANI solution in THF with 0.15 M MSA. (c) LPANI solution in THF with 1.2 
M LiClO4. In all cases, a Pt wire was used as the counter and Ag/AgCl was used as 
the reference electrode. Reprinted with permission from [176].  
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The electrochemical stability of LPANI was studied under highly acidic and 

oxidative conditions, which is of great importance for applications including energy 

storage and electrochromic devices.123 It is well known that, in acidic conditions, 

electrochemically oxidized conventional PANI (in its pernigraniline salt form) readily 

degrades and leads to deterioration of the electrochemical cycles.179, 180 In this work, 

conventional PANI and LPANI were both coated on carbon fabric cloth as the working 

electrodes for the test. In highly acidic acetonitrile solution with 0.5 M of sulfuric acid, a 

controlled potential at +1.0 V (vs. Ag/AgCl) was held on for variable time periods (0 ~ 60 

min), during which polymers on the working electrode were fully oxidized and maintained 

in the form of pernigraniline salt at the oxidation potential. After each controlled-potential 

period, a CV experiment was performed and the peak current intensity was used to 

evaluate the relative amount of remaining electroactive species.181, 182 A rapid decreasing 

on CV current intensity of conventional PANI was observed (Figure 68a), showing 

degradation by ca. 40 % in the first 10 min. The degradation process was also found to be 

accelerated with increased oxidative potentials (Figure 75a). In contrast, the cyclic 

voltammograms of LPANI maintained almost unchanged after applying controlled 

potential at +1.0 V in this harsh condition for up to 60 min (Figure 68b, 68c). Although 

slight decomposition started to take place when the potential was increased to +2.0 V 

(Figure 68d), the much enhanced electrochemical and acidic stability of LPANI 

suggested that the long-standing issues of hydrolysis and redox side-reactions of PANI 

derivatives could be intrinsically inhibited by the fully ladder-type constitution. 
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Figure 68. Cyclic voltammograms of (a) conventional PANI and (b) LPANI after 
applying +1.0 V potential for variable amount of time (0 ~ 60 min). (c) Plot of the 
current intensities in (a) and (b) vs the time of holding at +1.0 V. (d) Plots of current 
intensities of LPANI after applying various potentials for variable amount of time (0 
~ 60 min). Reprinted with permission from [176].  
 

4.4 Characterization of Ladder-Type Pernigraniline Salt 

The superior stability of LPANI at the LPS state sets the stage for comprehensive 

investigations of this acid-doped species with ensured structural integrity. The absorption 

spectrum of LPS exhibits a significant red-shift of the band compared to that of LPB, into 

the NIR region (𝛌max	~1400 nm) (Figure 69, 70a). Solid-state LPS was prepared by 

mixing LPB with an excess amount of non-volatile acid such as PTSA. A spin-casted thin 

film of LPS/PTSA mixture exhibits a further red-shift of the absorption peak to 𝛌max	~	

1650 nm, likely as a result of intermolecular electronic coupling between the ladder 
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polymer chains. Despite in highly acidic media, LPS is remarkably stable in either 

solution phase or solid state, with little change on the absorption spectra for over 48 hours 

in ambient conditions (Figure 69). Such an excellent stability in highly acidic condition 

is unprecedented among conventional non-ladder pernigraniline derivatives.  

 

Figure 69. (a) Visible-NIR absorption spectra of LPS in THF with 4 M MSA over a 
period of 42 h; (b) vis-NIR absorption spectra of as prepared acidified LPS thin film 
in the presence of PTSA, and the sample after 1 week stored under ambient 
condition. Reprinted with permission from [176].  
 

The electronic structures of the varied state of LPANI was elucidated 

experimentally. Based on the CV data and UV-vis-NIR absorption spectra, HOMO and 

LUMO energy levels of LLB, LEB, LPB, and LPS were determined (Figure 70b). The 

estimated bandgaps of LLB, LEB, and LPB are 3.10, 1.22, and 1.57 eV, respectively, 

which are all lower by 0.6 ~ 0.9 eV than those of corresponding conventional PANI 

derivatives.183 The uniformly lower bandgaps indicate that the coplanar conformation of 

the ladder polymer backbone greatly extends the molecular orbital delocalization and  π-

conjugation. A drastically lower LUMO level of LPS than that of LPB is a result of acid-

doping of the cyclohexa-1,4-diimine units.184, 185 The small energy gap results into a better 
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admixture of HOMO and LUMO in the ground state, leading to significant natural orbital 

occupancies in the lowest unoccupied natural orbitals and therefore open-shell diradical 

character.29, 186-189 As shown in the EPR spectra (Figure 70c), LPS possesses a much 

higher spin concentration compared to LPB, as a result of the acid-induced transition from 

the closed-shell to open-shell resonance. The acid-doping is also expected to lead to 

polaron delocalization, which is evidenced by DC conductivity of the solid pellet of acid-

mixed LPS (Figure 76). Magnetic susceptibility measurement of LPS solid by SQUID 

revealed a dominant temperature-independent Pauli paramagnetism (𝜒Pauli) at 0.015 emu 

per mole of repeating unit (Figure 70d), indicative of a delocalized nature of the radical 

cations (polarons) in the solid state. Compared to emeraldine salt of conventional PANI, 

which demonstrates both Pauli paramagnetism and Curie paramagnetism, LPS features 

one order of magnitude higher 𝜒Pauli value and absence of Curie paramagnetism, 

corresponding to a significantly enhanced polaron delocalization range and higher density 

of states of polarons at the Fermi level.113 The 𝜒Pauli of LPS is also significantly higher 

than those measured on shorter oligomeric analogues,134 suggesting that the longer ladder 

polymer chains allow for the extension of polaron delocalization.  
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Figure 70. (a) Visible-NIR absorption spectra of LPS in solution and in thin film. (b)  
HOMO/LUMO energy level diagrams of LLB, LEB, LPB, and LPS. (c) EPR spectra 
of LPB and LPS solid. (d) Temperature-varied magnetic susceptibility of LPS solid. 
Reprinted with permission from [176].  
 

The acid-doped salt of LEB (LES) was also characterized with EPR and SQUID 

(Figure 71). Dominant Pauli paramagnetism was observed with 𝜒Pauli at 0.0023 emu per 

mole of repeating unit, indicating the enhanced polaron delocalization in ladder-type 

structure compared to conventional PANI.  
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Figure 71. (a) EPR spectra of (b) LES solids doped with different molar equivalents 
of PTSA. Each sample contained 1.0 mmol of cyclohexadiene-1,4-diimine units. (b) 
Temperature-varied magnetic susceptibility of LES solid. Reprinted with permission 
from [176].  
 

4.5 Electrochromic Application 

The outstanding electrochemical stability, fully reversible redox transformation, 

and conductive nature enable the application of LPANI in highly robust electrochromic 

devices. Organic electrochromic materials possessing reversible optical changes upon 

electrochemical oxidation or reduction have attracted a great deal of interest in diverse 

applications.190 Compared with inorganic materials, organic molecules, especially 

polymers, exhibit advantages in high coloration efficiency, excellent processability, and 

fast switching ability.191 PANI represents an important class of organic electrochromic 

materials that can cover visible and NIR regions and has been applied in various fields, 

such as smart windows, displays, and camouflage.192 The switching between the bleached 

and colored states of PANI corresponds to the interconversion between leucoemeraldine 

and half-oxidized emeraldine salt states. The rapid degradation of fully oxidized 

pernigraniline salt, however, limits the range of operational voltage, hence imposing an 

intractable challenge on the practical deployment of robust and recyclable devices based 
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on PANI.123 In this study, LPANI was employed as the active material in a sandwiched 

electrochromic device, which was fabricated with two ITO-glass substrates, spin-casted 

LPANI thin film, and lithium gel electrolyte (PMMA/PC/LiClO4) (Figure 72a). When 

−2.0 V voltage was applied on the LPANI layer, the device showed pale yellow color 

with an absorption peak at 378 nm, corresponding to the LLB state. As the voltage 

switched to +2.0 V, the device turned into deep blue color and a broad absorption peak 

evolved in NIR region (𝛌max = 905 nm), corresponding to the lithiated LPS state (Figure 

72b). The color-switching cyclability was studied by applying alternating working voltage 

at −2.0 V and +2.0 V for 30 s at each stage, leading to fully reversible transitions of the 

absorption between the LLB and LPS states, in agreement with the solid-state CV results 

(Figure 66c). No observable degradation of absorption intensity at 378 nm was observed 

over 200 cycles, while only less than 2% decay was observed for the absorption at 845 nm 

(Figure 73c). Such an excellent cyclability allows for a reliable kinetic analysis of the 

electrochromic processes based on data from multiple cycles (Figure 77). Both the 

oxidation and reduction processes fit in a pseudo-first-order model to give the apparent 

rate constants of 0.10 and 0.39 s−1, respectively (Figure 72d). The lower oxidation rate is 

likely a result of the rate-determining lithiation process which requires a slow process of 

lithium diffusing to the oxidized cyclohexadiene-1,4,-diimine unit.193 In contrast, during 

reduction, the phenylene-1,4-diamine unit state is recovered through the reductive charge 

transfer followed by a rapid protonation step so that a higher rate constant was observed. 

Overall, LPANI show unprecedented electrochromic cyclability among PANI-like 

polymers over a wide operation voltage window (spanning for 4 V), thanks to the highly-



 

119 

 

reversible interconversion between LLB and LPS states and the extraordinary stability of 

LPS under highly oxidative conditions. This result further demonstrates the superior 

electrochromic properties endowed by the ladder type backbone constitution. It is 

anticipated that, with the understanding of the electrochromic mechanism and kinetics, 

further chemical and device optimization can lead to devices with desired electrochromic 

performance in terms of response rate and color contrast. The design principle of such 

robust electrochemical transition can also benefit the development of electrochemical 

energy storage application using conjugated polymers. 

 

Figure 72. (a) Architecture and photographic images of the electrochromic device at 
–2.0 V and +2.0 V, respectively. (b) Absorption spectra of the electrochromic device 
when applying –2.0 V or +2.0 V for 60 s. (c) Absorbance at 378 nm and 845 nm with 
voltage swept between -2.0V and +2.0V for 200 cycles. (d) Time-dependent 
absorbance changes at 845 nm; dots: experimental data spots; lines: pseudo-first-
order fitting. Reprinted with permission from [176].  
 

 

 



 

120 

 

4.6 Conclusion 

In summary, this work demonstrates that ladder-type backbone constitution can be 

incorporated into polyaniline analogues through a feasible and scalable synthesis. A 

ladder-type polyaniline-analogous polymer with low defect level was obtained through 

the highly-efficient and regioselective cyclization. The ladder-type constitution imparts 

unprecedented stability and extensive states delocalization into the resulting LPANI 

derivatives. Specifically, LPANI derivatives exhibit significantly superior 

electrochemical stability compared to non-ladder PANI derivatives, evidenced by the 

highly reversible transformation among different oxidation states, and extraordinary 

robustness in harsh electrochemical conditions. The excellent stability also allows for the 

investigation and application of the strong NIR absorption and Pauli paramagnetism of the 

acidified and fully oxidized LPS form, revealing its low bandgap and the presence of 

extended polaron delocalization in the solid state. The unique combination of these 

functions enables the fabrication of a robust and highly recyclable NIR electrochromic 

device using LPANI as the active material. Taken together, this work establishes the 

principle of using ladder-type constitution to address the long-standing challenges of 

stability and states-delocalization seen in the field of organic electronic materials. This 

strategy should be formulated into the future design of electronically active polymers. 
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4.7 Experimental Details 

4.7.1 General Methods 

All reaction solvents were dried and purified by an Inert Technology pure solvent 

system (PureSolv-MD-5a). All starting materials were obtained from commercial 

suppliers and were used without further purification unless otherwise specified. 1H, 13C, 

1H-13C HSQC and 1H-13C HMBC NMR spectra were recorded on a Varian Inova 500 

MHz spectrometer at room temperature and processed by MestReNova. Chemical shifts 

are reported in ppm relative to the signals corresponding to the residual non-deuterated 

solvents (for 1H NMR: d8-THF δ = 3.58 ppm; for 13C NMR: d8-THF δ = 67.21 ppm). Flash 

column chromatography purifications were carried out using a Biotage® Isolera™ Prime 

with various sizes of SiO2 Biotage SNAP® cartridges. SEC was performed on a TOSOH 

EcoSEC (HLC-8320GPC) chromatography at 40 ºC with UV detector at 254 nm and THF 

as the eluent. The molecular weights were calculated using a calibration curve based on 

the UV absorption signal of polystyrene standards. UV-Vis-NIR absorption spectra were 

recorded on a Hitachi U-4100 UV-Vis-NIR spectrophotometer. ESI-MS experiments were 

performed using a Thermo Scientific Q-Exactive Focus operated in full MS in positive 

mode. FT-IR spectra were recorded in attenuated total reflectance mode (with ZnSe) using 

a Shimadzu IRAffinity-1S spectrometer. CV and controlled potential experiments were 

performed with a Gamry Interface 1010 T potentiostat. EPR spectroscopy was conducted 

on a Bruker ELEXSYS II E500 with microwave frequency of ca. 9.38 GHz at 288 K. 

Elemental analysis was performed by Robertson Microlit Laboratories. Magnetic 

measurements were conducted on a Quantum Design MPMS XL SQUID magnetometer 
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from 2 to 300K. The diamagnetic contributions of the sample holders and the atoms were 

corrected with blank holders and the Pascal’s constants. TGA was undertaken with a TA 

Q500 thermogravimetric analyzer. Nitrogen flow was set as 60 mL/min. Temperature 

ramping was from 40 ˚C to 900 ˚C with a rate of 10.00 ˚C/min. 

4.7.2 Synthesis 

 

P4: P2 (Mn, SEC = 25.9 kg/mol, Ð = 2.23) was synthesized according to a previously 

reported procedure.78 To a solution of p-tolyl magnesium bromide in THF (1.5 mL, 1.0 

M) under N2 protection, P2 solution (0.10 g) in THF (5 mL) was added dropwise. The 

reaction was heated to reflux for 12 h. After cooled to room temperature, the mixture was 

poured into saturated NH4Cl aqueous solution. The solid precipitate was filtered and dried 

under vacuum, affording P4 as a dark blue solid (0.13 g, 91%). 1H NMR (500 MHz, d8-

THF, 298 K, ppm) δ = 7.25-6.86 (m, 16H), 6.67 (s, 2H), 6.40 (s, 4H), 6.23 (s, 2H), 2.90 

(br, 2H), 2.19 (s, 12H), 1.70 (m, 4H), 1.35-0.94 (m, 36H), 0.87 (t, J = 6.9 Hz, 6H), 0.56 

(m, 4H). 13C NMR (126 MHz, d8-THF, 298 K, ppm) δ = 151.44, 144.80, 143.45, 137.98, 

136.54, 134.32, 128.77, 128.20, 125.70, 123.60, 118.65, 115.90, 112.14, 82.70, 54.87, 

41.19, 34.91, 32.69, 31.27, 30.80, 30.49, 30.45, 30.13, 23.38, 21.07, 14.29. FT-IR (ATR) 

(cm-1): 3544, 3379, 3028, 2923, 2854, 1608, 1504, 1460, 1392, 1264, 1020, 812. SEC: Mn 

= 20.7 kg/mol, Ð = 2.54. 
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LLB: In a P4 (0.13 g) solution in dichloromethane (10 mL), BF3·Et2O (0.25 mL, 0.3 M) 

was added and the mixture was stirred at room temperature under N2 protection for 12 h. 

The reaction was quenched by adding into aqueous NaOH solution (1 M). The resulting 

precipitate was filtered, washed with acetone, and dried under vacuum, affording a brown 

solid as LLB (0.10 g, 84%). 1H NMR (500 MHz, d8-THF, 298 K, ppm) δ = 7.77 (br, 4H), 

6.86 (ABq, 32H), 6.62 (s, 4H), 6.51 (s, 4H), 6.37 (s, 4H), 2.29 (s, 24H), 1.35 – 0.95 (m, 

80H), 0.86 (m, 20H). 13C NMR (126 MHz, d8-THF, 298 K, ppm) δ = 150.50, 150.20, 

144.95, 142.78, 142.18, 135.78, 134.86, 133.03, 131.04, 128.70, 127.96, 126.98, 126.60, 

125.61, 122.93, 121.76, 118.87, 115.42, 107.96, 57.18, 55.03, 41.45, 32.66, 30.93, 30.40, 

30.17, 30.09, 23.37, 20.89, 14.28. FT-IR (ATR) (cm-1): 3423, 3385, 2922, 2949, 1617, 

1492, 1455, 1360, 1275, 811. Size exclusion chromatography: Mn = 21.6 kg/mol, Ð = 1.72.   
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LEB: An LLB (0.10 g) solution in THF (10 mL) was gently stirred open in air for 12 h. 

The color turned from light yellow to dark green. After evaporating the solvent, the 

product LEB was collected as a black powder (0.1 g, quant.). 1H NMR (500 MHz, d8-

THF, 298 K, ppm) δ = 7.17 – 6.14 (m, 16H), 1.72 (s, 6H), 1.42 – 0.96 (m, 40H), 0.86 

(m, 10H). 13C NMR (126 MHz, d8-THF, 298 K, ppm) δ 153.46, 151.83, 149.89, 144.54, 

143.01, 142.82, 136.75, 135.85, 130.93, 130.61, 128.99, 128.56, 127.97, 127.00, 126.13, 

125.17, 122.28, 120.12, 115.32, 107.99, 105.76, 58.22, 57.07, 54.83, 41.31, 32.66, 30.95, 

30.43, 30.10, 23.37, 20.87, 14.27. FT-IR (ATR) (cm-1): 3305, 2931, 2947, 1679, 1616, 

1500, 1463, 1368, 1284, 810. SEC: Mn = 24.3 kg/mol, Ð = 1.95. Elemental analysis: C: 

85.15%, H: 8.37%, N: 3.14%. 

 

 

LPB: mCPBA (2 equiv.) was added into a solution of LLB (0.10 g) in CH2Cl2 (10 mL). 

The mixture was stirred at room temperature for 12 h. After washing with water (3 × 10 

mL), the organic phase was dried over MgSO4. After removing the solvent by rotatory 

evaporator, LPB product was isolated as a blackish powder (0.10 g, quant.). 1H NMR (500 

MHz, d8-THF, 298 K, ppm) δ = 7.12-6.59 (m, 12H), 2.30 (s, 24H), 1.17 (m, 80H), 0.86 

(m, 20H). 13C NMR (126 MHz, d8-THF, 298 K, ppm) δ = 152.59, 143.09, 141.73, 141.05, 

140.86, 139.31, 137.56, 135.89, 130.40, 129.41, 121.91, 119.89, 56.86, 56.27, 32.64, 
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30.41, 30.35, 30.06, 23.34, 20.86, 14.24. FT-IR (ATR) (cm-1): 2921, 2852, 1689, 1604, 

1510, 1468, 1363, 1289, 815. SEC: Mn = 25.5 kg/mol, Ð = 1.67. 

 

SLB: Compound 3 was synthesized according to a previously reported procedure.79 p-

Tolyl magnesium bromide (5 mL, 1.0 M in THF) was added into a dried flask under N2 

protection. Compound 3 (0.61 g, 0.50 mmol) was dissolved in THF (5 mL) and the 

solution was added into the mixture slowly. The mixture was stirred at reflux for 

overnight. After cooled to room temperature, the reaction was quenched with saturated 

NH4Cl aqueous solution, and extracted with ethyl acetate for 3 times. The organic layers 

were combined and dried with MgSO4. After removing solvent by rotatory evaporator, the 

crude product was dissolved in dry CH2Cl2 (10 mL). BF3·Et2O (1 mL, 0.3 M) was added 

into the solution and the reaction was stirred at room temperature for 12 h in N2 protection. 

The reaction was quenched with NaOH aqueous solution (1 M), and extracted with ethyl 

acetate. The combined organic layers were dried over MgSO4 and purified with flash 

column chromatography (SiO2, hexane/CH2Cl2: v/v = 3/1). The pure product was 

collected as a while solid (0.53 g, 72%). 1H NMR (500 MHz, d8-THF, 298 K, ppm) δ = 

7.99 (s, 2H), 7.29-7.19 (m, 4H), 7.13-7.04 (m, 6H), 7.02 (abq, J = 8.2 Hz, 8H), 6.96-6.87 

(abq, J = 8.2 Hz, 8H), 6.71 (s, 2H), 6.35 (s, 2H), 2.31 (s, 12H), 2.01-1.80 (m, 8H), 1.36-

0.99 (m, 72H), 0.87 (t, J = 6.9 Hz, 12H), 0.72 (m, 4H). 13C NMR (125 MHz, d8-THF, 298 
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K, ppm) δ = 150.86, 150.56, 145.31, 143.14, 142.54, 136.14, 135.22, 133.39, 131.40, 

129.06, 128.32, 127.34, 126.96, 125.97, 123.29, 122.12, 119.23, 115.78, 108.33, 57.54, 

55.39, 41.81, 33.02, 31.28, 30.76, 30.53, 30.45, 24.97, 23.72, 21.25, 14.64. HRMS (+ESI): 

calcd. [M+H]+ m/z = 1494.1402, found m/z = 1494.1334. 

 

SPB: Ag2O (0.10 g) was added into a solution of SLB (0.50 g, 0.33 mmol) in THF (20 

mL). The mixture was stirred at room temperature for 12 h followed by filtration. The 

filtrate was collected and solvent was removed by rotatory evaporator. The crude product 

was further purified by flash column chromatography (SiO2, hexane/CH2Cl2: v/v = 4/1). 

The product was collected as a dark red solid (0.46 g, 92%). 1H NMR (500 MHz, d8-THF, 

298 K, ppm) δ =  7.51 (s, 2H), 7.48 (d, J = 7.4 Hz, 2H), 7.36 (m, 4H), 7.23 (m, 4H), 7.10 

(abq, J = 8.0 Hz, 8H), 7.01 (abq, J = 8.0 Hz, 8H), 6.68 (s, 2H), 2.34 (s, 12H), 2.04 (m, 

8H), 1.36-1.04 (m, 72H), 0.87 (t, J = 6.7 Hz, 12H), 0.74 (m, 8H). 13C NMR (125 MHz, 

d8-THF, 298 K, ppm) δ = 154.80, 152.52, 151.37, 146.08, 142.90, 142.87, 142.14, 141.64, 

137.52, 136.79, 136.25, 130.98, 129.65, 128.50, 127.78, 125.72, 123.78, 122.09, 121.19, 

58.68, 55.84, 41.30, 33.01, 31.18, 30.72, 30.44, 25.04, 23.73, 21.25, 14.67. HRMS (+ESI): 

calcd. [M+H]+ m/z = 1493.1279, found m/z = 1493.1246. 
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4.7.3 Electrochemical Analysis 

CV experiments were performed with Fc/Fc+ as the external reference. TBAPF6 

solution in THF (0.1 M), MSA in THF (0.15 M), and LiClO4 solution in THF (1.2 M) 

were used as electrolytes depending on the experimental setting. For solution-phase 

measurement, a 3-mm glass-carbon electrode was used as the working electrode. For thin-

film measurement, ITO-coated glass with spin-coated polymer thin films were used as the 

working electrodes. LPANI samples were spin-coated on the ITO-coated glass as a thin 

film from their chlorobenzene solutions (20 mg/mL, 2000 rpm for 120 s) and annealed at 

110 ˚C for 10 min in glovebox. The scan rate was set as 100 mV/s. 

 

Figure 73. Cyclic voltammograms of SLB and SPB films in acetonitrile with TBAPF6 
(0.1 M). Reprinted with permission from [176].  

 

Figure 74. Cyclic voltammograms of (a) LLB and (b) LPB films in acetonitrile with 
TBAPF6 (0.1 M). Reprinted with permission from [176].  
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The controlled potential experiments were performed using a three-electrode 

configuration. The working electrodes were held in the electrolyte containing 0.5 M of 

H2SO4 in acetonitrile, and controlled potentials of +1.0 V, +1.5 V, and +2.0 V (vs 

reference) were applied. A Pt wire was used as the counter and Ag/AgCl was used as the 

reference electrode. After definite time periods, CV were measured, and the anodic peak 

current obtained was used to evaluate the degradation percentage. PANI was deposit on 

the carbon fabric cloth electrode with electropolymerization in aqueous solution with 

aniline (0.03 M) and H2SO4 (0.5 M) by scanning from -0.9 V to +0.5 V for 50 cycles. The 

electrode was washed with deionized water and then acetonitrile before test. 

 

Figure 75. Cyclic voltammogram of (a) PANI and (b) LPANI on carbon fabric cloth 
in H2SO4 solution in acetonitrile (0.5 M). Oxidation potentials at +1.5 V and +2.0 V 
were applied on working electrodes. CV were measured after applying potential for 
0, 1, 2, 3, 5, 10, 15, 20, 40, and 60 min. Reprinted with permission from [176].  
 

4.7.4 DC Conductivity Measurement 

DC conductivity was measured by a four-point probe method under vacuum. Pellet 

samples of LPS were prepared by compressing the powder materials (~ 0.1 g) in a mold 

with inner diameter of 25 mm at pressure of 20 kPa in air. The electrical resistance was 

measured with a Keithley 2450 SourceMeter. The thickness of the pellet was measured 
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using a profilometer as ca. 10-2 cm. The electrical conductivity was calculated based on 

the slope of the I-V plots. 

 

Figure 76. I-V plot of the LPS pellet mixed with PTSA using a four-probe method. 
Reprinted with permission from [176].  
 

4.7.5 Electrochromic Device 

Electrochromic devices were fabricated in a sandwich architecture. Gel electrolyte 

was prepared by mixing polymethyl methacrylate (12000 g/mol, 2 g), propylene carbonate 

(5 mL), and dry LiClO4 (0.8 g) in acetonitrile (1 mL) at 50 ˚C for 72 h. The uniform gel 

was degassed under vacuum to remove the solvent. Then the gel electrolyte was drop-cast 

on a 1-mm-thick ITO-coated glass substrate. On another ITO-coated glass, LEB thin film 

was spin-cast (500 rpm for 30 s, then 2000 rpm for 120 s) from its chlorobenzene solution 

(10 mg/mL) and the sample was annealed in a glovebox at 120 ˚C for 10 min. These two 
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components were subsequently combined in a sandwich manner so that the gel layer and 

LPANI layer were in contact with each other. The resulting device was sealed with epoxy 

resin. The electrochromic response of the device was controlled with a potentiostat and 

recorded in situ with a UV-vis-NIR absorption spectrometer. Voltage on working 

electrode was programed to switch between –2.0 V and +2.0 V, 30 s at each stage. The 

visible-NIR spectra were recorded accordingly. The switching process was recycled for 

200 times to test the recycling performance of the device.   

 

Figure 77. Time-dependent absorption of the electrochromic device at 378 nm and 
845 nm at varied cycles. Reprinted with permission from [176].  
 

The kinetics of oxidation and reduction processes were analyzed separately at both 

wavelengths. The time-dependent absorption plots of six cycles (Figure 79) were studied 
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and they were all fit in first-order exponential equations shown in Table 5. The averaged 

fitting parameters of six cycles and corresponding standard deviation (STD) values were 

obtained.    

Table 5. Kinetics fitting equation and parameters of plots in Figure 80. Reprinted 
with permission from [176].  
 

 

4.7.6 Thermogravimetric Analysis 

For LPANI, theoretical weight percentage values of backbone, alkyl chains, and 

tolyl groups are 29%, 34%, and 37%. On TGA plots of three LPANI samples, the first 

weight-loss stage could be identified as 280 ~ 460 ˚C, during which 25% ~ 36% weight 

loss was observed. This stage could be attributed to the cleavage of alkyl chains on the 

fluorene moieties. Above 500 ˚C, continuous weight loss was observed for all three 

378 nm 845 nm

Avg. Aoxi,0 0.893 0.991

STD 0.005 0.003

Avg. Aoxi,1 0.696 -0.323

STD 0.015 0.015

Avg. koxi (s-1) 0.556 0.101

STD 0.029 0.016

R2 0.927~0.954 0.993~0.997

Avg. Ared,0 1.519 0.703

STD 0.015 0.010

Avg. Ared,1 -0.646 0.264

STD 0.013 0.020

Avg. kred (s-1) 0.590 0.386

STD 0.077 0.042

R2 0.955~0.989 0.942~0.980

! = !#$%, 0 + !#$%, 1 * +,-./0

! = !1+2, 0 + !1+2, 1 * +,-345
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polymers. For LEB and LPB, this stage could be attributed to continuous cleavage of tolyl 

groups and the conversion of sp3 carbon into more thermodynamically favorable sp2 

carbon. While for LLB, the backbone also underwent thermal degradation. Compared 

with the conventional polyaniline (emeraldine base), higher thermal stability was observed 

in ladder polymers up to 400 ˚C. 

 

Figure 78. TGA plots of LLB, LEB, and LPB. Reprinted with permission from [176]. 
 

4.8 Appendix 

 

Figure 79. (a) EPR spectra of LPB and LPS with PTSA. (b) Varied-temperature 
paramagnetic susceptibility of LPS. Reprinted with permission from [176].  
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Figure 80. 1H (500 MHz) and 13C (125 MHz) NMR of SLB in d8-THF at 298 K. 
Reprinted with permission from [176]. 
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Figure 81. 1H-13C HSQC NMR spectrum of SLB in d8-THF at 298 K. Reprinted with 
permission from [176].  
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Figure 82. 1H-13C HMBC NMR spectrum of SLB in d8-THF at 298 K. Reprinted with 
permission from [176].  
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Figure 83. 1H (500 MHz) and 13C (125 MHz) NMR of SPB in d8-THF at 298 K. 
Reprinted with permission from [176].  
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Figure 84. 1H-13C HSQC NMR spectrum of SPB in d8-THF at 298 K. Reprinted with 
permission from [176].  
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Figure 85. 1H-13C HMBC NMR spectrum of SPB in d8-THF at 298 K. Reprinted with 
permission from [176].  
   
 

 

Figure 86. 1H NMR (500 MHz) of LLB in d8-THF at 298 K. Reprinted with 
permission from [176]. 
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Figure 87. 1H NMR (500 MHz) of LEB in d8-THF at 298 K. Reprinted with 
permission from [176].  
 

 

 

Figure 88. 1H NMR (500 MHz) of LPB in d8-THF at 298 K. Reprinted with 
permission from [176].  
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CHAPTER V  

CONCLUSIONS 

5.1 Aromatic Ladder Polymer Featuring Intermolecular Hydrogen-Bonds 

5.1.1 Summary 

Ladder-type conjugated molecules stand out as intriguing materials due to their 

extended intramolecular charge transfer, strong intermolecular interactions, and high 

stability, owing to the coplanar and rigid structure. However, challenges present in this 

field in twofold: difficulties in constructing low-defect ladder-type backbones, and the 

solubility issues in the synthesis, characterization and processing. In this research, we 

investigated polymer PIQA derived from quinacridone structure, with self-

complementary H-bonds incorporated into ladder-type repeating units. A three-step gram-

scale synthesis route was established with a high overall yield. A reversible post-

functionalization strategy was applied to obtain good solubility which enabled both clear 

solution-phase characterization and solution-processing of this polymer. 13C NMR 

spectroscopy characterization was achieved for structural elucidation, revealing the low-

defect level of ladder-type backbones. Using a strategy of processing-followed-by-

annealing approach, thin film casting of ladder polymer were achieved. This strategy is 

also promising to be applied in other processing techniques such as printing and 

electrospinning.  

The features of backbone rigidity in ladder-type structure and intermolecular H-

bonding interactions are integrated in PIQA, leading to its excellent thermal stability and 

chemical/solvent resistance in the solid state. High stability against aggressive solvents at 
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high temperature demonstrates the potential of the polymer to be used as protective 

coating materials for harsh environments.  

Overall, this research achieved a ladder-type conjugated polymer with high rigidity 

and strong intermolecular interactions possessing unprecedented properties. The 

reversible post-functionalization strategy addressed the solubility challenge in ladder-type 

polymer research efficiently, opening up the possibility of designing and solution-phase 

processing of functional ladder polymers for various applications. 

5.1.2 Perspectives 

After annealing at 700 ˚C, PIQA shows graphitic character and becomes 

conductive, demonstrating its potential to be a precursor for functional carbon materials. 

The pre-ordered constitution combining polycyclic ladder-type backbone and interchain 

H-bonding is proposed to facilitate the carbonization process, affording a graphitic 

structure with a low defect-level. This process is also more energy-saving which requires 

lower annealing temperature.  

The solubility challenge of ladder-type molecules can also be addressed by side-

chain modification. As investigated in other conjugated polymers, side chains containing 

ionic moieties, such ammonium and sulfonate, can render aqueous or alcoholic solubility, 

promoting desired properties as polyelectrolytes for optoelectronic applications.194-197 

Ladder-type polyelectrolytes are also interesting materials considering the intrinsic 

coplanar and rigid structural features. While such polymers have not been well 

investigated due to the synthesis and characterization difficulties.198 In an ongoing project,  

dimethylamine groups are installed on fluorene moieties and further incorporated into a 
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PIQA-like ladder polymer. Good water solubility is obtained when protonation process 

takes place. Interesting properties, including the pH-responsive aqueous solubility and 

strong fluorescence of the ladder polymer are under investigation. 

 

5.2 Quinoidal Ladder-Type Pernigraniline Oligomers 

5.2.1 Summary 

In this project, a series of ladder-type pernigraniline salt-analogous oligomers with 

up to 27 fused ring constitution were obtained. The syntheses were achieved through 

iterative cross-coupling reactions followed by cyclization and oxidation. In contrast to 

their unstable non-ladder-type counterparts, these ladder-type pernigraniline-like 

molecules all adopt a well-defined all-trans configuration and demonstrate excellent 

chemical stability after protonation in ambient conditions, rendering possible to reveal the 

intrinsic electronic and magnetic properties. Open-shell spin character and a dominant 

temperature-independent Pauli paramagnetism were observed in the solid state, as 

indication of the delocalization nature of polarons in ladder-type pernigraniline salts. 

The data and results obtained in this work offered a number of important principles 

for the design and development of next-generation functional organic materials. First, the 

employment of ladder-type constitution is demonstrated to be an efficient strategy to 

stabilize certain conventionally unstable organic materials, particularly those prone to 

undergo entropy-driven decomposition. Second, this strategy can also be used to lock the 

configuration and conformation of complex polymer backbones to afford desired 
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properties and to give a much clearer correlation between structural features and 

properties.  

5.2.2 Perspectives 

 

Figure 89. Synthesis routes of (a) naphthalene and (b) carbazole-derived ladder 
molecules; (c) resonance forms of proposed naphthalene and carbazole-derived 
ladder quinoidal molecules; (d) structure and single crystal structure of a phenyl-
derived ladder quinoidal molecule. 

 

Incorporation of ladder-type constitution into quinoidal molecules can drastically 

impact the electronic properties, including open-shell character and spin multiplicity. In 

this study, the comparison between H2-Q12+ and Me-Q12+ revealed that side groups could 

tune the magnetic properties owing to the different intermolecular interactions. In an 

ongoing project, quinoidal molecules as derivatives of H2-Q12+ and Me-Q12+ have been 
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R = n-octyl



 

144 

 

designed and synthesized (Figure 89a, b, d). The structures, open-shell character (Figure 

89c), paramagnetic properties, and stability of these molecules will be investigated 

systematically to study the impacts of different quinoidal constitutions and side groups. 

The structure-property correlation is expected to further our understanding of quinoidal 

conjugated systems. 

 

5.3 Ladder-Type Polyaniline-Analogous Polymers 

5.3.1 Summary 

Electrochemical stability and states-delocalization critically impact the functions 

and practical applications of electronically active polymers. Incorporation of ladder-type 

constitution into conjugated polymers represents a promising strategy to enhance the 

aforementioned properties from a fundamental structural perspective. In this study, a 

series of ladder-type polyaniline-analogous polymers and designed and synthesized 

through a facile and scalable route. Chemical and electrochemical interconversions 

between the fully oxidized pernigraniline salt state and the fully reduced leucoemeraldine 

base state are both achieved in a highly reversible and robust manner. The protonated 

pernigraniline form of the ladder polymer exhibits unprecedented electrochemical stability 

in highly acidic and oxidative conditions. Such a stability enables the access of a near-

infrared light-absorbing material with extended polaron delocalization in the solid state. 

An electrochromic device composed of this ladder polymer shows distinct switches 

between UV- and near-infrared-absorbing states with a remarkable cyclability, meanwhile 

tolerating a wide operating window of 4 volts. Taken together, this project demonstrates 
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the principle of employing ladder-type backbone constitution to endow superior 

electrochemical properties into electronically active polymers. 

5.3.2 Perspectives 

In the context of delocalized polarons found in these pernigraniline salt-

derivatives, one can anticipate that the bulk conductivity of similar ladder-type analogues 

can be enhanced by orders of magnitudes once the insulating side-chains are shortened 

and the conjugated backbones are elongated. This goal can be achieved through a 

processing strategy involving in situ side-chain cleavage78, 94 and backbone oxidation, 

from a soluble precursor functionalized with cleavable side-chains in its reduced state. 

Following design principle, monomers with short alkyl side-chains are designed to 

construct ladder-type polyanilines. Based on our experience in constructing oligomers and 

polymers, Buchwald-Hartwig cross-coupling reaction can be used to realize the 

polymerization process efficiently, which allows employment of a broader scope of 

monomers (Figure 90a). The reversible protection/deprotection strategy introduced in 

Chapter II will be used to increase the solubility and processability of the ladder polymer 

product (Figure 90b). After thermal annealing, oxidation, and doping process, the thin 

film will be measured to reveal the conductivity property. Future development along this 

direction can lead to a new class of highly conductive, metallic organic species. 
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Figure 90. (a) Proposed synthesis route of ladder-type polyaniline with short alkyl 
side-chains. (b) Graphical illustration of the solution processing of ladder-type 
polyaniline thin films. After thermal annealing, oxidation and doping, delocalized 
polarons are expected to be generated. 

Ar

Ar

Ar

Ar Ar
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