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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 m-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 1V, 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 m-conjugated system is a molecular entity whose structure may be represented
as a system of alternating single and multiple bonds.! 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 n-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 m-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.> * The high coplanarity promotes both
intramolecular m-conjugation® and intermolecular interactions.® As a result, m-electron

delocalization scale is extended efficiently in ladder polymers. In the condensed phases,



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,” organic field-effect transistors,® ° organic photovoltaics,
12 thermoelectrics,'* molecular wire,'® efc. For example, in an organic field-effect
transistor device, the representative ladder poly(benzimidazole benzophenanthroline)
possesses an electron mobility 10° times higher than that of the non-ladder analogue.!'*
Ladder molecules and polymers also acquire advanced stability from the structure with

multi-strand of bonds, promising their great potential in various demanding applications.
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Figure 1. Graphic representations of (a) a m-conjugated molecule connected with a
single strand of bonds, (b) a ladder-type m-conjugated molecule, and (d) stepwise
synthesis approach of ladder-type conjugated polymers. (c) Representative examples
of ladder-type conjugated macromolecules.



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.!> In recent decades, a stepwise approach is commonly employed to
construct ladder polymers (Figure 1¢). 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, efc., have been
explored.'® !7 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



scope of this material and achieve defect-free ladder polymers with superior electronic
properties and chemical, thermal, and photostability.'®

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 m-units in the mainchain. These building
blocks can adopt either a Hiickle 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 m-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, efc.,
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 n-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.!” 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 m-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 Hiickle 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.?®?? It was
hypothesized and confirmed that a conjugated polymer in its quinoidal form is more
electrically conductive than the corresponding aromatic form.?*2* On an infinite chain,
theoretically, the maximum m-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.® 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



possess larger degree of m-conjugation and higher conductivity compared to “pure”
aromatic polymers.2®

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 2¢).?’” The coplanarity of quinoidal
structure further facilitates electron delocalization throughout the n-system, contributing

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

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

polymeric n-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.?® 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.?®>** 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 Hiickle
aromaticity (Figure 3).3!:32 In a diradical system, with the increasing of one-electron
overlap integral Sas of two odd electrons, the singlet state is stabilized and triplet state is

destabilized, leading to increasing of singlet-triplet gap.
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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. 2 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).’*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 units®*® (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.’® It is believed that there is a close correlation between diradical and
polyradical character and two-photon absorption, magnetic properties, singlet fission
phenomenon, efc., indicating great potential of quinoidal conjugated molecules as
materials for various applications including organic photonics, electronics, spintronics,

energy storage, and so on.
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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. 3 with permission from the
American Association for the Advancement of Science.



1.2.3 Extended Delocalization of Polarons/Bipolarons

Quinoidal forms are important in the doping process of m-conjugated polymers. In
fact, in early studies, most of the quinoidal characters of conjugated polymers were
investigated in the doped states®® or in the transient states*” of their aromatic precursors,
such as polypyrrole, polythiophene, and polyaniline (PANI), efc. 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 7t-
bonding and m*-antibonding orbitals, corresponding to valence and conductance bands,
respectively, renders semiconducting properties.*! 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.*? 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

43

the ultrahigh conductivity of polymers with quinoidal segments,*> while polarons are
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believed to possess higher mobility than bipolarons.** 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.

(a) Neutral Polaron Bipolaron
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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.*> 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.?® 4*° 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.
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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. 4
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.>°
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.*’

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 11
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.’!->4

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.> 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,*-% 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.®-% 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,®” 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.®% 67! Two sets of self-complementary H-bonds can be formed intermolecularly

between the carbonyl and N—H functional groups on the quinacridone unit.”>’# These H-

bonding interactions promote strong intermolecular electronic coupling® of quinacridone
molecules and guide their self-assembly to give compact packing mode, leading to good
charge carrier mobility,® as well as high thermal, chemical and photochemical stability.”>
"7 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 [73].

2.3 Synthesis and Characterization

The synthetic strategy of PIQA was devised based on our previously reported
"condensation-followed-by-cyclization" method” 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 tautomerization®” 8! to the enamine form afforded the

intermediate cyclohexadiene-fluorene polymer — P1.%2 The polymerization conditions
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were optimized as using p-toluenesulfonic acid (PTSA) as the catalyst in CHCI3 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 oxidized”®-% 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 (M) of 24.0 kg/mol and a dispersity (P) of 2.3. The
structure of P2 was further characterized by using Fourier-transform infrared spectroscopy
(FT-IR) (Figure 20) and '"H NMR, *C NMR, 'H-'H 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.’*% 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.®?° The optimized conditions involved heating in
methanesulfonic acid (MSA), an inexpensive and environmentally friendly reagent,’! and
resulted in a near-quantitative yield. During this process, the acidic MSA promoted’ 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 °C. Once attached to the polymer backbone, the bulky Boc moieties not
only diminished the intermolecular H-bonds, but also prohibited the interchain n-n
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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 (M, = 14.0 kg/mol) was lower
than the measured M, of precursor P2 (24.0 kg/mol). The Boc units in BocPIQA,

however, could be easily cleaved to regenerate PIQA quantitatively.

Hs cooc;Oi ‘
COOCH3 /O/coocm Air

HzN . NH, Hsco0C »
TFA, THF, RT.

p-TSOH, CHCl3, 95 °C
84%

for two steps

H;COOC

@/coocm COOH —

THF, H,0, 80 °C HOOC 130 °C

s o

R= l’l-C12H25

BocPIQA

Figure 8. Synthetic route of the quinacridone derived ladder polymer PIQA and its
Boc protected derivative BocPIQA. Reprinted with permission from [%].
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Characterization of BocPIQA confirmed the structure of its precursor — insoluble
PIQA— unambiguously. 'H NMR spectrum of BocPIQA showed broad!> #9293 yet
well-defined peaks (Figure 28), corresponding to the highly symmetrical protons on the
ladder-type backbone. 'H-'H 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 CI1/C8 electrophilic cyclization. More
importantly, the excellent solubility of BocPIQA allowed for the acquirement of a
concentration-demanding '3*C NMR spectrum with a high signal/noise ratio (Figure 9c,
25). Sharp and characteristic '3C 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 3C
resonance peaks of BocIlQA were assigned based on its HSQC and HMBC spectra
(Figure 9a). Sharing a similar constitutional structure, BocPIQA showed !*C resonance
patterns matching that of BocIQA (Figure 9b, ¢), with less signals due to the more
symmetrical nature of its repeating units. The clean and well-defined *C NMR spectrum
of BocPIQA confirmed its unique regio-regular ladder-type structure and a low defect

level along the backbone.!?
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Figure 9. (a) 'H-13C HMBC spectrum of BocIQA. *C NMR (125 MHz) spectra and
13C signal assignment of (b) BocIQA and (c¢) BocPIQA. (CDCIs, 298 K). Reprinted
with permission from [73].

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

polymeric chains.
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Figure 10. UV-vis spectra of IQA and PIQA in MSA. Reprinted with permission
from [73].
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Figure 11. UV-vis spectra of IQA, BoclQA, PIQA, and BocPIQA in thin film.
Reprinted with permission from [73].
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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.”* 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 sp?
ladder polymers was high thermal stability, considering the thermodynamically stable
nature of carbon materials like graphene and carbon nanotubes.”> TGA of PIQA (Figure
12b) demonstrated the remarkably higher thermal stability of ladder polymer over
conventional polymers in terms of both decomposition temperature (74) and carbonization
yield. For example, before ring-cyclization, P2 showed a 7y at 315 °C with carbonization
yield of 32% at 800 °C. In contrast, PIQA showed an elevated T4at 370 °C. The weight
loss at 370 °C was attributed to the decomposition of the sp® dodecyl side-chains. The
conjugated, fused-ring sp? 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 sp? 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 12¢) additional C=0 stretching at 1758 cm™! corresponding to
the Boc group, and absence of N-H stretching at 3100~3500 cm™!. 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.

BocPIQA . 7
C-N

=3

BocPIQA annealed '

1 1 1 1 1
100 200 300 400 500 600 700 800 4000 3500 3000 2500 2000 1500 1000
1
Temperature (°C) Wavenumber (cm’)

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 ["3].

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).
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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 [73].
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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 [73].
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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 g~ 0.30 A-'corresponded to the scattering of dodecyl chains on fluorene moieties
and did not shift before and after thermal annealing. The z—x stacking scattering of the
backbone, however, shifted significantly from 1.35 A'! to 1.47A°! after converting

BocPIQA into PIQA, corresponding to a decrease of the 7—r distance from 4.65A for
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BocPIQA to 4.27A of PIQA. This change agreed with the thickness decrease, as a result

of the removal of bulky Boc groups.”®
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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 [7%].

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 H>SO4 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 HCI 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 H>SOs, or MSA. A partial degradation/dissolvation took place in boiling
DMSO or in room temperature H>SO4. 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.
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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 [73].
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Figure 17. UV-vis absorption spectra of annealed BocPIQA film after soaked in

different solvents. Reprinted with permission from [73].

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 x 10* 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'! known as G band, indicating a

regulated graphitic sp? 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

97,98

performance, graphitic carbon-based materials.
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Figure 18. Raman spectra of as cast and annealed (700 °C) BocPIQA films. Reprinted
with permission from [73].
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 '*C 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, efc.

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 °C, 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-didodecylfluorene® and compound IQA”were prepared according
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to the literature. 'H, 13C, '"H-'H 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 (CDCls: 8 = 7.26 ppm, ds-THF: § = 3.58 ppm for 'H, and CDCl3: § = 77.16 ppm,
ds-THF: 8 = 67.67 ppm for 13C at 298 K). SEC was performed on a TOSOH EcoSEC

(HLC-8320GPC) chromatograph at 40° C 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
TAQS500 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 IR Affinity-1S.

2.6.2 Synthesis

THF

R =n-CyoHos

BoclQA

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 N> 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 x 15 mL). The organic layers were
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combined and dried with anhydrous 