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Department of Chemical Engineering

Organic semiconducting polymers have garnered much interest over the last several decades
due to their potential to be fabricated on a large scale for use in low-cost, flexible electronic devices.
A key feature of semiconducting polymers is their synthetic tunability though molecular design that
allows fine-tuning of their properties and enables the study of their structure-property relationships.
The goal of the research presented in this thesis is to synthesize and study the structure-property
relationships of semiconducting polymers that feature a double-stranded architecture, called nt-
conjugated ladder polymers. n-Conjugated ladder polymers by design have properties beneficial for
organic electronics including planar and rigid backbones, low conformational disorder, large
persistence lengths, and tight intermolecular contacts. However, these polymers are rarely studied
due to their difficult synthesis and processing.

My first approach to studying the structure-property relationships of semiconducting ladder
polymers was to synthesize functionalized and derivatized poly(benzimidazobenzophenanthroline)
(BBL) polymers and then compare their properties to those of BBL. Towards this goal, I report the
synthesis and properties of BBL-P, a phenazine derivative of BBL (Chapter 2), and two series of

electron-deficient random copolymers, BBL-xCN and BBL-xTCN (x =0, 0.2, 0.35, 0.5) featuring



known and novel electron-deficient, cyanated monomers (Chapter 3). Compared to BBL, I found that
while phenazine substitution in BBL-P does not impact the lowest unoccupied molecular orbital
(LUMO) energy level, the thin films have decreased crystallinity with preferential face-on molecular
orientations on substrates, which contributed to a decreased field-effect electron mobility of 1.2 x 10
*em?/Vs.

The random copolymer series BBL-x2CN and BBL-xTCN discussed in Sections 3.1 and 3.2,
respectively, demonstrate that as little as 20 mol% of the electron-deficient monomers increased the
speed of the polycondensations compared to BBL. Additionally, I found that while 20-50 mol% of
the cyanated monomers had little impact on the optical bandgaps, 50 mol% reduced the LUMO
levels by ~ 0.2 eV and facilitated the reduction processes. The n-doped conductivity of the BBL-
x2CN series was found to decrease with increasing 2CN content. These studies provide important
insights into the synthesis and structure-property relationships of electron-deficient BBL derivatives.

My second approach focused on N-alkyl side chain engineering of p-type ladder
poly(pyrrolobenzothiazine)s (Chapter 4). Here, I found that polymer with N-methyl (LPBT-Me) and
N-H (LPBT) groups both have strong intramolecular charge transfer (ICT) character when
protonated, and N-methylation does not effect the narrow optical bandgaps of ~1.5 eV. Moreover,
temperature-dependent absorption spectroscopy and theoretical calculations revealed that both
polymers show planar/non-planar conformations that vary with the degree of protonation; this
conformational variation was enhanced by N-methylation, which contributed to a decreased field-
effect hole mobility in LPBT-Me.

My third approach involved the synthesis and studies of a new p-type thiophene-containing
ladder polymer (LTBT) that I discussed in Chapter 5. Although the solubility in strong acids is
limited, the polymer demonstrated excellent film-forming properties evidenced by the high quality
freestanding and thin films that I used to characterize the molecular structure using infrared and

Raman spectroscopies. I found that this polymer has a narrow optical bandgap of 1.28 eV, enhanced



protonation-enhanced ICT character extending out into the infrared region, and a modest average

electrical conductivity of (3.31 + 0.31) x 10" S/cm when p-doped with FeCls.
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Chapter 1. Introduction

1.1. Semiconducting Polymers in Organic Electronic and Optoelectronic Devices
Organic semiconductors are of broad and fundamental interest for applications in electronic
and optoelectronic devices including; organic photovoltaics (OPVs),'” organic field-effect

transistors (OFETs),*® organic electrochemical transistors (OECTs),” !

and organic thermoelectric
devices.'>'* Contrary to their inorganic counterparts, they have potential for applications in low-cost
flexible displays, integrated circuits for logic and memory, and high-throughput processing of large
area electronic devices such as spin-coating and roll-to-roll printing. Significant progress has been
made towards wide-spread applications of organic electronics including the commercialization of
organic light-emitting diodes (OLEDs) in small-area flexible displays,”” OPVs with power
conversion efficiencies > 18%,'®'” and OFETs that have charge transport mobilities beyond that of

18,19

amorphous silicon. Understanding the structure-property relationships of the organic

semiconductors have allowed these technologies by enabling rational design of high-performance

organic materials to suit a given application.**?’

2829 there has been

Since the discovery of doped conducting polyacetylene in 1977,
widespread interest and research into the field of n-conjugated semiconducting polymers for organic
electronics. The backbone of n-conjugated polymers is comprised of alternating single (sigma, ) and
double (pi, m) bonds that creates their sp> + p, hybrid orbitals that act as a pathway for charge
transport, thus endowing them with unique semiconducting properties. As the m-conjugation length
or delocalization of the electrons increases, the gap between the occupied valence band, or the
highest occupied molecular orbital (HOMO), and the empty conduction band, or the lowest
unoccupied molecular orbital (LUMO), decreases. This bandgap (E;) of semiconducting polymers (4

eV > E, > 1.0 - 1.2 eV) distinguishes them from insulating (£, > 4 eV) materials such as Kevlar, or

conducting (£, < 0.4 eV) materials like metals.
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The optical properties, electrochemical properties and the electronic structure of

semiconducting polymers are all highly tunable via molecular design and synthesis. For example, the

optical bandgap of m-conjugated polymers can be decreased by introducing a double-stranded

30-32 k33,34

architecture or a noncovalent conformational loc that reduces conformational disorder and

enhances n-electron delocalization.”® >’ Another strategy to manipulate the properties of m-conjugated
polymers is to utilize a donor-acceptor (D-A) motif whereby careful selection of the electron-
donating (electron rich) and electron-accepting (electron deficient) moieties in the polymer backbone

can dramatically influence the electronic structure (HOMO and LUMO energy levels), optical

properties and intramolecular charge transfer (ICT) interactions.”™’

3,27,40-42

n-Conjugated polymers can be classified as either p-type (hole conducting) or n-type

13,22,43-45

(electron conducting) materials depending on their electronic structure and majority charge

carriers. In some cases, m-conjugated polymers have been reported to be ambipolar, or capable of

46-50

transporting both electrons and holes. The type of charge carriers in n-conjugated polymers can

be readily manipulated by tuning their HOMO and LUMO energy levels with respect to vacuum by
rational monomer design and synthesis. Although parity in both hole and electron transport is

necessary to develop high-performing organic electronic devices, the development of n-type

22,44

semiconducting polymers still lags behind that of p-type. This is primary due to difficult

synthesis of n-type moieties and their poor ambient stability in air*>**°' since a common strategy to

realize n-type building blocks is to incorporate electron-deficient moieties into the hydrocarbon

52-55 56-58 59-61 62-64

backbone such as halogens, nitriles, carbonyls, and imine groups. Increasing the
molecular diversity of n-type building blocks is necessary to establish structure-property
relationships to realize high-performance n-type m-conjugated polymers to match those of p-type
polymers.

Despite the aforementioned advantages of semiconducting polymers for organic electronics

and optoelectronics, there are notable disadvantages. Device reproducibility can be a challenge
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owing to the fact that polymers are polydisperse materials with broad molecular-weight distributions

67,68

(polydispersity > 1). Moreover, typical polymerization routes such as Stille,">® Suzuki, and

69,70 71-73

Negishi couplings, Knoevenagel and Aldol polycondensations, and C-H activation
polymerizations’* are not specific enough to achieve a target molecular weight. This can lead to
polymers with ambiguous properties because many, including charge transport, are largely

determined by the degree of polymerization (DP).'"7>7¢

Moreover, purification of polymer
semiconductors for organic electronics is often limited to large-scale precipitation which can be

insufficient to afford electronic device grade materials.
1.2. #@-Conjugated Polymer Chain Topology

n-Conjugated polymers can be generally divided into two main classes based off of polymer
chain topology: semi-flexible and rigid-rod ladder polymers. Examples of polymers that feature a
semi-flexible and rigid-rod ladder chain topologies are shown in Figure 1.1. The semi-flexible class
of m-conjugated polymers feature a single bond that link the repeat units in the polymer backbone,
which give the polymers intrinsic flexibility.’®”” This class of polymer chain topology represents the
vast majority of semiconducting polymers that have been synthesized for organic electronics due to
the large diversity of single-stranded polymerization techniques and ubiquity of available
monomers.””’® However, the commonly observed dihedral fluctuations in single-stranded polymers
can disrupt the m-conjugation, widen the bandgap, create charge carrier trap states, and decrease
intermolecular interactions.*”** A popular approach to circumvent the inherent flexibility of single-
stranded polymers is to utilize noncovalent interactions to establish conformational locks. For

example, noncovalent interactions including sulfur-nitrogen, sulfur-oxygen, sulfur-halogen, and

hydrogen bonding are attributed to the observed planarity of many n-conjugated polymers such as

82,83 84-86

those containing (acylimino)thiadiazoline,"’ 2-alkoxythiophene, isoindigo,

diketopyrrolopyrrole®”*® building blocks.
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The second class of polymer chain topology is rigid-rod ladder polymers, which are

exceedingly rare due to difficult synthesis of the double-stranded ladder architecture, and
consequently these polymers have seldom been used in organic electronic devices.’””® However, the
ladder polymer design features many properties that benefit organic electronic devices originating
from their decreased conformational disorder; these include enhanced m-conjugation lengths, fast
intra-chain charge transport, long exciton diffusion lengths, and tight intermolecular contacts.>®”

3278991 A dditionally, ladder polymers have superior thermal, mechanical, and chemical stability.”*

94
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Figure 1.1 Chemical structures of a few well-known ladder polymers and semi-flexible polymers.

1.3. n-Conjugated Ladder Polymers

The double-stranded architecture of m-conjugated ladder polymers creates unique challenges
in the synthesis, processing, and characterization that have prevented elucidation of the structure-
property relationships of ladder polymers. For example, their rigid ribbon-type structure affords the

polymer very low solubility in organic solvents such that they can only be processed in strong protic



5

779596 However, the aforementioned benefits of the -

acids or air sensitive Lewis-acid complexes.
conjugated ladder architecture including their exceptional thermal stability and unique electronic
properties have prompted investigation into various electronic and optoelectronic applications

including OFETs,*"*?! OPVs,”” and organic thermoelectrics.””®

In order to be able to rationally
design new ladder polymers for electronic device applications, the diversity of both p-type and n-
type m-conjugated ladder polymers must be increased, and their structure-property relationships must

be elucidated.

1.3.1. Synthetic Routes to Form n-Conjugated Ladder Polymers
a
IS oqred: ) bndq
+ D
o) o] n©
b
(b) A A A
A (o) A
NOEIN G C}Q_Qito 0
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Figure 1.2. Synthetic routes used to synthesize m-conjugated ladder polymers. (a) Single-step
polymerization/ladderization method that creates the polycyclic fused structure simultaneously with
chain growth, and the (b) multi-step polymerization method where a single-stranded polymer is first
synthesized followed by post-polymerization modification.

The two different polymerization routes to form m-conjugated ladder polymers are shown in
Figure 1.2. Synthetic routes to form fully fused ladder structures can be classified as (i) a single-step
polymerization/ladderization that constructs the double-stranded, fused ring simultaneously with
chain growth; and (ii) the two-step polymerization followed by ladderization where the non-fused
polymer chain is first synthesized and followed by ring closure, which is typically done using
differing synthetic conditions.®’® Although the latter approach encompasses a larger scope of
building blocks, the resulting polymers are prone to defects because of inefficient post-annulation,

30,78,99

leading to poor device performance. Therefore, the simplified single-step ladderization method

is preferred such that the polymers are more likely to be defect-free.
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The synthetically simple way to form a double-stranded ladder polymers is though single-step

polycondensations in highly acidic solvents such as polyphosphoric acid (PPA). Early examples of
polymers synthesized by this method include poly(benzimidazobenzophenanthroline) (BBL),”

poly(quinoxaline),'**'"!

poly(phenothiazine),'” and poly(phenooxazine).'”” In 1966, Van Deusen
reported the synthesis of BBL through a single-step polycondensation of monomers 1,4,5,8-
naphthalenetetracarboxylic acid (NTCA) and 1,2,4,5-tetraaminobenzene hydrochloride (TABH) in
PPA solvent.”” The intrinsic viscosity ([17]) of ladder polymers are often used as a proxy for
molecular weight given their low solubility in organic solvents;'” this first BBL polymer had [1] =
0.3 dL/g in conc. sulfuric acid (H,SO4).”> A few years later, Van Deusen improved the synthetic
method to synthesize ladder polymers including BBL with higher [7] values by liberating the salt of
the amine monomers to improve their reactivity.” This approach afforded BBL with an improved
intrinsic viscosity of 6.12 dL/g in methanesulfonic acid (MSA). More than a decade later, Wolfe,
Loo and Arnold discovered a wunique feature of the rigid-rod =m-conjugated polymers
poly(benzobizthiazole) (PBT) and poly(benzobisoxazole) (PBO): polycondensation occurs more
efficiently in the liquid crystalline phase formed at low polymer conversion, which allows for higher

molecular weights vs. polymerization in the isotropic phase.'™

Using this liquid-crystalline phase
polycondensation technique, a BBL polymer with an intrinsic viscosity of 32.0 dL/g in MSA at 30°C
was synthesized in our lab, which is the highest known [7n] value reported for BBL. These finding
mean that effort should be taken to achieve liquid crystallinity during the polycondensation of ladder
polymers.

Another example of a single-step polycondensation reaction was reported for the ladder
poly(pyrrolobenzothiazine) (LPBT), which utilized kinetic control to create a fully-fused ladder
backbone.'” At low temperatures < 100°C, the nucleophilic attack of the thiol and amine groups

creates the C-S and C-NH bond, respectively, that create the non-conjugated ladder polymer

backbone. Upon reaching higher temperatures > 150°C, the imine condensation forms the -
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conjugated ladder backbone. Overall, the single-step approach benefits from synthetic simplicity and

a low rate of defects, both of which are critical for polymers used in organic electronics and
optoelectronics. However, the major drawback for this approach is that tetra-functionalized
monomers are difficult to synthesize and purify on a gram scale.

The two-step ladderization approach has been used successfully to create a variety of organic-
solvent soluble ladder polymers. The most famous example is the polymer ladder poly(para-
phenylene) (LPPP) first synthesized in 1991.'"° The synthesis of LPPP starts with a Suzuki
polymerization to form the pre-polymer followed by reduction with lithium aluminum hydride and
finally a Friedel-Crafts ring annulation reaction. This polymerization scheme has been utilized

30,78 . :
" However, as evidenced in the careful

frequently to form many m-conjugated ladder polymers.
analysis of the LPPP molecular structure,” this synthetic route usually produces structural defects
simply because no chemical reaction has 100% efficiency across dozens/hundreds of repeat units. In
the case of LPPP, the ketone defects result from incomplete reduction of the pre-polymer. Even still,
the benefits of the two-step polymerization scheme has continued to inspire research into reducing
the molecular defects during the post-annulation reactions; however, is only one known examples of
n-conjugated ladder polymers synthesized using this two-step approach that have shown potential for
organic electronics or optoelectronics,'’’ because defects as low as parts-per-million can negatively
impact electronic device performance.'** "
1.3.2. n-Type n-Conjugated Ladder Polymers

Examples of reported n-type n-conjugated ladder polymers are shown in Figure 1.3. The most
well-known n-type n-conjugated ladder polymer is the polymer BBL. Since the 1980s, BBL has been
widely studied as an n-type semiconducting polymer when its highly conductive doped state was first
described.'"’ Notably, BBL was the first n-type polymer to be used in OFET devices where a high

field-effect electron mobility (u.) of ~ 0.03 — 0.1 cm?/Vs in air was reported.”"** Since then, BBL has

continued to be the gold standard for all n-type ladder polymers and has found use in a wide variety
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of organic electronic devices. Of importance to this thesis, our group studied the effects of BBL

molecular weight on field-effect electron mobility and we found that the u. values scale linearly with
the degree of polymerization, which emphasizes the need to maximize the molecular weight of n-

conjugated ladder polymers.”®

n-type ladder polymers p-type ladder polymers
0] O
YAy
BBL
o X, X, LPPP
0]
“0@ T Jeret Bared
:[]@:N?‘ln N'_‘Z;S:Nn N'-‘Z;g:Nn
Cl,-BAL: X, = X, =Cl LPBT LPBT-Me

Cl-BAL: X, =Cl, X, =H

Figure 1.3. Molecular structures of known n-type and p-type ladder polymers.

Other than BBL and its phenazine-substituted derivative BBL-P,''*'"* there are two other
reported n-type m-conjugated ladder polymers that show promise as n-type semiconductors: a
tetrachloro-substituted perylene derivative poly(benzimidazoanthradiisoquinolinedione) (Cls-BAL),™
and a dichloro-substituted perylene derivative poly(benzimidazoanthradiisoquinolinedione) (Cl,-
BAL)> which are shown in Figure 1.3. The addition of the chloride groups in Cl;-BAL resulted in a
non-rigid and twisted backbone that improved the solubility of the polymer in protic acids.
Furthermore, Cls-BAL was found to have good air-stability and conductivity when n-doped, and a
low LUMO energy level of -4.55 eV was reported.”® However, the out-of-plane twisting
conformations of the polymer backbone are likely to negatively impact the intrinsic electron

mobility, which was never reported. To create a more planar and rigid n-type ladder polymer, a
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derivative featuring two chlorine atoms (CL-BAL) was reported (Figure 1.3).>> Compared to Cly-

BAL, this polymer exhibited a lesser degree of backbone torsions (28° vs. 40° based off of DFT
calculations), although the marginal solubility of this polymer limited to intrinsic viscosity to 1.2
dL/g in MSA at 25°C. Additionally, the placement of the chlorine atoms at the bay positions of the
perylene monomer created an isomeric mixture of chlorine placements that was carried into the
polymer backbone. Even still, Cl,-BAL showed good electrical conductivity when n-doped, although
no intrinsic electron mobility studies were reported.
1.3.3. p-Type n-Conjugated Ladder Polymers

Besides LPPP, the only reported solution-processable p-type m-conjugated ladder polymers
feature a pyrrolobenzothiazine backbone and are shown in Figure 1.3. The ladder
poly(pyrrolobenzothiazine) (LPBT) backbone featuring a hydrogenated pyrrole moiety showed
modest p-type conductivity when doped with FeCls,'® and promising performance in OECTs’® that
demonstrated the potential of this ladder backbone in electronic device applications. However,
polymer chain topology studies were not reported, which complicates elucidating structure-property
relationships since polymer chain topology directly impacts the electronic structure, thin film
morphology, and ultimately performance in electronic devices.’””” In 2023, the
pyrrolobenzothiazine ladder polymer featuring methylated (LPBT-Me) pyrrole groups was also
reported.””''* Doping''* and OECT device studies* showed that N-methylation can improve
performance in organic electronics, although no intrinsic hole mobility or polymer chain topology
information was reported.

1.4. Challenges and Objectives

Recent years have seen a resurgence of interest in m-conjugated ladder polymers because of
the remarkable success of BBL over the past several decades. There are several challenges that need
to be addressed in order to be able to rationally design new n-/p-type ladder polymers for organic

electronics. Firstly, the synthetic method of choice must be able to form a fused ring ladder system
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repeated reliably over tens or hundreds of times without incurring linear defects, branching, or

crosslinking. This means that the monomers must be have excellent selectivity and efficiency in the
reaction medium of choice. Additionally, the reaction medium must also be able to solubilize high
molecular weight ladder polymers such that the polymer is not prematurely precipitated out of the
reaction mixture. The only known example of such a system is demonstrated in the polycondensation
of BBL. In this case, polyphosphoric acid (PPA) solubilizes very high molecular weight polymers
(DP > 300), selectively phosphorylates the acid and amine groups of the tetrafunctionalized
monomers which activates them for condensation,'”” and absorbs the water of condensation that
shifts the equilibrium of the condensation towards the product.

Another major challenge is the inherent insolubility of ladder polymers that stems from their
fused rigid backbones and strong intermolecular interactions. Adequate solubility of polymers in
organic solvents is necessary in order to unambiguously characterize the molecular structure,
elucidate defects in the backbone, and enable solution-phase processing for electronic device
applications. The reported ladder polymers that have shown promise in organic electronic devices are
selectively soluble in protic acids or as Lewis-acid complexes.” Creative workarounds must often be
developed to enable characterization or processing in protic acids, which are often complicated and
non-trivial. Furthermore, the strong aggregation tendencies and rigidity of ladder polymers means
that the conformation and dynamics of ladder polymers in solution differ significantly from those of
linear, semi-flexible polymers.’”’”” Therefore, solving the issue of solubility is not enough to allow
characterization by standard techniques such as SEC, which is typically calibrated against
polystyrene. As such, a variety of techniques have been used to analyze the molecular weight and
chain conformation, all with varying effectiveness.*

As a result of these challenges, the development of new m-conjugated ladder polymers lags
behind that of semi-flexible polymers, and the studies of ladder polymers in organic electronics are

limited to reports of BBL and the few recently developed polymers previously discussed. To
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understand the structure-property relationships of ladder polymers for organic electronic devices,

new defect-free p-type and n-type ladder polymers must be developed.

The primary aim of my research is to synthesize both known and new n-/p-type n-conjugated

ladder polymers using robust, metal-free, one-pot polycondensations with low synthetic complexity

in order to study their fundamental structure-property relationships that govern performance in

electronic devices. This objective will help address the current challenges in the field and will be

implemented using three different approaches as outlined:

(@)

(i)

Functionalizing and derivatizing BBL with electron-deficient monomers. One strategy to
increase the molecular diversity of n-type semiconducting ladder polymers is to incorporate
more electron-deficient building blocks in the backbone of the known polymer BBL. In
Chapter 2, I report the polycondensation of a ladder polymer BBL-P, in which I replaced the
benzene tetraamine with the electron-deficient phenazine tetraamine moiety. In Chapter 3, I
describe the synthesis and comprehensive characterizations of two different series of random
copolymers of BBL using both known and novel electron-deficient monomers. Detailed
characterizations including electronic structure, optical properties, and field-effect electron
mobility or n-doped electrical conductivities are described and compared to those of BBL.
Information gained from these studies not only provide important insights into structure-
property relationships of BBL and its derivatives, but also provides guidelines for designing
and synthesizing new electron-deficient n-type ladder polymers for organic electronics.

N-alkyl side chain engineering of p-type ladder polymers. The unalkylated p-type ladder
polymer LPBT featuring a pyrrolobenzothiazine backbone reported in 2022 showed potential in
organic electronic devices, though the intrinsic charge transport properties and chain topology
were not reported. In this study (Chapter 4), I synthesized and characterized a new methylated
p-type ladder polymer LPBT-Me and compared its properties to those of LPBT. The small

methyl group fostered stark changes in the electronic structure, optical properties, polymer
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chain topology, and OFET charge carrier mobility. This study demonstrates the effects of

alkylation and molecular disorder on the optical properties, thin film morphology, and charge
transport properties of p-type ladder polymers.

(iii) Synthesis and studies of a new narrow bandgap p-type ladder polymer. There has been
longstanding interest in narrowing the bandgap of semiconducting polymers to improve their
photon harvesting capabilities and performance in optoelectronic devices such as solar cells and
photodetectors. In Chapter 5, I discuss the design and synthesis of a new p-type ladder polymer
ladder poly(thienobenzothiazine) (LTBT) and its model compound thienobis(benzothiazine)
(TBBT). Single-crystal X-ray analysis of TBBT showed the model compound crystallizes into
a planar topology. I discovered that incorporation of the thiophene into the benzothiazine
backbone enabled a narrow optical bandgap of 1.28 eV, strong protonation-enhances
intramolecular charge transfer character, and modest average electrical conductivities of (3.31 +

0.31) x 10" S/cm when p-doped with FeCls.
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Chapter 2. Phenazine-Substituted Poly(benzimidazobenzophenanthrolinedione):
Electronic Structure, Thin Film Morphology, Electron Transport, and Mechanical

Properties of an n-Type Semiconducting Ladder Polymer

2.1 Introduction

By virtue of their double-stranded or all-polycyclic architectures, m-conjugated ladder
polymers have an ideal persistent ribbon-like conformation that is free of torsional disorders.
They are thus promising for applications in organic electronics and optoelectronics as well as for
basic understanding of structure-property relationships in semiconducting polymers. Among the
most widely studied m-conjugated ladder polymers is the prototype n-type semiconducting
polymer, ladder poly(benzimidazobenzophenanthroline) (BBL) (Chart 2.1)." Although first
synthesized in 1966 by Van Deusen,’ more than a decade before the discovery of doped
conducting polymers in 1977,> the early chemical,’ electrochemical,” and ion-implantation
doping®’ of BBL to the highly conducting state were reported in the 1980s. Our group reported
the n-type semiconducting charge transport properties of BBL in 2002,*'° leading to the
demonstration of this ladder polymer as the first conjugated polymer-based high-performance, n-
channel field-effect transistors (OFETs).!" The n-type semiconducting properties of BBL have
since been extensively investigated and successfully used in various device applications

including organic photovoltaics (OPVs),'>" organic electrochemical transistors (OECTs),'* '

2922 and supercapacitors.” Recently, ground-state charge

OFETs,>!"" organic thermoelectrics,
transfer between neutral BBL and a neutral polythiophene derivative was observed, resulting in

highly conducting polymer blend films without external doping.** However, unlike other classes
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25,26 27,28

of n-type conjugated polymers such as perylene diimides, naphthalene diimides, and

other arylene diimides® >

with numerous derivatives that enable understanding of structure-
property relationships, very few derivatives of BBL have been reported.> >’ Furthermore, very

little is known about the electronic structure and properties of the few known BBL derivatives.

Chart 2.1. Molecular structures of n-conjugated ladder polymers BBL and BBL-P.

SR IR

One intriguing derivative of BBL is the phenazine-substituted ladder polymer BBL-P,
whose molecular structure is shown in Chart 2.1. Its synthesis was reported in 1974 in the
context of thermally stable polymers for aerospace applications.”* However, the electronic
structure, field-effect charge transport and other physical properties of BBL-P have not been
reported heretofore. Phenazine as a molecular building block has appealing features. The
reduction potential of phenazine (E;»=-1.19 V vs. SCE) is over 2 V more positive than benzene
(E1, = -3.42 V vs. SCE),”®*” which suggests that its incorporation into conjugated polymers may
enable achievement of high electron affinity and thus potential as n-type semiconducting
polymers. Many p-type semiconducting polymers with donor-acceptor (D-A) architectures have
incorporated phenazine-1,4-diyl (1,4-phen) unit (Chart 2.2) as the acceptor moiety with donor

.. . cq . . 40 - Cq . 41.42 Cq . 43-4
moieties such as indacenodithienothiophene,® indacenodithiophene,*"** benzodithiophene,”*’

49-51

fluorene,”™ carbazole, and dithienopyrrole.”® These 1,4-phen-containing D-A copolymers

have typical optical bandgaps of about 1.5 - 2.4 eV and space-charge limited current (SCLC)
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hole mobilities of 10 - 10 c¢m?/Vs, which have enabled their applications in polymer solar
cells. n-Conjugated poly(phenazine-2,7-diyl) bearing 1,2,5,8-tetraalkyl side chains and two
derivatives have been synthesized and shown to have high electron affinity (~ 4.1 eV) from
cyclic voltammetry experiments and thus they were suggested to be n-type semiconducting
polymers; however, electrical conductivity or charge transport properties were not reported for
any of these polymers.”

Chart 2.2. Different linkage positions for incorporating phenazine (phen) into m-conjugated

polymer backbones.

7\
N N N N
o’ o’
- O XL
N N
1,4-phen 2,7-phen 2,3,6,7-phen

Here, we report the synthesis and investigation of the electronic structure, thin film
microstructure, and optical, electron transport, and mechanical properties of the conjugated
ladder polymer, poly[7-oxo0-7H,12H-benz[4’,5’]isoquino[2’,1’:1,2]imidazo[4,5-b]imidazo[4,5-
i]Jphenazine-3,4:12.13-tetrayl)-12-carbonyl] (BBL-P). Although a moderate molecular weight
was indicated by the measured intrinsic viscosity ([77]) (0.68 dL/g in methanesulfonic acid
(MSA) and 1.1 dL/g in conc. H,SO4 at 30°C), the BBL-P sample could form strong and flexible
freestanding films. The molecular structure of BBL-P was confirmed by elemental analysis and
FTIR and Raman spectroscopies. Unlike BBL which exhibits a relatively narrow absorption

spectrum in MSA solution, we found that BBL-P has an unusually broad absorption spectrum in
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MSA solution with a lowest energy absorption peak at 840 nm due to protonation-enhanced
intramolecular charge transfer (ICT). We characterized the mechanical properties of BBL-P
films and found the Young’s modulus to be 11 GPa. BBL-P thin films have an optical bandgap
of 1.6 eV and cyclic voltammetry derived LUMO energy level of -4.0 eV and HOMO energy
level of -5.5 eV. As the n-channel material in organic field-effect transistors (OFETs), BBL-P
showed an average electron mobility of ~ 1.0 x 10™* c¢m?/Vs. Our BBL-P results contribute
important insights for the design of new high-performance BBL derivatives. We believe BBL-P
will be an attractive n-type semiconducting polymer for various organic electronic applications

including thermoelectric and OECT. In particular for OECT, n-type materials are rare,'*>*>°

with the performance lagging behind p-type materials.”” >’

2.2 Experimental Methods

Materials and Methods. The monomer 1,4,5,8-naphthalenetetracarboxylic acid was purchased
from TCI and purified according to a modified procedure.60 2,3,7,8-Tetraaminophenazine
hydrochloride was synthesized according to the published procedures.’* Sodium acetate,
polyphosphoric acid (PPA, 84% P,0s), phosphorus pentoxide, and methanesulfonic acid (MSA)
(> 99%) were purchased from Sigma-Aldrich and used as received. Methanol and concentrated
sulfuric acid were purchased from Fisher Scientific and used as received.

Intrinsic viscosity of BBL-P in both MSA and H,SO,; was measured by an Ubbelohde
viscometer suspended in a water bath at 30.0°C. The concentrations of the polymer solutions
were chosen such that the elution time of the polymer solution was 1.1 — 1.8 times that of the
pure solvent. Thermogravimetric analysis (TGA) was conducted on a TA Instrument model Q50
TGA. A heating rate of 10°C /min under a flow of N, was used with runs conducted from room

temperature to 880°C. Differential scanning calorimetry (DSC) analysis was performed on a TA
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Discovery DSC 500 under N, by scanning from -10°C to 400°C at a heating rate and cooling rate
of 10°C /min. The '"H NMR spectrum was recorded on a Bruker AV500 (at 500 MHz) using
deuterated nitromethane/GaCls as the solvent. Optical absorption spectra were measured on a
PerkinElmer model Lambda 900 UV-vis/near-IR spectrophotometer. Solution absorption
spectrum was obtained from dilute (10~ M) solutions in MSA.

Cyclic voltammetry (CV) experiments were done on an EG&G Princeton Applied
Research potentiostat/galvanostat (model 273A). A three-electrode cell was used, using platinum
wire as the counter electrode and BBL-P spin-coated onto indium tin oxide (ITO) substrates as
the working electrode. The reference electrode was Ag/AgNOs in acetonitrile. The BBL-P
working electrode was fabricated by coating BBL-P solution in MSA onto ITO substrates. The
acidic solvent was removed by dipping the substrate in isopropanol (IPA) overnight and was
subsequently dried in vacuum oven at 60°C. The supporting electrolyte solution consists of 0.1
M tetrabutylammonium hexafluorophosphate (BusNPFs) in anhydrous acetonitrile. The
electrolyte was purged with nitrogen for 15 minutes prior to the CV scans to ensure anerobic and
anhydrous conditions. The reduction and oxidation potentials were referenced to the Fc/Fc'
couple by using ferrocene as an internal standard. The LUMO energy level was estimated using a
ferrocene value of -4.8 eV with respect to vacuum level. The LUMO and HOMO levels were
determined by using the equations £y ymo = -(eEred”™ + 4.8) and Enomo = -(eEo "™ + 4.8).

Fourier-transform infrared (FTIR) spectroscopy experiments were performed on a Perkin
Elmer Frontier spectrometer by using BBL-P freestanding films. The resolution was set at 1 cm™
and a set of 16 scans was averaged. Raman spectroscopy of BBL-P freestanding films was
carried out on a Thermo Scientific DXR2 Raman microscope. A 532-nm laser with a power of 5

mW was focused onto a sample through a 50x objective lens.
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Atomic force microscopy (AFM) characterization of the surface morphology of the BBL-
P films was done using a Bruker Dimension scanning probe microscope (SPM) system. Films of
BBL-P were prepared as described earlier. Grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements were conducted at the Advanced Light Source (ALS) at Lawrence
Berkley National Laboratory by using the beamlines 7.3.3 and a Pilatus 2M area detector. The
images were taken with a beam energy of 10 keV and an incidence angle 0.14° with 5 s exposure
time. Data were processed using Nika and WAXStools®' in Igor Pro. Peak positions were
determined by Lorentzian peak fittings. The crystal coherence length (L.) of samples was
determined by using the Scherrer equation®: L. = 2nK/Ag, where K is a shape factor (typically
0.9) and Agq is the full width at half-maximum (FWHM) of the diffraction peak. Here, the L.
(100) and L. (010) were obtained respectively from the FWHM of the (100) diffraction peak in
the in-plane (gy) line-cut and the FWHM of the (010) diffraction peak in the out-of-plane (g,)
line-cut.

Gas-phase molecule density functional theory (DFT) calculations were performed using
the Gaussian 16 suite of programs® at the wB97XD/631-G(d,p) level of theory on the
representative oligomer comprising three repeat units oriented in a frans-cis-trans geometry to
represent the polymer backbone.

Synthesis of BBL-P. PPA (20.64 g) was added to a reaction vessel equipped with a mechanical
stirrer and heated to 150°C and purged with nitrogen overnight. The PPA was cooled to 40°C,
and 2,3,7,8-tetraaminophenazine HCI1 (1.606 g, 5.4 mmol) was added. The temperature was
increased to 75°C and stirred for 4 hours under dynamic vacuum. The temperature was then
reduced to 65°C and 1,4,5,8-naphthalenetetracarboxylic acid (1.656 g, 5.4 mmol) was added. The

mixture was stirred for 45 minutes before P,Os(3.090 g, 21.8 mmol) was added portionwise. The
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temperature was increased to 100°C and stirred overnight. The temperature was then slowly
increased to 150°C and stirred for 24 hours. The temperature was further increased to 180°C and
stirred for 3 days. The reaction mixture was cooled to room temperature, and water was added to
quench the reaction. The polymer mass was added to a blender, cut into pieces, and washed with
water by Soxhlet extraction for 3 days. The crude polymer was then added to 4 L of water and
boiled for 24 h and dried under vacuum. The crude polymer was further purified by
reprecipitation from H,SOy into 1:1 water/methanol and thoroughly dried at 200°C under vacuum
(2.212 g, 82%). Intrinsic viscosity [n]: 1.1 dL/g (30.0°C, conc. sulfuric acid). Anal. caled for
C26H14N6Os (%) (BBL-P powder): C, 63.67; H, 2.88; N, 17.14; O, 16.31; found (%): C, 58.56; H,
3.21; N, 17.20; O, 16.17. Anal. cald for C;6H2NsO4 (%) (BBL-P freestanding film): C, 66.10; H,
2.56; N, 17.79; O, 13.55; found (%): C, 63.39; H, 2.47; N, 18.74; O, 13.04

2.3 Results and Discussion

Scheme 2.1. Synthesis of BBL-P (PPA = polyphosphoric acid, 84% free P,Os).

PPA N~ N 0
H,N__~_N NH, Hooc~ )-COOH i@ @[ O
]i;[ ]ij[ 1.5HCI + m—) N-S N N
H,N NN NH, HOOC{_)-COOH  P,0, o /) N
n
BBL-P

2.3.1. Synthesis and Characterization. The synthetic route to the ladder polymer BBL-P is
shown in Scheme 2.1. The 2,3,7,8-tetraaminophenazine hydrochloride monomer was synthesized
according to the published procedure which produced the monomer in high purity.** The 1,4,5,8-
naphthalenetetracarboxylic acid co-monomer, purchased with 60% purity, was rigorously
purified according to the published procedure before use.”” A unique characteristic of rigid-rod
polymers is that polymerization in the liquid crystalline phase yields higher molecular weights

than polymerization in the isotropic phase.* Therefore, we modified the original synthetic
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procedure in an attempt to induce liquid crystallinity during polymerization. However, we did
not observe stir-opalescence or other evidence of liquid crystallinity. When first synthesized in
1974, the isotropic phase condensation in pure polyphosphoric acid (PPA) resulted in BBL-P
with low intrinsic viscosity ([5]) of 1.1 dL/g in methanesulfonic acid (MSA) at 30°C.** However,
our BBL-P sample also gave a low [#] value of 1.1 dL/g in concentrated sulfuric acid (H,SO,) at
30°C, which is nearly identical to that measured in 1974,** confirming that our synthesis of BBL-
P also took place in the isotropic phase.

The BBL-P sample was isolated as a black solid powder and shows a purple color in
either concentrated H,SO4 or MSA. In addition to the low [#] of BBL-P in concentrated H,SO4
(1.1 dL/g) at 30°C, we found that [#] was 0.68 dL/g in MSA at 30°C. The solvent-dependent
viscosity of BBL-P solutions, which is in contrast with the constant [#] of BBL regardless of
solvent,” may be due to the improved solubility of BBL-P in H,SO4 compared to MSA. The
molecular structure of BBL-P was confirmed by elemental analysis and FTIR and Raman
spectroscopies. The analytical data for each element match the calculated values except carbon,
which was lower than calculated mainly due to incomplete combustion, which is a common

1606466 Tnterestingly, the

problem in the elemental analyses of thermally stable polymers.
elemental analysis of the BBL-P powder revealed a total of ~ 11 wt.% of water was retained,
which is equivalent to approximately three water molecules per repeat unit, suggesting that BBL-
P is intrinsically hygroscopic in marked contrast from the parent BBL.®’ The hygroscopic nature
of BBL-P is likely to originate from the phenazine moieties whereby the imine nitrogen sites are
free to hydrogen bond with absorbed water molecules from the atmosphere.®®

The hygroscopic nature of BBL-P was further corroborated by thermogravimetric

analysis (TGA) as shown in Figure A.la An initial weight loss of ~ 8.1 % was observed at 80°C -
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110°C, which can be attributed to water evaporation. Additional rigorous drying of BBL-P at
200°C for 48 - 96 hours under vacuum was found to be insufficient to completely remove water.
This result supports the elemental analysis that also showed residual water in BBL-P. To get a
clear picture of the thermal stability, the TGA scans after drying by first scanning to 200°C and
400°C, respectively, then cooled down to 50°C and heated to 880°C under nitrogen (Figure
A.la). The results show that BBL-P is stable in high temperatures in agreement with similar

ladder polymers,’*%

showing 5% weight loss at 609°C and 626°C in inert atmosphere for
samples dried at 200°C and 400°C, respectively. Differential scanning calorimetry (DSC) scans
showed no detectable phase transitions in the 25°C to 400°C temperature range (Figure A.1b),
which agrees with literature reports of the very high glass transition temperature (7,) of ladder
polymers ( > 400°C).”> The observed excellent thermal stability and high 7, of BBL-P are
comparable to those of BBL.” To further characterize the molecular structure of BBL-P, we
collected '"H NMR spectra for both BBL-P-GaCl; and BBL-GaCl; complexes in deuterated
nitromethane® and they are shown in Figures A.2a-b. We note that soluble Lewis acid
complexes of rigid-rod ladder polymers has allowed the study of both solution and solid-state
properties of BBL in the last few several decades.®® Solutions of both polymers were prepared
in deuterated nitromethane containing GaCls according to the known procedures.®” However, the
use of Lewis-acid complexes to acquire NMR spectra is known to produce multiple impurity

360569 these impurities appear at ~ 7.3, 8.5,

peaks for benzimidazobenzophenanthroline polymers;
9.1, and 10.5 ppm for BBL-P (Figure A.2a) and BBL (Figure A.2b). The broad overlapped
resonances of both polymers are due to the presence of 6 possible cis and trans structural

. 19 . . . . .
isomers ~ and are shown in Figure A.2c; these isomers make unambiguous peak assignments

difficult. However, comparison of the two spectra does allow assignment of the resonances
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associated with the co-monomers. The NMR spectra show unresolved peaks from the
naphthalene protons at ~ 9.3 - 9.8 ppm for BBL-P and ~ 9.6 - 9.8 ppm for BBL. The phenazine
protons in BBL-P are assigned to the four resonances centered at 7.2, 7.5, 8.6, and 8.9 ppm,
whereas the benzene protons for BBL are assigned to the singlet within the naphthalene cluster at
9.8 ppm and the overlapped resonance at 9.0 ppm.**®

To enable further characterization of the molecular structure, thin film microstructure and
optical properties of BBL-P, we prepared freestanding films. The detailed procedure for the
fabrication of BBL-P freestanding films is described in Appendix A. Briefly, the spin-coated
BBL-P film on glass substrates was baked at 120°C overnight on a hot plate in ambient
atmosphere to evaporate most of the acidic solvent. The baked film was slowly cooled down to
room temperature and subsequently submerged in water whereby the film swelled significantly
due to the intrinsic hygroscopic nature of BBL-P. As a result, BBL-P thin films could be peeled
off from the supporting glass substrates and lifted off from water (Figure 2.1a) to form
freestanding films (Figure 2.1b) with surface area as large as 5-6 cm’. We note that films of
larger area can also be fabricated by extending the area of the initial supporting substrates. The
freestanding films have good quality and were used to characterize the molecular structure

through elemental analysis, UV-Vis optical absorption, Fourier-transform infrared (FTIR), and

Raman spectra.
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Figure 2.1. (a) BBL-P film floating on water after peeling off from the initial supporting

substrate, (b) Freestanding BBL-P film with a diameter of 1 cm, (¢) Raman spectrum of BBL-P
freestanding film with an excitation laser of 532 nm, (d) Fourier-transform infrared (FTIR)
spectrum of BBL-P freestanding film, and (e) Optical absorption spectrum of BBL-P
freestanding film.

FTIR spectroscopy in conjunction with Raman spectroscopy was used to confirm the
molecular structure of BBL-P in addition to the previously discussed elemental analysis. The
FTIR and Raman spectra of freestanding BBL-P films collected in ambient atmosphere are

shown in Figures 2.1c-d. The peak positions assigned to various vibration modes are summarized
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in Table 2.1. The prominent v(C=0) carbonyl carbon-oxygen stretch mode can be seen on both
the FTIR and Raman spectra with distinct absorption peaks at 1700 cm™ (Table 2.1). The imine
carbon-nitrogen stretch mode, v(C=N), can be identified by an intense Raman absorption band at
1590 cm™ and a low intensity FTIR absorption band at 1584 cm™. At lower wavenumbers, there
is an intense Raman absorption band at 1518 cm™ and some weak-intensity FTIR bands at 1528
cm™ and 1500 cm™ which can be attributed to aromatic carbon-carbon and carbon-nitrogen
skeletal vibrations (Table 2.1).” Moreover, a sharp and intense FTIR absorption band at 1412
cm’' can be assigned to carbon-nitrogen amide bonds,* v(C-N), which further supports backbone
fusion. Additional FTIR absorption bands at 1380 cm™ and 1328 cm™ coupled with a Raman
absorption band at 1377 cm™ originate from the stretching of carbon-nitrogen single bonds,
Vv(C-N) in the BBL-P polymer.

Skeletal vibrations also appeared in both the FTIR and Raman spectra respectively at
1228 cm™ and 1000 cm™ and at 1023 cm™ and 991 cm™ (Table 2.1).%° In-plane C-H bending can
be assigned to absorption bands centered at 1170 cm™ and 1150 cm™ in the Raman spectrum
whereas out-of-plane C-H wagging can be seen at 972 cm™ and 836 cm™ in the FTIR spectrum
(Table 2.1). A sharp Raman absorption band at 727 cm™ can be attributed to the out-of-plane C-
H wagging of the two adjacent carbon-hydrogen bonds on the naphthalene rings (Table 2.1). We
note that no v(O-H) peak was observed in the FTIR spectrum suggesting that the absorbed water
seen in the BBL-P powder, which was used in TGA and elemental analysis, had been effectively
removed in the BBL-P freestanding film. One possible explanation for the lack of observed
water in the FTIR spectrum is that when processed into a freestanding film, water diffusion is
kinetically limited. In particular, water is absorbed volumetrically (3D process) in the case of the

powdered sample whereas the polymer film is subjected only to areal water uptake (2D process).
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Thus, the films absorb significantly less water from the atmosphere compared to the powder
sample. This was evidenced by elemental analysis of the freestanding films of BBL-P, which
revealed a total of ~ 2 water molecules per repeat unit. This is in contrast to the powder sample
which showed ~ 3 water molecules per repeat unit. The observed FTIR and Raman spectra data
are in good agreement with previous reports of the parent BBL ladder polymer® and provide
strong evidence for the molecular structure of BBL-P.

Table 2.1. FTIR and Raman Absorption Bands of Freestanding BBL-P Film and Their Peak

Assignments.
FTIR Raman
Ab]séoarrlla(tlion Ab]sgoarI};)(tiion Assignment
(cm™) (em™)
1700 1700 v(C=0), carbonyl carbon-oxygen stretch
1584 1590 v(C=N), imine carbon-nitrogen stretch
1528, 1500 1518 Aromatic carbon-carbon, carbon-nitrogen skeletal vibrations
1412 - v(C-N), carbon-nitrogen amide bonds
1380, 1328 1377 v(C-N), carbon-nitrogen single bonds
1228, 1000 1023, 991 Mixed skeletal vibrations
- 1170, 1150 In-plane C-H bending
972, 836 - Out-of-plane C-H wagging
- 727 d(C-H), out-of-plane wag of naphthalene C-H bonds

2.3.2 Electronic Structure and Optical Properties. We investigated the electronic structure of
BBL-P by density functional theory (DFT) calculations, time-dependent DFT (TD-DFT)
calculations and cyclic voltammetry in conjunction with optical absorption spectroscopy. The
DFT calculations were performed at the ®B97XD/6-31G(d,p) level of theory for a BBL-P

oligomer comprising three repeat units to gain insight into the polymer conformation and frontier
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molecular orbital distribution (Figure 2.2). Note that a trimer was chosen to balance low
computational costs and accuracy of simulation, and a trans-cis-trans conformation with respect
to the imide was chosen to represent the polymer backbone, given that
benzimidazobenzophenanthroline polymers are a statistical mixture of cis and frans repeat

1970 The optimized geometry is completely planar with dihedral angle of 0.00° between the

units.
phenazine and naphthalene imide moieties (Figure 2.2a), which is similar to the observed
molecular geometry of the parent BBL ladder polymer."” The molecular orbital distributions of
the HOMO and LUMO are distributed along the backbone, where the HOMO is concentrated on
the phenazine moieties and the LUMO on the naphthalene imide moieties (Figure 2.2b). This
spatial distribution suggests enhanced intramolecular charge transfer (ICT) character in BBL-P

compared to the parent polymer BBL that shows minimal spatial localizations of the HOMO

molecular orbitals (Figure A.3).”!
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Figure 2.2. DFT calculations of (a) The optimized ground state molecular geometry of BBL-P
oligomer, and (b) Pictorial representation of ground state frontier molecular orbitals.
Calculations were performed at the ®B97XD/6-31G(d,p) level of theory.

Excited-state transitions were calculated using time-dependent (TD) DFT at the same
®B97XD/6-31G(d,p) level of theory. The calculated absorption spectrum in Figure A.4a closely
resembles the experimental thin film absorption spectrum where the low-energy peak centered at
527 nm represents the m-m_ transition. The pictorial representations of both the electron and hole
orbital distributions associated with the 7-n" transition is shown in Figure A.4b.

The reorganization energy (A) of BBL-P was calculated from the sum of the relaxation

energies in the neutral and anionic states.”"”?

The anionic geometry and orbital distribution of the
oligomer is illustrated in Figure A.4c. Reorganization energy can be described as the energy
corresponding to structural changes when going from the neutral to the charged-state geometry;
typically, the lower the reorganizational energy, the higher the charge transfer rate.”"”>’* A

reorganization energy of 432 meV calculated for BBL-P is comparable to those calculated for

conjugated rigid-rod polymers (327-427 meV) featuring isoindigo units using a similar level of
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theory and number of monomer units.”' Note that the calculated 4 decreases with increasing
number of monomers (n) and more accurate descriptions of the polymer chain would require n >
12.7*

We used cyclic voltammetry (CV) to measure the HOMO/LUMO energy levels of BBL-
P and the results are summarized in Table 2.2. The CVs for reduction and oxidation processes
(Figures 2.3a-b) of BBL-P thin films coated on indium tin oxide (ITO) glass substrates were
taken in 0.1 M tetrabutylammonium hexafluorophosphate (BusNPF¢) in degassed acetonitrile
with Ag/AgNOs as the reference electrode. BBL-P thin films showed two quasi-reversible
reduction waves in the CV scans (Figure 2.3a) and these were accompanied by observed color
changes in the film during the scans. In particular, the initial dark brown BBL-P film changed to
dark purple at the first reduction process at -0.99 V whereas the second reduction process at -
1.22 V changed the film color to bright orange. These electrochromic effects were found to be
relatively stable, which is similar to the previous results for BBL thin films.”” The CV oxidation
scans (Figure 2.3b) showed a non-reversible peak with no observable color changes. The onset
oxidation potential and onset reduction potential of BBL-P are 0.85 V and -0.86 V, respectively,
from which we estimated the HOMO level of -5.5 eV and LUMO level of -4.0 eV by using:
Erumo = -(€Ewd™ ' + 4.8) and Enomo = -(eEox’ '+ 4.8). While the LUMO value is identical to
that of the parent BBL, the HOMO value of BBL-P is increased by 0.4 eV (HOMO = -5.9 eV for
BBL)."” Although the expansion of the repeat unit of BBL by phenazine substitution has little
impact on the LUMO energy levels, it has a large effect on the HOMO energy level; this means
that when electronically coupled to the strong electron-withdrawing naphthalene imide moiety,

the phenazine acts as an electron donor, thereby enhancing ICT interactions. This correlates well
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with the theoretical calculations showing localization of the HOMO wavefunctions on the

phenazine core (Figure 2.2b).
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Figure 2.3. Cyclic voltammograms for the (a) reduction and (b) oxidation processes of BBL-P

thin films measured in 0.1 M BuyNPFs electrolyte solution using Ag/AgNOs as the reference
electrode. The scan rate was 100 mV/s.

The optical absorption spectrum of freestanding BBL-P film is shown in Figure 2.1e. It
has a broad absorption band with a peak at 472 nm accompanied by weak vibronic features at
380 nm and 635 nm. We estimate the optical bandgap (E;"™") of the freestanding film to be 1.62
eV (Table 2.2). The optical absorption spectra of BBL-P in dilute MSA solution and as a thin
film on a glass substrate are shown in Figures 2.4a-b, and the optical properties (molar

opt.

absorptivity (emax), absorption coefficient (a), and optical bandgap (£, ")) are summarized in

Table 2.2. In solution (Figure 2.4a), BBL-P has a broad absorption band with a peak at 512 nm
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(émax = 3.7 x 10°Mem™) and a lower intensity peak at 840 nm (ema= 1.3 x 10°M'ecm™). To
help in understanding the unusual line shape of the absorption spectrum of BBL-P in MSA
solution, we also show the absorption spectrum of BBL in MSA solution in Figure 2.4a. A
relatively narrow absorption band with a peak at 545 nm (ema= 4.3 x 10*M'cm™) is seen in the
parent BBL. We propose that the 840-nm absorption band in the MSA solution spectrum of
BBL-P is due to intramolecular charge transfer (ICT),’® enhanced by protonation of the imine
nitrogens of the phenazine moieties. This interpretation is in agreement with similar observations
in acid solutions of imine nitrogen-containing m-conjugated polymers’’ as well as with the
previously discussed DFT calculations.

The thin film absorption spectrum of BBL-P (Figure 2.4b) is a broad band in the 300 —
700 nm range with a peak centered at 474 nm and an absorption coefficient of 1.4 x 10°cm™.

opt.

The optical bandgap (£, * ) measured from the onset of the BBL-P thin film absorption spectrum
is 1.64 eV, which is identical to the bandgap measured from the freestanding BBL-P film (Figure
2.1e). Compared to the solution absorption spectrum, the thin film absorption spectrum is
markedly different in lineshape. Notably, the 840-nm absorption peak observed in the solution
spectrum is absent in the solid state, confirming its protonation-induced ICT origin. The main
absorption peak of BBL-P, which is due to the n-n* transition, centered at 512 nm in the solution
spectrum is significantly blue shifted to 474 nm in the solid state (Table 2.2). It is tempting to
interpret the blue shift of the thin film absorption spectrum of BBL-P relative to its solution as a

consequence of H-aggregation in the solid state.””

However, an alternative interpretation is that
the difference originates in differences in backbone conformation in solution and solid state;* in

this case, the protonated polymer chains in solution would presumably be more planar than the

neutral polymer chains in thin film.



41

The MSA solution and thin film optical absorption spectra of BBL, the parent ladder
polymer, are shown in Figures 2.4a and 2.4b, respectively, for comparison with those of BBL-P.
There are clearly dramatic differences in both the solution and solid-state absorption spectra. It is
to be noted that BBL does not absorb above 600 nm in MSA solution and this further confirms
that the 840-nm absorption band in BBL-P solution originates from protonation of the phenazine
moieties. Furthermore, in solution, the BBL-P absorption maximum (Amax = 512 nm) is 33 nm
blue-shifted relative to BBL but the two ladder polymers have comparable &n.x (Table 2.2).
Although BBL-P has a slightly narrower optical bandgap (E,™™" = 1.64 €V) than BBL (E,™" =
1.70 eV), there is a large difference in the solid-state absorption maxima of 574 nm in BBL
versus 474 nm in BBL-P (Table 2.2). The slow rise of absorption from the edge to the absorption
maximum in BBL-P is indicative of a more disordered organic semiconductor compared to BBL

with a sharp rise in absorption (Figure 2.4b).
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Figure 2.4. Absorption spectrum of BBL-P (red) and BBL (gray) in (a) dilute methanesulfonic

acid solution; and (b) thin film on glass substrate.
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Table 2.2 Optical Properties and Electronic Structure of BBL-P and BBL.

}\'maxa Smax }\maxb (x« Egopt.(: Egopt.d HOMO LUMO
Polymer (nm) (M 'cm') (nm) (x10°cm™) (eV) (eV)  (eV) (eV)

BBL-P 512 3.7x10* 474 1.4 1.64 1.62 5.5 -4.0

BBL 545  43x10° 574 1.9 1.70 - -5.9¢ 4.0°

“Absorption maximum in MSA solution. “Spin-coated thin films from MSA solution. “Thin

films on glass substrates. dFreestanding film. “Values taken from Ref. (10).

2.3.3 Thin Film Morphology. Atomic force microscopy (AFM) imaging and two-dimensional
grazing-incidence wide-angle X-ray scattering (2D-GIWAXS) are used to respectively
characterize the surface morphology and bulk morphology of BBL-P films. AFM height and
phase images of BBL-P are shown in Figures A.5a-b whereas the 2D GIWAXS diffraction
patterns and 1D line cuts for BBL-P films are presented in Figure 2.5. The peak positions,
lamellar spacing, n-n stacking distance, and crystalline coherence length (L.) are summarized in

Table A.1.
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A -
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Figure 2.5. (a) 2D-GIWAXS diffraction pattern of BBL-P thin film, and (b) 1D line cuts of

GIWAXS patterns in the out-of-plane (OOP) direction and the in-plane (IP) direction.
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Films of BBL-P showed a featureless and smooth surface (Figures A.5a-b) with a root-
mean-square roughness of 1.6 nm in AFM imaging, suggesting a relatively low degree of
polymer crystallinity. BBL-P films exhibited a pronounced (100) diffraction peak in the in-plane
(IP) direction at gx, of 0.78 A™", which corresponds to a lamellar spacing of 8.03 A (Table A.1).
We note that the lamellar packing distance of BBL-P is slightly smaller than that of BBL (8.4
A),'® which can be rationalized by the strong intermolecular interactions between the imine
nitrogens on the phenazine units. In the out-of-plane (OOP) direction, the BBL-P thin film
showed an intense (010) diffraction peak at g, of 1.90 A~ resulting in a n-n stacking distance of
3.31 A, which is comparable to a m-r stacking distance of 3.34 A for BBL thin films.'® The
presence of the (100) IP diffraction peak and the (010) OOP diffraction peak collectively
suggests that most BBL-P crystallites preferentially adopt face-on orientations with respect to the
substrate. Furthermore, the crystalline coherence length (L;) of BBL-P in the (100) IP and (010)
OOP directions were found to be 1.07 nm and 1.04 nm, respectively, which is significantly lower
than those of BBL (~ 12 nm and ~ 25 nm) even at the lowest polymer molecular weight.'® Thus,
substitution of the phenazine moiety for the benzene moiety in the polymer backbone not only
renders the BBL-P polymer more amorphous but also changes the molecular orientations from
preferentially edge-on in BBL'® to preferentially face-on in BBL-P, both of which have
implications for  field-effect  electron  transport ~of  BBL-P  thin  films.
2.3.4 Field-Effect Charge Transport Properties. We investigated the electron transport
properties of BBL-P ladder polymer by fabricating and characterizing n-channel organic field-
effect transistors (OFETs). The transistors were fabricated in a bottom-gate/top-contact device
architecture with channel dimensions of 100um/1000um (length/width). A thin polystyrene

buffer layer was used to passivate silanol charge trapping sites on silicon dioxide surfaces.'”*’
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The presence of a low dielectric constant buffer layer has been previously demonstrated to
reduce the number of charge trapping groups and energetic expense from the charge carrier-
dipole interactions in BBL OFETs."”®" The capacitance per unit area of the gate dielectric was
calculated from the dielectric constants and thickness of the layers to be 10.6 nF/cm’.
Representative output and transfer curves are presented in Figure 2.6 and the transistors
parameters are summarized in Table A.2.

The n-channel BBL-P OFETs showed reasonable current modulation with good
saturation (Figure 2.6a) and minimal hysteresis (Figure A.6). The average saturation region field-
effect electron mobility (urer) of BBL-P in a nitrogen atmosphere was found to be (9.60 + 1.58)
x 10 e¢m?/Vs. The maximum uger value of BBL-P on polystyrene buffer layer was 1.21 x 10™
cm’/Vs (Table A.2), which is about two orders of magnitude lower than that of BBL measured
using the same device configuration."” The observed lower electron mobility of BBL-P is partly
due to the lower polymer molecular weight as exemplified by the low intrinsic viscosity ([#7] ~
0.7 dL/g in MSA at 30.0°C) compared to that of the previously reported value for BBL ([#] ~ 7.0
dL/g in MSA at 30.0°C).'" The modest field-effect electron mobility of BBL-P can also be
attributed to poor polymer crystallinity as well as the predominantly face-on molecular
orientations observed in the thin film microstructure. The average on/off current ratio was (7.7 +
3.4) x 10> whereas the average threshold voltage was 45.1 + 1.72 V. We note that improved
electron mobility, higher on/off current ratio, and lower threshold voltage can be achieved by
further increasing BBL-P molecular weights to not only enhance the polymer crystallinity but

also increase the volume fraction of edge-on oriented crystallites.'®
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Figure 2.6. (a) Representative output curves of BBL-P n-channel organic field-effect transistor
with a channel length/channel width of 100 um/1000 pum. (b) Representative transfer curve of

BBL-P transistor.

2.3.5 Mechanical Properties of BBL-P Thin Films. We also investigated the mechanical
properties of BBL-P ladder polymers by using nanoindentation technique. The nanoindentation
test enabled local probing of the dynamic mechanical properties of BBL-P films, which could be
more sensitive than dynamic mechanical analysis of bulk samples.”” The nanoindentation
measurements were carried out in a constant displacement mode whereby three indents were
made across the film surface at each indent depth. The total BBL-P film thickness was
determined by profilometer to be around 650 nm, which was sufficiently thick to assume that the
measured mechanical properties are intrinsic to BBL-P film without any substrate interference.
The load profiles (Figure A.7f) consisted of three processes including 5 seconds of loading, 30

seconds of holding to allow creep effects to settle, and 5 seconds of unloading. The response
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load-displacement curve is presented in Figure A.7g. The AFM topography images of the BBL-P

film surface collected after each measurement (Figures A.7a-A.7e) showed distinct indent marks.
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Figure 2.7. (a) Elastic modulus of BBL-P thin films at various indent depths measured by
nanoindentation tests. (b-d) Dynamic mechanical properties of BBL-P thin films as a function of
frequency measured at room temperature by nano(dynamic mechanical analysis): (b) Storage
modulus, (c¢) Loss modulus, and (d) Loss tangent (tan 9).

As presented in Figure 2.7a, the elastic modulus of BBL-P thin films varied marginally
between 13 — 20% indent depth into the total film thickness while values outside this range are
likely to be either underestimated (<10%) due to “skin effect”® or overestimated due to substrate
effects ( >20%).** Thus, the elastic modulus of BBL-P thin film was found to be 10 GPa which

83,84

was averaged from the moduli in the range of 13 — 20% into the film thickness. The elastic
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modulus of BBL-P was a few times higher than that of other non-ladder conjugated polymers
(0.7 — 2.7 GPa),*** indicating the superior mechanical properties of rigid-rod ladder polymers.

The dynamic mechanical properties of BBL-P thin films were also investigated by
applying a sinusoidal load profile using the nanoindentation probe with an amplitude of 100 pN
at varying frequency from 45 Hz to 200 Hz, and the results are shown in Figures 2.7b-d. The
storage modulus (£”) of BBL-P polymers was found to be around 11 GPa and independent of the
applied frequency. Similar behavior was also observed for the loss modulus (£°’) (Figure 2.7¢c)
as a function of the applied frequency. The order of magnitude higher E’ value of BBL-P
compared to semi-flexible conjugated polymers measured using the same technique
accompanied by the relatively constant E’ and E’’ are indicative of the superior mechanical
robustness of the class of rigid-rod ladder polymers. This observation is further confirmed by the
small loss tangent (tan & < 0.05) (Figure 2.7d), which indicates that the BBL-P polymer behaves
as a nearly elastic materials in contrast to other non-ladder conjugated polymers.* Furthermore,
the near-zero tan o values allow the approximation of the Young’s modulus of BBL-P to be ~ 11
GPa.

To place the observed elastic modulus of BBL-P in context, we also performed
nanoindentation tests on the parent BBL ladder polymer as a check. The average elastic modulus
of BBL film (EgpL) was found to be 7.9 = 0.4 GPa, which is within a reasonable range of
reported values.*”° An elastic modulus of about 4 GPa was reported for a BBL filter cake
(25mm) via dynamic mechanical analysis® while that of heat-treated highly oriented BBL fibers

was found to be 120 GPa.”°
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2.4 Conclusions

We have synthesized and for the first time investigated the electronic structure, thin film
morphology, field-effect electron transport, and optical and mechanical properties of phenazine-
substituted ladder poly(benzimidazobenzophenanthrolinedione), BBL-P. Although the measured
intrinsic viscosity ([h]) of 1.1 dL/g in concentrated H,SO4 implies a moderate molecular weight,
the BBL-P sample could form strong and flexible freestanding films. In MSA solution, BBL-P
absorption spectrum showed an additional long-wavelength peak at 840 nm, which is absent in
the spectrum of BBL, and is attributed to an intramolecular charge transfer (ICT) band enabled
by protonation of the phenazine moiety in BBL-P. Our characterization of the mechanical
properties of BBL-P films by nanoindentation technique gave a high Young’s modulus of 11
GPa.

BBL-P thin films have an optical bandgap of 1.6 eV, which is slightly reduced relative to
that of BBL (1.7 eV). GIWAXS characterization of the thin film microstructure of BBL-P
showed that the degree of crystallinity is reduced and the predominant molecular orientation
(face-on) is different compared to reported BBL thin films (edge-on).'® We found the LUMO
energy level of BBL-P thin films (-4.0 eV) to be identical to that of BBL, however, the measured
HOMO energy level of -5.5 eV is significantly elevated compared to BBL (-5.9 ¢V).'"" BBL-P
based n-channel OFETs had an average electron mobility of 1.0 x 10™* cm*/Vs, which is about
two orders of magnitude less than in BBL" likely due to the reduced molecular weight, reduced
crystallinity, and unfavorable face-on molecular orientations of BBL-P. The present results on
BBL-P provide important new insights into how the backbone chain structure of m-conjugated
polymers influences the electronic structure, thin film morphology, and optical and charge

transport properties. Further investigations of the performance of BBL-P polymer as an n-
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channel material of OECTs will be intriguing, as lower crystallinity and the hygroscopic nature

of BBL-P may be beneficial to OECT operation.”*
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Chapter 3. Random Copolymers of
Poly(benzimidazobenzophenanthrolinedione) Featuring Electron-deficient

Cyanated Comonomers for Organic Electronics

Chapter 3.1 Cyanated and Noncyanated Conjugated Ladder Copolymers and
Model Compound of Poly(benzimidazobenzophenanthroline): Synthesis,

Electronic Structure, and n-Doped Electrical Conductivity

3.1.1 Introduction

Fine-tuning the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of m-conjugated polymers is of fundamental interest
since these parameters largely dictate their performance in organic electronic devices such as
organic photovoltaic devices (OPVs),'* organic field-effect transistors (OFETs),”” and organic

10,11

electrochemical transistors (OECTs). By utilizing electron-deficient building blocks that

12-14 and

foster low-lying LUMO energy levels that promote operational device stability in air
low barriers to charge injection,''® n-Type (electron conducting) n-conjugated polymers can be
realized. Another strategy to deepen the LUMO level of n-type m-conjugated polymers is to
attach strong electron-withdrawing moieties onto the polymer backbone; typical electron-
withdrawing substituents include halogens (fluorine and chlorine),'”*° boron-nitrogen coordinate
bonds,*'** or cyano (CN) groups.'**2® Among these, CN functionalization has been particularly
effective in creating deep LUMO levels due to its exceptional electron-withdrawing abilities and

small steric bulk that allows for planar backbone topologies.*****’ The first examples of CN-

functionalized semiconductors were CN-functionalized perylenes, whereby cyanation facilitated
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lower-lying HOMO/LUMO levels and a high electron mobility (i) of 0.64 cm?*/Vs.*** Since
then, a large number of cyanated n-type polymers have been developed that utilize CN-

functionalized building blocks; typical examples such as indenofluorene (IDF),*!

rylene
diimide (RDI),* diarylimide (DAI),”** benzodiazole (BD),”> " and dicyanomethylene indanone
(ID)*® are shown in Chart 3.1. Compared to their non-cyanated counterparts, these CN-
functionalized polymers showed a 0.15 eV — 0.45 eV decrease in their LUMO energy levels that
was usually accompanied by improved electrical conductivity and/or electron mobility.*® Clearly,
CN functionalization is a simple and effective way to deepen the LUMO levels in n-conjugated
polymers.

Chart 3.1. Molecular structures of the (a) representative 2CN-functionalized n-type polymeric

building blocks, and (b) the new model compound PCN and ladder polymers BBL-2CN and

BBL-x2CN random copolymers.
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Planarization of the polymeric backbone is another strategy used to fine-tune the energy
levels of n-type polymers. One class of polymers that exemplifies this are the n-conjugated rigid-
rod ladder polymers that include the well-known prototype n-type ladder

poly(benzimidazobenzophenanthroline) (BBL), whose synthesis in 1966 predates that of doped
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conducting polymers by over a decade.”® BBL has seen outstanding success as an n-type
semiconducting polymer in OPVs,**! OFETs,”* OECTs,”* and organic thermoelectric
devices** due to its high field-effect electron mobility of ~ 0.1 cm?*/Vs,” low LUMO level of -
4.16 eV, and extreme chemical and thermal stability. These attributes of BBL are credited to its
rigid-rod ladder chain topology that give it a very large persistence length of over 150 nm,”' tight
n-n stacking distances of 3.4 A,* and delocalized molecular orbitals that span several repeat
units.”® Still, only three n-type derivatives of BBL have been reported due to the difficult

synthesis of the electron-deficient ladder structure,'**>>

and only two of them have shown a
deep LUMO level: tetrachlorinated poly(benzimidazoanthradiisoquinolinedione) (Cls-BAL)
(LUMO = -4.55 eV)* and its derivative tetrachlorinated
poly(benzimidazoanthradiisoquinolinedione) (CLL,-BAL) (LUMO = -4.54 ¢V)," both of which
show non-planar backbone topologies due to the steric bulk of the chlorine atoms, which is
known to disrupt charge transport processes. There are no known examples of n-type derivatives
of BBL that are functionalized with electron-deficient moieties and maintain planar backbone
topologies.

We report herein the first BBL random copolymer series that features dicyano (2CN)
substitution directly on the ladder backbone, BBL-x2CN (x = 20, 35, 50) (Chart 3.1), which
utilizes a novel tetraester monomer, tetraecthyl 2,6-cyanonaphthalene-1,4,5,8-tetracarboxylate
(NTE-2CN) (3. 1). The model compound 8,17-diox0-8,17-
dihydrobenzo[/mn]benzo[4,5]imidazo[2,1-b]benzo[4,5|imidazo[2,1-i][3,8]phenanthroline-7,16-
dicarbonitrile (PCN) (Chart 3.1) was also synthesized in order to aid with structural

characterizations of the ladder copolymers. The random copolymer motif was chosen to increase

the solubility of the cyanated BBL derivatives in protic acid solutions; we originally synthesized
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the novel homopolymer BBL-2CN (Chart 3.1), however we found it to be completely insoluble
in acidic solvents, which precluded the study of solution and solid-state properties. The single-
crystal structure of NTE-2CN confirms the molecular structure of the monomer. We found that
the copolymers and model compound formed high-quality thin films that were used to
characterize the molecular structures with Fourier-transform infrared (FTIR), Raman, and X-ray
photoelectron (XPS) spectroscopies. The copolymers showed optical bandgaps between 1.60 —
1.65 eV, and cyclic voltammetry measurements revealed that incorporation of 50% NTE-2CN
lowers the LUMO level by 0.18 eV compared to BBL. The LUMO level of -4.54 eV of the
model compound suggests that the BBL-2CN homopolymer may have a LUMO level beyond -
4.34 eV if the solubility issues could be addressed without disrupting planarity. Preliminary
results suggest incorporation of 20 — 50 mol% of the 2CN units in the polymer backbone is
detrimental to the n-doped conductivities of BBL-x2CN polymers.

3.1.2 Experimental Methods.

Materials and Methods. The monomer 1,4,5,8-naphthalenetetracarboxylic acid (NTCA) was
purchased from Ambeed and purified according to the procedure.” 1,2,4,5-tetraaminobenzene
hydrochloride (TABH) was purchased from Ambeed and purified according to a modified
published procedure.54 o-Phenylenediamine, N,N-dimethylformamide (DMF), 1,4,5,8-
naphthalenetetracarboxylic anhydride (NTCDA), fuming sulfuric acid (20% free SOs3),
dibromohydrantoin (DBH), ethyl iodide (EtI), K,COs, copper (I) cyanide (CuCN), L-proline,
conc. hydrochloric acid, polyphosphoric acid (PPA, 84% P,0s), toluene, trifluoroacetic acid
(TFA), and methanesulfonic acid (MSA) (> 99%) were purchased from Sigma-Aldrich and used
as received. Methanol, ethanol, chloroform, dichloromethane, acetone, and hexane were

purchased from Fisher Scientific and used as received.
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Intrinsic viscosities of the polymers in MSA were measured in an Ubbelohde viscometer
suspended in a water bath at 30.0°C. The concentrations of the polymer solutions were chosen
such that the elution time of the polymer solution was 1.1 — 1.8 times that of the pure solvent.
The NMR spectra were recorded on a Bruker AV500 (at 500 MHz) using CDCl; or DMSO-d6 as
the solvents. Thermogravimetric analysis (TGA) was conducted on a TA Instrument model Q50
TGA. A heating rate of 10°C /min under a flow of N, was used with runs conducted from room
temperature to 700°C. Optical absorption spectra were measured on a PerkinElmer model
Lambda 900 UV-vis/near-IR spectrophotometer. Solution absorption spectrum was obtained
from dilute solutions (10 M) in MSA or trifluoroacetic acid.

Cyclic voltammetry (CV) experiments were done on an EG&G Princeton Applied
Research potentiostat/galvanostat (model 273A). A three-electrode cell was used, using platinum
wire as the counter electrode and polymers coated on platinum wires as the working electrode.
The reference electrode was Ag/AgNO; in acetonitrile. The acidic solvent was removed by
dipping the substrate in isopropanol (IPA) overnight and was subsequently dried in vacuum oven
at 90°C. The supporting electrolyte solution consists of 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPFg) in anhydrous acetonitrile. The electrolyte was purged with
nitrogen for 15 minutes prior to the CV scans to ensure inert and anhydrous conditions. The
reduction and oxidation potentials were referenced to the Fc/Fc' couple by using ferrocene as an
internal standard. The LUMO energy level was estimated using a ferrocene value of -4.8 eV with
respect to vacuum level. The LUMO and HOMO levels were determined by using the equations
Erumo = (eEred®™ + 4.8) and Enomo = -(eEo"™' + 4.8).

Fourier-transform infrared (FTIR) spectroscopy experiments were performed on a Perkin

Elmer Frontier spectrometer on the polymer freestanding films and the powdered monomer and
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model compound. The resolution was set at 1 cm™ and a set of 16 scans was averaged. Raman
spectroscopy of the polymer freestanding films were carried out on a Thermo Scientific DXR2
Raman microscope. A 532-nm laser with a power of 5 mW was focused onto a sample through a
50x objective lens.
Preparation of Thin Films, Doping Method, and Characterization of Electrical
Conductivity. Polymer solutions in methanesulfonic acid (MSA) were stirred at elevated
temperature (>130°C) for several days to ensure solubilization of the polymer. The polymer
solutions were filtered through 1 pm pore size Grade GF/B Glass Microfiber Filters (Whatman
GF/B) before use. The filtered polymer solution was then spin-coated onto clean glass substrates
(sonicated in acetone, DI water, and isopropanol) at 2000 — 5000 rpm for 30 seconds followed by
immersion in isopropanol (IPA) to remove the acidic solvent. The neutral polymer films were
dried in a vacuum oven at 60°C overnight.

The undoped neutral polymer films were then moved into a glovebox and annealed at
200°C for 30 minutes prior to doping. 10 mg/mL of N-DMBI in anhydrous chloroform was
prepared in the glovebox as the n-type dopant solution. The dopant was deposited onto the
neutral polymer film via spin-coating at 1500 rpm for 60 seconds. The doped polymer films were
subjected to thermal annealing at 200°C for 20 minutes before being brought to ambient
atmosphere for further characterizations.

Electrical conductivity (o4:) of the doped polymer films were measured by a colinear
four-point probe controlled by a Keithley 2400 source-meter unit. For consistency, a 60-second

delay between source and measurements was applied. The g4, value was calculated as follows:

o m 1
% =12 Rxt
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where o, is the room-temperature dc-electrical conductivity (S/cm), R is the measured

resistance (€2), and ¢ is the film thickness (cm).

Synthesis of 4,9-dibromoisochromeno|6,5,4-deflisochromene-1,3,6,8-tetraone (NTCDA-
2Br). NTCDA (10.0 g, 37.3 mmol) and oleum (93 mL) were combined under nitrogen and
stirred. DBH (16.0 g, 55.9 mmol) was added portionwise over 1 hour followed by a temperature
increase to 50°C and the mixture was stirred overnight. The mixture was cooled to room
temperature, poured into ice water, and the precipitate was washed with water and methanol and
dried under vacuum (18.1 g, > 100% yield). "H NMR (500 MHz, DMSO-d6, 8): 8.8 ppm (s, 2H).
Synthesis of tetraethyl 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylate (NTE-2Br).
NTCDA-2Br (8.0 g, 18.8 mmol), EtI (152.38 g, 977.0 mmol), and K,CO; (15.6 g, 112.8 mmol)
were combined under nitrogen and refluxed in EtOH (50 mL) for 15 hours. The ethanol was
removed on a rotary evaporator, and DCM was added and washed with water. Purification on a
silica gel column with 70% DCM/hexane gave the pure white powder. (5.31 g, 50% yield). 'H
NMR (500 MHz, CDCls, §): 8.01 ppm (s, 2H), 4.31 (t, 13H, J= 5.3 Hz), 1.35 ppm (m, 15H).
Synthesis of tetraethyl 2,6-cyanonaphthalene-1,4,5,8-tetracarboxylate (NTE-2CN). NTE-
2Br (4.0 g, 6.97 mmol), L-proline (1.6 g, 14.0 mmol), CuCN (2.5 g, 27.9 mmol), and anhydrous
DMF (320 mL) were combined under nitrogen and heated at 120°C for 72 hours. The DMF was
removed under vacuum and the crude mixture was purified on silica gel column with 80%
DCM/hexane followed by trituration from DCM with methanol and recrystallization in EtOH to
give the pure product as white needles (1.18 g, 36% yield). 'H NMR (500 MHz, CDCls, 3): 8.21
ppm (s, 2H), 4.43 ppm (q, 4H, J = 7.05 Hz), 4.35 ppm (q, 4H, J = 7.05 Hz), 1.43 ppm (t, 6H, J =
7.85 Hz), 1.38 ppm (t, 6H, J = 7.85 Hz). °C NMR (500 MHz, CDCl;, §): 165.6, 164.5, 138.0,
134.4,132.0, 130.0, 115.7, 113.8, 63.6, 63.0, 14.1, 13.7 ppm. Anal. calcd for C24H2,N205 (%): C,

61.80; H, 4.75; N, 6.01; O, 27.44; found (%):C, 61.55; H, 4.73; N, 5.98.
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Synthesis of the Model Compound 8,17-dioxo-8,17-
dihydrobenzo[/mn]benzo[4,5]imidazo[2,1-b]benzo([4,5]imidazo[2,1-i][3,8]phenanthroline-
7,16-dicarbonitrile (PCN). PPA (10.00 g) was added to a reaction flask equipped with a
mechanical stirrer and was purged with nitrogen overnight at 150°C. The PPA was cooled to
room temperature, and NTE-2CN (0.330 g, 0.71 mmol) and o-phenylenediamine (0.191 g, 1.77
mmol) were added. The mixture was stirred for 1 h at room temperature, then the temperature
was increased slowly to 150°C over the course of 2 h. The mixture was stirred overnight and then
cooled to room temperature, quenched with EtOH (2 L) and stirred for 1 h before filtering. This
was repeated 3 times until the pH of the filtrate was neutral. The crude product was prufied by
adding toluene (100 mL) and stirring the slurry for 1 h at 120°C and filtering three times. This
gave the red mixed-isomer product (0.150 g, 50% yield). 'H NMR (500 MHz, DMSO-d6, 3):
9.06 — 8.91 ppm (m, 0.4H), 8.71 — 8.59 ppm (m, 1H), 8.39 — 8.25 ppm (m, 1.3H), 8.10 — 8.08
ppm (m, 0.4H), 7.94 — 7.77 ppm (m, 2H), 7.52 — 7.35 ppm (m, 3H). >C NMR (500 MHz,
DMSO-d6 6): 169.0, 159.0, 144.0, 143.8, 132.3, 131.7, 132.3, 131.7, 127.1, 127.0, 126.7, 125.4,
121.1, 120.9, 115.9, 115.7, 115.8 ppm. MS (ESI, m/z): [M + MeOH]" for C,9H4sNsO; calcd:
493.1, found: 493.1.
Synthesis of Polymer BBL-202CN. PPA (35.89 g) was added to a reaction flask equipped with
a mechanical stirrer and purged with nitrogen at 150°C overnight. The PPA was cooled to room
temperature and TABH (1.5 g, 5.28 mmol) was added. Dehydrochlorination was allowed to
proceed at 75°C for 24 h. Then, NTE-2CN (0.501 g, 1.08 mmol) and NTCA (1.29 g, 4.23 mmol)
were added at the same time. The polymerization mixture was then stirred at 80°C for 4 hours
followed by an incremental temperature increase to 100°C over 5 hours and then stirred

overnight. The temperature of the polymerization mixture was then increased to 150°C over 8
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hours and was stirred overnight to allow the polymer to solidified. The solid polymer dope was
cooled to room temperature, quenched with water, and purified via Soxhlet extraction with water
for 48 h and methanol for 24 h. The crude product was dried and further purified by
reprecipitation from MSA into methanol (yield 1.85 g, 100%). Intrinsic viscosity ([#]): 4.2 dL/g
(30.0 °C, MSA).

Synthesis of Polymer BBL-352CN. The polymerization was conducted in the same manner as
for BBL-202CN except that 35 mol% of NTE-2CN monomer was used. PPA (30.0 g), TABH
(1.27 g, 4.47 mmol), NTE-2CN (0.73 g, 1.57 mmol) and NTCA (0.88 g, 2.91 mmol), (yield 1.63
g, 99%). Intrinsic viscosity ([#]): 1.6 dL/g (30.0 °C, MSA).

Synthesis of Polymer BBL-502CN. The polymerization was conducted in the same manner as
for BBL-202CN except that 50 mol% of NTE-2CN monomer was used. PPA (26.0 g), TABH
(1.07g, 3.77 mmol), NTE-2CN (0.88 g, 1.89 mmol) and NTCA (0.575 g, 1.89 mmol), (yield 1.39
g, 99%). Intrinsic viscosity ([#]): 1.5 dL/g (30.0 °C, MSA).

3.1.3 Results and Discussion.

3.1.3.1. Synthesis and Characterization. The synthetic details are in the Experimental Methods
section, and the reactions are shown in Scheme 3.1. Starting from dibromoisochromeno|6,5,4-
deflisochromene-1,3,6,8-tetraone (NTCDA, 1) (Scheme 3.1), the dibromo precursor 4,9-
dibromoisochromeno[6,5,4-def]isochromene-1,3,6,8-tetraone (NTCDA-2Br, 2) was synthesized
according to the known procedure™ and was used without further purification. Esterification of 2
using ethyl iodide in ethanol produced the tetraester intermediate, tetraethyl 2,6-
dibromonaphthalene-1,4,5,8-tetracarboxylate (NTE-2Br, 3) which was purified using column
chromatography. Finally, 3 was subjected to cyanation in N,N-dimethylformamide (DMF) using

an L-proline promoted Rosenmund-von Braun reaction.”® The novel cyanated monomer NTE-
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2CN (4) was purified using column chromatography, trituration with methanol in chloroform,
and finally recrystallized in ethanol to give 4 as pure white needles in a yield of 36%. The 'H
NMR spectra of 2-4 are shown in Figures B.1-B.3, and the ’C NMR and Fourier-transform
infrared (FTIR) spectra of 4 are in Figure B.4-B.5, respectively.

Scheme 3.1. Synthesis of (a) the new NTE-2CN monomer, (b) PCN model compound, and (c)
conjugated random copolymers, BBL-x2CN. (DBH = dibromohydrantoin, Etl = ethyl iodide,

EtOH = ethanol, DMF = dimethylformamide, PPA = polyphosphoric acid, 84% free P,Os).
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To confirm the isomeric distribution of the cyano groups on the naphthalene backbone,

NTE-2CN was subjected to single-crystal X-ray diffraction analysis (Figure 3.1, Tables B.1-
B.2). Note that in Figure 3.1, the hydrogen atoms and ester side chain disorder have been omitted
for clarity. The NTE-2CN molecules belong to the C2/c space group and are aligned in a
monoclinic unit cell with @ = 15.2471(10) A, b = 18.2853(13) A, ¢ = 8.4312(6) A, o.=90°, B =
98.299(4) °, y = 90°. The NTE-2CN cyanated naphthalene core has a planar geometry and the
cyano groups are appended exclusively on the 2,6-positions of the naphthalene ring (Figure
3.1a). The molecules form a face-to-face n-m stacking motif with an intermolecular distance of

3.9 A (Figure 3.1b-c); the relatively large n-m stacking distance is a result of the steric bulk of the
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ester groups that prevent close intermolecular contact. These results demonstrate the molecular

structure of the cyanated ester monomer.

Figure 3.1. Single crystal structure analysis of the monomer NTE-2CN. (a) Skeletal structure
with atoms placed at the center of the thermal ellipsoids that were calculated at the 50%
probability level. (b) Side view and (c) top view of the unit cell showing face-to-face m-n
stacking with an intermolecular distance of 3.9 A. The hydrogens and ester group disorder have
been eliminated for clarity.

The model compound 8,17-dioxo-8,17-dihydrobenzo[/mn]benzo[4,5]imidazo[2,1-
b]benzo[4,5]imidazo[2,1-i][3,8]phenanthroline-7,16-dicarbonitrile (PCN) (Scheme 3.1) was
synthesized in dilute polyphosphoric acid (PPA) as described in the Experimental Methods

section. After 12 h at 150°C, the mixture was quenched with hot ethanol and filtered three times
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to remove the PPA. Since PCN has very limited solubility in highly polar solvents, it was
purified by stirring the slurry in hot toluene and filtering three times, which gave the clean
product after drying. The structure of PCN was characterized by 'H NMR in DMSO-d6 solution;
however due to the isomeric structures of PCN, there are many overlapping peaks in the aromatic
region (Figure B.6), which make unambiguous peak assignment difficult. However, based off of
the reported '"H NMR spectra of the perinone compound,’””® general peak assignments can be
made. The broad overlapping resonances at 7.3 ppm, 7.5 ppm, 7.7 — 7.9 ppm, and 8.2 — 8.3 ppm
are assigned to the benzene protons, and the overlapping peaks at 8.5 ppm, 8.6 ppm, 8.7 ppm,
and 8.9 — 9.0 ppm are due to the naphthalene protons. (Figure B.6). The °C NMR spectrum
shows peaks characteristic of the molecular structure of PCN (Figure B.7). Specifically, the peak
at 169.0 ppm is assigned to the carbonyl carbon (C=0), the overlapping peaks at 159.0 ppm are
from the imine/amide carbons (C=N/C-N), and the peaks ranging from 115.8— 115.9 ppm are
due to nitrile (CN) and C-CN carbons. The broad and overlapping resonances of the peaks are
likely from the isomeric structures of PCN (Figure B.7). Finally, electrospray ionization mass
spectrometry (ESI mass) was conducted on dilute PCN solutions (10° M) in MeOH (Figure B.8).
The calculated M + MeOH m/z of 493.1 is well matched with the measured m/z of 493.1 in
positive ion mode.

The random copolymers were synthesized in pure PPA using 1 equivalent of TABH, and
varying equivalents of NTCA and NTE-2CN (Scheme 3.1). For example, BBL-202CN was
synthesized from 0.2 equivalents of NTE-2CN and 0.8 equivalents of NTCA, BBL-352CN from
0.35 equivalents of NTE-2CN and 0.65 equivalents of NTCA, and BBL-502CN from 0.5
equivalents of each. The addition of the electron-deficient NTE-2CN monomer dramatically

increased the efficiency of the polymerization such that it completed in ~12 hours at 150°C; this
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is in contrast to BBL in which the ring annulation takes place at 180°C over several days. This
result can be attributed to the increased reactivity of the NTE-2CN monomer reduced the
thermodynamic and kinetic barrier for the polycondensation. The intrinsic viscosities ([7]) of the
polymers measured in methanesulfonic acid (MSA) at 30°C are 4.2 dL/g, 1.6 dL/g, and 1.5 dL/g
for BBL-202CN, BBL-352CN, and BBL-502CN, respectively. The lower [1] values of the BBL-
352CN and BBL-502CN polymers stem from the low solubility of these polymers in MSA
solutions. Specifically, 30% - 50% of the polymer mass was lost when the MSA solutions were
filtered before precipitation, which is likely the insoluble higher molecular weight polymer
fractions. Therefore, the purified polymer precipitated from the filtrate contains the lower
molecular weight fractions. Thermogravimetric analysis shows that the polymers and model
compound are thermally stable with high thermal decomposition temperatures (T4 = 306°C -
523°C) and retain more than 70% of their mass at 700°C (Figure B.9).

The FTIR spectrum of the model compound shown in Figures 3.2a, and the FTIR and
Raman spectra of the copolymer freestanding films are shown in Figure 3.2b-c. The peak
vibrations and their assignments are in Tables B.3-B.4. We note that the high fluorescence of
PCN precluded the acquisition of the Raman spectrum, which is similar to what is reported for
perinone.” The sharp v(C=0) carbonyl stretching mode for the PCN model compound is at 1701
cm’ on the FTIR spectrum (Table B.3). For the polymers, the v(C=0) stretches are at 1705 cm’™
and 1706 cm™ on the FTIR and Raman spectra, respectively (Table B.4). The intense v(C=N)
imine stretches can be seen at 1590 cm™ on the FTIR spectrum for PCN (Table B.3), and at 1581
cm” and 1594 cm™ on the FTIR and Raman spectra, respectively, for the copolymers (Table
B.4). Furthermore, single bond v(C-N) carbon-nitrogen stretches are seen on the FTIR spectra as

medium intensity bands at 1374 cm™ and 1335 cm™ for PCN, and 1373 cm™ and 1304 cm™ for
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the copolymers. On the Raman spectra, these peaks appear at 1401 cm™ for the copolymers
(Tables B.3 and B.4). We note that the nitrile stretches are absent on all FTIR and Raman
spectra, which is in accordance with the FTIR and Raman spectra calculated using density
functional theory (DFT) at the wB97XD 6-31G(d,p) level of theory for the PCN model
compound and BBL-502CN oligomer comprised of 6 repeat units (Figure B.10a-c). The
combined FTIR and Raman stretches closely match those reported for BBL® and provide strong

evidence for the molecular structures of the new random copolymers and model compound.
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Figure 3.2. (a) The FTIR spectrum of the model compound PCN. (b) The FTIR and (c) Raman

spectra of the copolymers.
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To further characterize the molecular structures of the novel monomer, model compound,
and copolymers, X-ray photoelectron spectroscopy (XPS) was performed on the NTE-2CN
needles, and thin films on silicon substrates of PCN and random copolymers. The survey scans
are in Figure B.11, the high-resolution scans with optimal peak fitting in Figure 3.3 and B.12,
and the tables of C 1s and N 1s binding energies, N 1s Full-Width at Half-Maximum (FWHM),
and the residual standard deviations (RSTD) of the N 1s peak fittings are in Tables B.5-B.6. The
details of the experimental setup are in the Appendix B. The XPS surveys scans (Figure B.11a-f)
shows peaks in the 250 eV — 550 eV regions and are assigned to O 1s, N 1s, and C Is emissions.
The optimal fit of the C 1s spectra (Figure B.12a-f) shows peaks that are similar to what was
previously reported for BBL.®' The peaks at 285.0 eV are associated with C-H/C-C emissions,
those typically observed around 285.7 eV are from C=C emissions, and those around 287.0 eV
are assigned to C-N emissions (Table B.5). For NTE-2CN, there is a high intensity peak at 286.9
eV that is associated with the C-O emissions of the ester (Table B.5). Finally, the peaks around
288.9 eV and 290.1 eV are assigned to the C=N/C=0 and the n-n* satellite peaks, respectively
(Table B.5).

The high-resolution N 1s spectra in Figure 3.3a was best fitted with one peak for NTE-
2CN at 399.5 eV from the nitrile group emissions. The N 1s spectra for the model compound and
random copolymers show notable differences (Figures 3.3b-f and B.10). First, the binding
energies (B.E) vary between 400.6 eV to 401.4 eV for the amide emissions, and between 398.4
eV to 399.3 eV for the combined imine/nitrile emissions (Table B.6) that spectrally broadened as
the mol% of CN groups increase. Second, the residual standard deviations (RSTD) are
substantially decreased using a 3-peak fit compared to a 2-peak fit (Table B.6). The most likely

explanation for these trend is that the nitrile N 1s emissions are overlapping with the imine N 1s
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such that increasing the mol% of 2CN groups on the backbone is accompanied by

a slight variance in B.E. values and decreasing RSTDs using a 3-peak fit (Table B.3). These XPS

results give strong evidence for the molecular structures of the cyanated and non-cyanated

random copolymers and model compound.
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Figure 3.3. High-resolution XPS N 1s spectra for (a) NTE-2CN, (b) PCN, (c) BBL,(e) BBL-

202CN, (e) BBL-352CN, and (f) BBL-502CN and their optimal fits.

3.1.3.2. Electronic Structure and Optical Properties. The electronic structure and optical
properties of PCN and the random copolymers were investigated using a combination of density
functional theory (DFT) calculations and cyclic voltammetry in conjunction with optical
absorption spectroscopy. The DFT calculations were performed at the ®B97XD/6-31G(d,p) level
of theory on PCN oriented in a trans configuration with respect to the imide, and a representative
BBL-502CN oligomer comprised of 6 repeat units in a cis-trans isomer configuration with the
2CN groups located on the cis moieties. The ground state geometry of PCN (Figure B.13) shows
a completely planar molecular structure and fairly well delocalized molecular orbitals where the
HOMO is delocalized across the PCN backbone and the LUMO is more localized to the
dicyanonaphthalene core. The BBL-502 oligomer also shows a completely coplanar backbone
across 6 repeat units (Figure B.14a), however, the HOMO and in particular the and LUMO
levels, are extremely localized compared to those in BBL (Figure B.14b).”** While the HOMO
extends across 2 repeat units, the LUMO is localized to the central dicyanated repeat unit. This
result could indicate that the 2CN moieties in the random copolymer backbone act as a charge
trap site that reduces the charge carrier mobility with respect to the parent polymer BBL. *%

We used cyclic voltammetry (CV) to measure the HOMO/LUMO energy levels of PCN
and the random copolymers, and the results are summarized in Table 3.1 and Figures 3.4 and
B.15. The CVs for the oxidation and reduction processes were collected as thin films coated on
platinum wires in acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate (BusNPFy)

vs. Ag/AgNO;j as the reference electrode. The CVs of the reduction waves of PCN and the BBL-

x2CN random copolymers are plotted vs. Fc/Fc' in Figure 3.4. The PCN model compound shows
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3 non-reversible reduction peaks at -0.52 V, -0.86 V, and -1.11 V, which is similar what is
reported for the perinone compound and its derivatives.”” The LUMO level calculated from the
onset of reduction at -0.28 V is -4.54 eV (Table 3.1), which is -0.73 eV lower than that reported

for perinone (-3.78 eV).”
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Figure 3.4. The reduction processes and energy levels of PCN and the BBL-x2CN random
copolymers as thin films in anhydrous acetonitrile with Ag/AgNOs as the reference electrode and
plotted vs. Fc/Fc'. The scan rate was 15 mV/s. Note that the *HOMO level of PCN was out of
range of the CV oxidation scan in acetonitrile and therefore was calculated using HOMO =

LUMO - E,.™"
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Table 3.1. Electronic and Optical Properties of the model compound PCN and the BBL-x2CN

Random Copolymers.

LUMO HOMO E elec )\-max(a) Emax(a) kmax(b) EgOpt. ®

Compound ") @v)  @V)  om)  Mlem’) m) (V)
PCN -4.54 -6.42© - 484 - 489 1.88
BBL -4.16 -5.80@ 1.70 545 4.2 x10* 576 1.64

BBL-202CN -4.26 -5.87 1.61 541 4.3 x10* 575 1.60
BBL-352CN -4.23 -5.88 1.65 535 3.1x10* 570 1.63
BBL-502CN -4.34 -6.00 1.66 532 2.9x10* 557 1.65

®Absorption maximum in MSA solutions. ®’Spin-coated thin films from MSA solution. ’Determined
from the equation HOMO = LUMO - E,*™ “Taken from reference (50). ‘Data collected for TFA
solutions.

The copolymers each show 4 quasi-reversible reduction waves (Figure 3.4) accompanied
by a notable increase in the reduction potentials moving from BBL to BBL-502CN. For example,
the first reduction wave in BBL at -1.02 V shifts to higher potentials with increasing mol% of
CN groups: -0.97 V for BBL-202CN and BBL-352CN, and -0.54 V for BBL-502CN. This trend
hold for the other 3 reduction peaks (Figure 3.4): -1.29 V/ - 1.45 V/ -1.65 V for BBL-202CN, -
1.24 V/ -1.39 V/ -1.59 V for BBL-352CN, and -1.07 V/ -1.38 V/ -1.60 V for BBL-502CN
(Figure 3.4). Accordingly, the LUMO energy levels measured from the onset of reduction are
also reduced compared to -4.16 eV measured for BBL: -4.26 eV for BBL-202CN, -4.23 eV for
BBL-352CN, and -4.34 eV for BBL-502CN (Table 3.1). These results mean that incorporating
as little as 20 mol% of the 2CN moieties in backbone of BBL is sufficient to facilitate the

reduction process (n-dopability) of the BBL-x2CN polymers, and up to 50 mol% of the 2CN
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monomer decreases the LUMO energy level by 0.18 eV. The oxidation scans show one non-
reversible oxidation peak for each polymer (Figure B.15a-d) from which the HOMO energy
levels are derived: -5.87 eV/ -5.88 eV/ -6.00 eV for BBL-202CN/ BBL-352CN/ BBL-502CN.
Note that the oxidation peak of PCN was not seen in the oxidation scan ranging from 0 V to 2.0
V, which means the HOMO level is too deep to be measured by cyclic voltammetry in
acetonitrile. The electrochemical bandgaps (E,'*) vary from 1.61 eV to 1.70 eV for the BBL-

x2CN polymers (Table 3.1).
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Figure 3.5. Normalized optical absorption spectra of (a) PCN thin film and TFA solution, and
BBL-x2CN copolymers as (b) MSA solutions and (c) thin films on glass.

The normalized optical absorption spectra of PCN and the BBL-x2CN polymers are
shown in Figure 3.5a-c and the absorption maxima in MSA and trifluoroacetic acid solutions and
thin film (Amax), molar absorptivity (emax), and optical bandgaps (E;"") are in Table 3.1. The

normalized optical absorption spectrum of the PCN model compound in dilute (10° M) TFA
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solution (Figure 3.5a) shows a sharp low-energy peak at 383 nm and an intense lowest-energy
peak 484 nm which is assigned the n-n* transition. In thin film, the spectral shape is significantly
broadened compared to the solution (Figure 3.5a), and the n-n* peak is slightly red-shifted to 489
nm. One interpretation for this trend is that the differences originate from changes in the =-
conjugated backbone conformation in solution and solid state. In this case, the protonated
molecule in acid solutions would presumably be more planar due to the improved spectral

opt.

shape.®® The optical bandgap (E¢ ") calculated from the onset of thin film absorption is 1.88 eV,
which is 0.19 eV narrower than the £, of 2.07 eV reported for perinone.” Note that the optical
bandgap was used to calculate the HOMO energy level in Figure 3.4.

In solution (Figure 3.5b), the copolymers show similar peaks: two high-energy bands at
321 nm and 382 nm, and a lowest-energy absorption peak ranging from 545 nm — 532 nm (Table
3.1), of which the latter is assigned to the m-n* transition. The molar absorptivites of the m-m*
peak in BBL and BBL-202CN are nearly identical (€max = 4.2 — 4.3 X 10* M'lcm'l), however they
decrease in BBL-352CN and BBL-502CN (gpay = 2.9 — 3.1 x 10* M'em™). The slightly blue-
shifted m-n* peak that is accompanied by decreased absorptivity can be explained to a shortened
n-conjugation length of BBL-352CN and BBL-502CN evidenced by the localized molecular
orbitals in the DFT calculations previously discussed (Figure B.14). In the thin films (Figure
3.5¢), there is one high-energy band at 350 nm and a lowest energy, n-n* transition band that
ranges from 576 nm in BBL to 561 nm in BBL-502CN (Table 3.1). The 32 nm — 29 nm red-
shifted m-n* peak going from solution to thin film (Table 3.1) indicates increased molecular
order in the thin films compared to MSA solutions. The optical bandgaps calculated from the
onset of absorption are almost identical; they range between 1.66 eV — 1.70 eV and are slightly

elec.

smaller than the £, values measured from cyclic voltammetry (Table 3.1).
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3.1.3.3. n-Doped Conductivities of the Random Copolymers. We used 4-(2,3-Dihydro-1,3-
dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine (N-DMBI) as a molecular n-dopant
to study the effects of cyanation on the electrical conductivity of the series of random
copolymers upon doping. Detailed procedure on the doping method is described in the
Experimental Methods. Briefly, a 10 mg/mL solution of N-DMBI in chloroform is spin-coated
on top of the undoped polymer films at 1500 rpm for 60 seconds followed by thermal annealing
at 200°C for 20 minutes in a Nitrogen-filled glovebox. Afterwards, the doped polymer films were
brought to ambient atmosphere for electrical characterization by a colinear four-point probe
setup.

The room-temperature dc-electrical conductivity (o4.) of N-DMBI doped polymer films
was found to progressively decrease with increasing composition of cyanated moieties. In
particular, the average g4 of doped BBL films was (6.28 £ 0.51) x 10" S/cm, which is in
agreement with reported values using the same n-dopant.®” The o4 was found to decrease by
over 20-fold compared to the parent polymer to an average value of (2.47 + 0.14) x 107 S/cm in
BBL-202CN doped films. Doped films of BBL-352CN and BBL-502CN exhibited extremely
high resistance; thus, the films were assumed to remain insulating, and the g4, values should be
around 10> — 10 S/cm. These results have suggested that increasing the composition of
cyanated moieties up to 50 mol% in the BBL backbone is detrimental to the electrical properties
of the doped polymer films.

The incorporation of the 2CN moiety is the downshifting the LUMO energy levels of the
BBL-x2CN (x = 20, 35, and 50) compared to BBL (Figure B.14), which should facilitate facile

68,69

hydrogen or hydride transfer from the dopant to the polymer backbone. We thus rationalized

the poor electrical conductivity of this series of random copolymers upon doping partly to the
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extreme localization of LUMO orbital distribution that was discussed earlier in the DFT
calculations. The localized LUMO on the 2CN unit would severely hamper electron transport

leading to marginal electrical conductivity of the doped random copolymer films.
3.1.4 Conclusions

In conclusion, we have synthesized and characterized a new series of n-type BBL random
copolymers featuring 2,6-dicyano substitutions on the naphthalene backbone: BBL-x2CN (x =
20, 35, 50) and the corresponding model compound, PCN. The single-crystal X-ray structure
analysis of NTE-2CN confirms the molecular structure of the novel monomer. During the
polymerizations, we found that incorporation of NTE-2CN in as little as 20 mol% increased the
efficiency of polycondensation such that the polymers were synthesized in under 12 hours using
milder conditions compared to that of BBL. The copolymers have excellent film forming
properties evidenced by the large-area freestanding films and thin films created from MSA
solutions that were used to characterize the molecular structures using FTIR, Raman, and XPS
spectroscopies. The BBL-x2CN random copolymers combine low LUMO levels (-4.16 eV —
4.34 eV) and attractive optical bandgaps of 1.66 eV — 1.70 eV that vary with the mol% of the
2CN monomer. Specifically, we found that 50 mol% lowered the LUMO level beyond that of
BBL by 0.18 eV. Preliminary results show that the n-doped electrical conductivity decreases as
the amount of 2CN in the copolymer backbone is increased, which can be explained by the
localization of the LUMO energy level that was seen on the DFT calculations. This series of
random copolymers provides important insights into the structure-property relationships of

solution processable electron-deficient BBL derivatives.
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Chapter 3.2 Random Copolymers and Model Compound of Ladder
Poly(benzimidazobenzophenanthroline) Featuring Dithiinotetracarbonitrile

Groups: Synthesis and Electronic Structure

3.2.1 Introduction

n-Conjugated ladder polymers are a class of semiconducting polymers that feature
double-stranded ladder architectures that reduce torsional disorder in the backbone. The most
widely studied m-conjugated ladder polymer is the prototype n-type semiconducting polymer,
ladder poly(benzimidazobenzophenanthroline) (BBL) (Chart 3.2) that was first synthesized in
1966 for aerospace applications more than a decade before the advent of doped conducting
polymers in 1977.' BBL has been used successfully in a large variety of organic electronic
applications over several decades including organic field-effect transistors (OFETs),”* organic
photovoltaics (OPVs),° organic thermoelectrics (OTs),”” and organic electrochemical
transistors (OECTs).'>"? The success of BBL as the prototype n-type semiconducting polymer
has been attributed to its rigid-rod planar backbone that enabled a tight n-m stacking distance of
3.4 AP excellent thermal, chemical, and mechanical stability in air, and low lying LUMO
energy level of -4.1 eV. Despite the success of BBL, only 3 n-type derivatives have been
reported, presumably due to difficult synthesis of tetrafunctionalized -electron-deficient
moieties.'® '

Deepening the LUMO level beyond -4.0 eV is of fundamental interest for n-type
semiconductors in order to increase operational stability in air,'” ' decrease the barrier to charge

22-25

injection, and improve electron mobility and electrical conductivity. Moreover, if the lowest-

unoccupied molecular orbital (LUMO) energy level of an acceptor (n-type) polymer is deeper
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than the highest-occupied molecular orbital (HOMO) level of a donor (p-type) polymer, then
spontaneous ground state electron transfer in the polymer blend could be achieved and thus
eliminate the need for external doping or imput of energy.**’ By its nature, n- or p-doping
creates one type of mobile charge carrier, and the immobile counter charges could disrupt the
thin film microstructure, which can negatively impact charge carrier mobility and decrease
operational device stabiltiy.*®

Chart 3.2. Molecular structures of the n-type polymer BBL, the random copolymers featuring

dithiinotetracarbonitrile groups BBL-xTCN (x = 0.2, 0.35, 0.5), and BBL-TCN.
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Some effective strategies to synthesize n-type polymers with deep LUMO levels are to
functionalize electron-deficient building blocks such as rylene diimides,”**** isoindigo (IG),>"**
or diketopyrrolopyrrole (DPP),”>* by: (1) introducing heteroatoms into the molecular structure,
(2) inducing chain planarization through intra- or inter-molecular covalent or non-covalent

interactions, or (3) appending electron-withdrawing substituent onto the backbone. Typical

3941 4245

electron-withdrawing moieties include nitro,*® carboxyl,’”~* fluorine, and cyano groups.
In one example, naphthalene diimide (NDI) moieties functionalized with electron-deficient
dithiinotetracarbonitrile (TCN) groups (NDI-TCN)* or simply two cyano groups (NDI-2CN)*’
showed substantially decreased LUMO levels of -4.3 eV and -4.4 eV, respectively, compared to

the non-functionalized NDI moiety (LUMO ~ -4.0 ¢V).**® These representative examples show



92

that direct 2CN- and TCN-functionalization are effective ways to lower the LUMO levels of n-
type m-conjugated systems, though they have not been demonstrated in a m-conjugated ladder
polymer architecture.*’

Here, we report a novel random copolymer series featuring the n-type ladder polymer
BBL synthesized with varying mol% of the TCN groups, BBL-xTCN (x = 0.2, 0.35, and 0.5)
(Chart 3.2). The random copolymer architecture was chosen to enhance processability of the
copolymers because we discovered that the BBL-TCN homopolymer (Chart 3.2) is insoluble in
protic acids. Moreover, functionalization of BBL with TCN allows us to introduce strong
electron-withdrawing cyano groups into the backbone of BBL without the use of toxic cyanide
salts. The BBL-xTCN copolymers were synthesized in pure polyphosphoric acid (PPA) whereby
the increased reactivity of the TCN comonomer enabled the polymerizations to complete in 12
hours. The molecular structures of the copolymers were characterized by FTIR, Raman, and X-
ray photoelectron (XPS) spectroscopies and were compared those of the model compound,
2,3,14,15-tetramethyl-6,11-diox0-6,11-dihydro [1,4]dithiino[2',3":5,6]benzo
[1,2,3,4lmn]benzo[4,5]imidazo[2,1b]benzo[4,5]imidazo[1,2-/][ 1,4]dithiino[2,3-f][3,8]
phenanthroline-8,9,19,20-tetracarbonitrile (PTCNMe). The LUMO energy levels measured using
cyclic voltammetry revealed that increasing the TCN moiety up to 50 mol% lowered the LUMO
level by 0.20 eV, and the optical bandgaps (E,*"") of 1.60 — 1.67 eV are relatively unchanged
compared to BBL (E, ™ = 1.64 eV). Our results on this series of BBL-type random copolymers
provide important new insights into the structure-property relationships of semiconducting ladder

polymers and derivatives of BBL.

3.2.2 Experimental Methods.
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Materials and Methods. The monomer 1,4,5,8-naphthalenetetracarboxylic acid (NTCA) was
purchased from Ambeed and purified according to the known procedure.50 1,2,4,5-
tetraaminobenzene hydrochloride was purchased from Ambeed and was purified according to a
modified published procedure.5 ! The 1,3,8,10-tetraoxo-1,3,8,10-tetrahydro-
[1,4]dithiino[2',3":7,8]isochromeno[6,5,4-def][ 1,4]dithiino[2,3-A]isochromene-5,6,12,13-
tetracarbonitrile (NTA-TCN) monomer was synthesized according to known procedures.*®
N,N-dimethylformamide (DMF), disodium dimercaptomaleonitrile, 1,4,5,8-
naphthalenetetracarboxylic anhydride (NTCDA), fuming sulfuric acid (20% free SOs3),
dibromoisocyanuric acid (DBI), conc. hydrochloric acid, glacial acetic acid, 4,5-
dimethylbenzene-1,2-diamine, polyphosphoric acid (PPA, 84% P,Os), acetone, toluene, and
methanesulfonic acid (MSA) (> 99%) were purchased from Sigma-Aldrich and used as received.
Methanol and ethanol were purchased from Fisher Scientific and used as received.

Intrinsic viscosities of the polymers in MSA were measured in an Ubbelohde viscometer
suspended in a water bath at 30.0°C. The concentrations of the polymer solutions were chosen
such that the elution time of the polymer solution was 1.1 — 1.8 times that of the pure solvent.
The 'H NMR spectrum was recorded on a Bruker AV500 (at 500 MHz) using basic D,O or
DMSO-d6 as the solvents. Thermogravimetric analysis (TGA) was conducted on a TA
Instrument model Q50 TGA. A heating rate of 10°C /min under a flow of N, was used with runs
conducted from room temperature to 880°C. Optical absorption spectra were measured on a
PerkinElmer model Lambda 900 UV-vis/near-IR spectrophotometer. Solution absorption
spectrum was obtained from dilute solutions (10> M) in MSA.

Cyclic voltammetry (CV) experiments were performed on an EG&G Princeton Applied

Research potentiostat/galvanostat (model 273A). A three-electrode cell was used, using platinum
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wire as the counter electrode and polymers coated on platinum wires as the working electrode.
The reference electrode was Ag/AgNO; in acetonitrile. The acidic solvent was removed by
dipping the substrate in isopropanol (IPA) overnight and was subsequently dried in vacuum oven
at 90°C. The supporting electrolyte solution consists of 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPFg) in anhydrous acetonitrile. The electrolyte was purged with
nitrogen for 15 minutes prior to the CV scans to ensure inert and anhydrous conditions. The
reduction and oxidation potentials were referenced to the Fc/Fc' couple by using ferrocene as an
internal standard. The LUMO energy level was estimated using a ferrocene value of -4.8 eV with
respect to vacuum level. The LUMO and HOMO levels were determined by using the equations
ELumo = ~(€Ered”™" + 4.8) and Enomo = ~(€Eo™ + 4.8).

Fourier-transform infrared (FTIR) spectroscopy experiments were performed on a Perkin
Elmer Frontier spectrometer by using polymer freestanding films and the thin film of the model
compound. The resolution was 1 cm™ and 16 scans were averaged. Raman spectroscopy of the
polymer freestanding films and model compound powder were carried out on a Thermo
Scientific DXR2 Raman microscope. A 532-nm laser with a power of 5 mW was focused onto a
sample through a 50x objective lens.

Gas-phase density functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were performed using the Gaussian 16 suite of programs™ at the ®B97XD/631-
G(d,p) level of theory on the representative model compound, and the polymer comprised of 6
repeat units of alternating NTA-TCN and NTCA monomers oriented in a alternating cis-trans
configuration with respect to the imide.

Synthesis of 2,3,14,15-tetramethyl-6,11-diox0-6,11-dihydro-[1,4]dithiino[2',3':5,6]benzo

[1,2,3,4-Imn]benzo|4,5]imidazo[2,1-b]benzo[4,5]imidazo[1,2-j][1,4]dithiino[2,3-f][3,8]
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phenanthroline-8,9,19,20-tetracarbonitrile (PTCNMe). Polyphosphoric acid (20.0 g) was
added to a reaction vessel equipped with a mechanical stirrer and was deoxygenated under
nitrogen at 150°C overnight. NTA-TCN (0.50 g, 0.86 mmol) and 4,5-dimethylbenzene-1,2-
diamine (0.25 g, 1.8 mmol) were added at room temperature and stirred at for 1 h before the
temperature was increased 150°C and the reaction was stirred for 4 hours, cooled to room
temperature, quenched with ethanol, and the blue precipitate was filtered off and washed with
water and ethanol until the pH of the filtrate was neutral. The crude product was dried under
vacuum. The product was purified by adding hot toluene at 120°C (1 L) and was stirred for 1 h
before filtering. This was repeated 3 times, and then hot acetone was added and stirred at 50°C
overnight. The black powder was dried under vacuum at 120°C. (0.24 g, 37% yield). 'H NMR
(500 MHz, DMSO-d6, 3): 7.43 ppm (s, 4H), 2.73 ppm (s, 4H), 2.33 ppm (s, 8H).

Synthesis of Polymer BBL-20TCN. PPA (39.88 g) was added to a reaction flask equipped with
a mechanical stirrer and was purged with nitrogen at 150°C overnight. The PPA was cooled to
room temperature, and TABH (1.5 g, 5.28 mmol) was added. Dehydrochlorination was
conducted at 75°C for 24 h. Then, NTA-TCN (0.575 g, 1.06 mmol) and NTCA (1.28 g, 4.23
mmol) were added at the same time. The polymerization mixture was stirred at 80°C for 4 hours
followed by an incremental temperature increase to 100°C over 5 hours and stirred overnight.
The temperature of the polymerization mixture was increased to 150°C over 8 hours and was
stirred overnight, during which time the polymer solidified. The solid polymer dope was cooled
to room temperature, quenched with water, and purified via Soxhlet extractions with water for 48
h and then methanol for 24 h. The crude product was dried and further purified by precipitation

from MSA into methanol (yield 2.05 g, 98%). Intrinsic viscosity ([#]): 1.4 dL/g (30.0 °C, MSA).
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Synthesis of Polymer BBL-35TCN. The polymerization was conducted according to the same
procedure as the BBL-20TCN polymer, except that 35 mol% of NTA-TCN monomer was used.
PPA (44 g), TABH (1.5 g, 5.28 mmol), NTA-TCN (1.00 g, 1.85 mmol) and NTCA (1.04 g, 3.43
mmol), (yield 2.06 g, 90%). Intrinsic viscosity ([#]): 1.3 dL/g (30.0 °C, MSA).

Synthesis of Polymer BBL-S50TCN. The polymerization was conducted according to the same
procedure as the BBL-20TCN polymer, except that 50 mol% of NTA-TCN monomer was used.
PPA (47.9 g), TABH (1.5 g, 5.28 mmol), NTA-TCN (1.44 g, 2.64 mmol) and NTCA (0.803 g,

2.64 mmol), (yield 2.44 g, 97%). Intrinsic viscosity ([#]): 2.5 dL/g (30.0 °C, MSA).
3.2.3 Results and Discussion.

3.2.3.1 Synthesis and Characterization of the Model Compound and Random Copolymers.
The synthetic route to the model compound and random copolymers is shown in Scheme 3.2,
and the detailed experimental procedures are in the Experimental Methods section. The 1,3,8,10-
tetraoxo-1,3,8,10-tetrahydro-[ 1,4]dithiino[2',3":7,8]isochromeno[6,5,4-def][ 1,4]dithiino[2,3-

hlisochromene-5,6,12,13 tetracarbonitrile (NTA-TCN) monomer was synthesized according to

46,52
known procedures™

in good yields of 94%. The proton NMR and the Fourier-transform
infrared (FTIR) spectrum of NTA-TCN are shown in Figure C.1-C.2. In order to help understand
the effects of incorporating dithiinotetracarbonitrile (TCN) groups into the backbone of BBL, the
model compound, 2,3,14,15-tetramethyl-6,11-dioxo-6,11-dihydro-
[1,4]dithiino[2',3":5,6]benzo[1,2,3,4-Imn] benzo[4,5]imidazo[2,15] benzo[4,5]imidazo
[1,2/][1,4]dithiino[2,3-f][3,8]phenanthroline-8,9,19,20-tetracarbonitrile (PTCNMe) was
synthesized in pure polyphosphoric acid (PPA) identical to that of the random copolymers. The

1,2-diaminobenzene featuring two methyl groups was chosen to help improve the solubility of

the model compound in polar aprotic solvents to aid in characterizations while still allowing
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solubility in strong acids, such as methanesulfonic acid (MSA). PTCNMe has limited solubility
in aprotic solvents such as DMSO, N,N-dimethylformamide (DMF), and trifluoroacetic acid, but
has good solubility in strong acids such as MSA. The molecular structure was initially
characterized by 'H in DMSO-d6 shown in Figure C.3. The aromatic protons on the benzene ring
appear as a 4H singlet at 7.5 ppm, and the methyl group protons appear as 2 singlets at 2.7 ppm
and 2.3 ppm, which combined give 12H.

Scheme 3.2. Synthesis of (a) the model compound PTCNMe, and (b) the BBL-xXTCN random

copolymers (PPA= Polyphosphoric acid, 84% free P,Os).
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The random copolymers were synthesized with 20 - 50 mol% of the NTA-TCN
comonomer (Scheme 3.2). For example, the BBL-20TCN polymer was synthesized from 1.0
equivalent of TABH, 0.2 equivalents of NTA-TCN, and 0.8 equivalents of NTCA. The
polycondensation reactions in pure PPA were initiated at 5 wt.% in attempt to induce the liquid-
crystalline phase and maximize the molecular weight of each polymer.”* However, only BBL-
20TCN had a noticeable liquid crystalline phase at 150°C evidenced by shiny green stir
opalescence. Notably, after stirring at 150°C for ~ 12 hours, the copolymers solidified and

formed the polymer dopes. In the case of the homopolymer BBL, the polymer dope that is
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produced at the end of the reaction forms after stirring at 180°C for several days at 10 wt.% in
PPA. The 12-hour formation of the polymer dope at reduced temperatures results from the
enhanced reactivity of the electron-deficient NTA-TCN monomer compared to NTCA, which
reduces the thermodynamic and kinetic barriers for polycondensation.

BBL-20TCN and BBL-35TCN have good solubility in strong protic acids and produced
red-purple colors in MSA solutions. BBL-50TCN has limited solubility in MSA even at high
temperatures (~150°C) such that during purification, the dilute MSA solution (I mg/mL)
required filtering before precipitation revealing that ~30% of the polymer mass was un-
dissolved. This indicates that the filtrate contained the low molecular weight fractions of the
copolymer solution. This can be explained by the increased reactivity of the NTA-TCN
monomer such that 50 mol% resulted in high molecular weight, insoluble copolymers. The
thermal stabilities of the model compound and copolymers were determined by TGA analysis in
inert atmosphere and the results are shown in Figure C.5. All three polymers show excellent
thermal stability with 5% weight loss ~ 460°C, which is indicative of their fused ladder
architecture.”'*!

The intrinsic viscosities ([77]) of the copolymers in MSA solutions at 30.0°C are 1.4 dL/g,
1.3 dL/g, and 2.5 dL/g for BBL-20TCN, BBL-35TCN, and BBL-50TCN, respectively. All three
polymers have excellent film forming properties such that large area freestanding films could be
fabricated. The detailed procedure for the fabrication of the high quality freestanding films is
described in Appendix C. Freestanding films were used to characterize the molecular structures
of the polymers by FTIR and Raman spectroscopies, and were compared to the FTIR and Raman
spectra of the model compound (Figure 3.7a-d). The peak positions are assigned to the various

vibrations listed in Table C.1-C.2.
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As expected, the BBL-xXTCN polymers show similar FTIR and Raman stretches that are
comparable to those of BBL'®*® and model compound PTCNMe. On the FTIR spectra (Figure
3.7a,c), the intense carbonyl v(C=0) stretches for the three polymers are at 1705 cm™, and at
1697 cm™ for the model compound. The medium-intensity v(C=N) imide stretching bands are
seen 1632 cm™ for the polymers (Table C.2) and 1654 cm™ for PTCNMe (Table C.1). The
medium-intensity stretches at 1503 cm™ and 1466 cm™ are attributed to aromatic carbon-carbon
v(C=C) skeletal vibrations (Table C.2), and the single bond carbon-nitrogen stretches appear as
sharp peaks around 1380 cm™ and 1305 cm™ for the copolymers. In PTCNMe, these stretches are
associated with peaks at 1415 cm” and 1325 cm™, respectively (Table C.1). At lower
wavenumbers, the polymer mixed skeletal vibrations appear as medium intensity bands at 1239
cm” and the carbon-sulfur n(C-S) stretching frequency appears as weak bands centered at 949
cm™' (Table C.2).°° The mixed skeletal vibrations for PTCNMe appear at 1177 cm™, and the C-S
vibrations are at 996 cm™ (Table C.1). We note that the nitrile stretches are absent on the FTIR
spectra for the model compound and copolymers, which is in agreement with the DFT-predicted
FTIR spectra shown in Figures C.5a,c calculated at the wB97XD/6-31G(d,p) level of theory.
Note that the calculations were performed on the representative BBL-50TCN copolymer with six

repeat units arranged in a trans-cis orientation with respect to the imide.”
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Figure 3.6. FTIR and Raman spectra of (a-b) the PTCNMe model compound and (c-d) the
freestanding films of the BBL-xTCN random copolymers. The Raman spectra were collected
with an excitation laser of 532 nm.

The Raman spectra show similar peaks as the FTIR spectra for the copolymers and model
compound (Figure 3.7b,d and Tables C.1-C.2), with the exception of the nitrile stretch seen as a
small-intensity peak at 2458 cm™ for PTCNMe (Table C.1) that is absent in the copolymers. This

observation is in agreement with the DFT-calculated Raman spectra of the model compound and
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copolymers (Figure C.6b) that show no nitrile stretches on the Raman spectra for the copolymers
(Figure C.5d). The carbonyl v (C=0) stretching frequency appears as low-intensity bands at 1713
cm” (Table C.1) and 1704 cm™ (Table C.2) for PTCNMe and the BBL-xTCN copolymers,
respectively. The intense v (C=N) imine stretches are at 1582 cm™ for PTCNMe (Table C.1) and
1590 cm™ for the copolymers (Table C.2). The sharp peaks at centered at 1555 cm™ and 1414
cm” for PTCNMe and 1535 cm™ and 1382 cm™ for the copolymers are assigned to mixed
aromatic v (C-C/C=C) carbon-carbon stretches (Table C.2). At lower wavenumbers, mixed
skeletal vibrations are seen at 1256 cm™, 1189 cm™, and at 1267 cm™, 1020 cm™, and 990 cm™
for PTCNMe and the copolymers, respectively. Finally, the v (C-S) carbon-sulfur stretch is
observed as a sharp peak at 1042 cm™ for PTCNMe (Table C.1). The collective FTIR and Raman
spectra provide strong evidence for backbone fusion and the molecular structures of the random
copolymers.

To further characterize the molecular structures of the model compound and BBL-xTCN
copolymers, X-ray photoelectron spectroscopy (XPS) analysis was performed on thin films on
silicon substrates. The survey scans are shown Figures C.6a-e, the high-resolution scans with
optimal peak fitting of the C 1s, N Is, and S 2p peaks in Figures 3.8 and C.7, and the tables of C
Is and N 1s binging energies, the C 1s and N 1s full-width at half-maximum (FWHM) values,
and S 2p binding energies are in Tables C.3-C.4. The survey scans of BBL and the random
copolymers (Figure C.6) show three intense peaks in the range of 280 eV - 530 eV that
correspond to O 1s, N 1s, and C 1s emissions. Additionally, there are two peaks in the 160 — 230
eV region that correspond to S 2p and S 2s emissions that increase in area with increasing mol%
of the TCN moiety. The area of the N 1s and S 2p emission peaks were used to quantify the

sulfur/nitrogen ratio in the random copolymers and thus indicate the approximate mol% of NTA-
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TCN incorporated into the backbone (Table 3.2). The measured sulfur/nitrogen ratios of 0.18,
0.28, and 0.41 corresponding to BBL-20TCN, BBL-35TCN, and BBL-50TCN, respectively, are
closely matched to theoretical values of 0.17 for BBL-20TCN, 0.29 for BBL-35TCN, and 0.33
for BBL-50TCN (Table 3.2). This indicates that the NTA-TCN and NTCA comonomers were
successfully incorporated in their approximate expected ratios, with the exception of BBL-
S50TCN. The 0.08 increase in the measured S/N value indicates an increased amount of NTA-
TCN may be incorporated into the copolymer backbone, likely because of the high reactivity of
the NTA-TCN monomer combined with the poor solubility of the resultant polymer.

Table 3.2. XPS Parameters Including the Combined Full-width at Half-maximum (FWHM) for

N 1s Peaks, and Sulfur/Nitrogen Ratios of the BBL-xTCN Random Copolymers.

Compound ity Fleel Ml
(eV)

BBL 1.9 N/A N/A
BBL-20TCN 2.1 0.17 0.18
BBL-35TCN 2.3 0.29 0.28
BBL-50TCN 2.4 0.33 0.41

The high-resolution XPS spectra of the N 1s emissions (Figure 3.8) for the model
compound and BBL-xTCN copolymers show two separate peaks centered around 399.0 eV and
401.0 eV, which correspond to the imine/nitrile and amide nitrogen emissions, respectively
(Table C.4).">" We note that the nitrile nitrogen could not be resolved, which is likely because

57-59 :
! However, there is a

of the superposition of the nitrile and imine nitrogen peaks (Figure 3.8).
substantial increase in the N 1s FWHM values from 1.9 eV in BBL to 2.4 ¢V in BBL-50TCN

(Table 3.2). One explanation for the peak broadening is increased conformational disorder in the
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copolymers as the mol% of the TCN moiety is increased.®” However, a more likely explanation
for the substantial peak broadening given the evidence of the nitrile peak in the previously
discussed Raman spectrum (Figure 3.7b), is an increasing amount of underlying nitrile emissions
contributing to the N 1s peak area. The presented XPS results provide strong evidence for the

molecular structures of the model compound and random copolymers.
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Figure 3.7. XPS spectra of the optimally fit high-resolution N 1s emissions of the PTCNMe

model compound and BBL-xTCN random copolymers.
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3.2.3.2 Electronic Structure. We investigated the electronic structure of the model compound
and random copolymers by using a combination of DFT calculations, time-dependent (TD) DFT
calculations, and cyclic voltammetry. The DFT and TD-DFT calculations were performed at the
©B97XD/631G(d,p) level of theory on the model compound and representative BBL-50TCN
oligomer comprised of 6 repeat units oriented in a cis-trans isomeric distribution with respect to
the imide, and the TCN moieties are placed on the cis repeat units. The ground state geometry of
PTCNMe and BBL-50TCN in Figure 3.9 shows severe out-of-plane bending deformations along
the m-conjugated backbone as well as through the TCN groups; this result is in contrast to BBL

416 The molecular orbital distributions of PTCNMe are

that has a coplanar molecular structure.
somewhat delocalized across the molecule; specifically, the HOMO is more centered along the
benzene-naphthalene moieties, and the LUMO is localized to the naphthalene imide-TCN
moieties (Figure 3.9a). The HOMO and in particularly the LUMO of the BBL-50TCN oligomer
are extremely localized (Figure 3.9b) compared to the molecular orbital distributions in BBL
calculated at the same level of theory.*'® The localization of the HOMO and LUMO molecular
orbitals implies that charge density may be trapped in the monomeric regions containing the
strong electron-withdrawing TCN moiety, which could decrease the electrical conductivity

relative to BBL.>**!
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Figure 3.8. DFT calculations of the optimized ground state geometry and frontier molecular
orbital distributions of (a) PTCNMe and (b) the representative BBL-50TCN oligomer comprised
of 6 repeat units. The calculations were performed at the ®B97XD-631G(d,p) level of theory.

To gain insight into the electron density distributions in the TCN moiety, an electrostatic
potential (ESP) map was calculated using the ground state geometry of PTCNMe shown in
Figure C.8. Regions of high electron density (negative charges), which are represented as areas
of red-orange, are almost exclusively localized on the TCN groups, while areas lacking electron
density (positive charges) are shown as the blue-green regions and are accumulated on the
central naphthalene core and extending out to the benzene moieties. The localization of the
electron density suggests that there may be regions of intramolecular charge transfer (ICT)
between the TCN groups and the polyaromatic core. The TD-DFT calculated absorption
spectrum for the optimized model compound shown in Figure C.9 closely resembles the

experimental thin film absorption spectrum where the n-n* transition is centered at 580 nm. The
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pictoral representations of both the electron and hole orbital distributions corresponding to the -

n* transition are shown in Figure C.9c.
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Figure 3.9. (a) Cyclic voltammograms for the reduction processes of PTCNMe and the BBL-
XTCN random copolymers as thin films measured in 0.1 M BusNPFg electrolyte solution using
Ag/AgNO; as the reference electrode and plotted vs. Fc/Fc'. The scan rate was 15 mV/s. (b)
Energy levels of PTCNMe and the BBL-xTCN series.

We used cyclic voltammetry (CV) to further investigate the electronic structure of the
model compound and random copolymer thin films coated on platinum wires from which the
HOMO and LUMO energy levels were derived. The detailed experimental conditions are in the

Experimental Methods section, the reduction scans vs. Fc/Fc™ are shown in Figure 3.10a, and the
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HOMO and LUMO energy levels are presented graphically in Figure 3.10b. The energy levels
and electrochemical bandgap (E, ) are listed in Table 3.3. PTCNMe shows two quasi-
reversible reduction peaks at -0.67 V and -1.08 V, and an onset reduction potential at -0.41 V
from which a LUMO energy level of -4.39 eV was derived (Table 3.3). We note that the LUMO
level of PTCNMe is 0.11 eV lower than that reported for the naphthalene diimide version of —
428 eV.* BBL-20TCN shows four quasi-reversible reduction waves at -0.90 V, -1.35 V, -1.49
V, and -1.56 V (Figure 3.10a), and the LUMO energy level measured from the onset of reduction
at -0.68 V was found to be -4.12 eV, which is nearly identical to the LUMO energy level of -4.10
measured for BBL (Figure 3.10b and Table 3.3). Comparing the potentials of all the reduction
peaks of the copolymers shows them shifting towards higher potentials with an increasing mol%
of the TCN moiety (Figure 3.10a). For example, the first reduction peak in BBL at -1.01 V
(Figure 3.10a) is shifted to -0.90 V for BBL-20TCN; this trend continues for all the reduction
peaks in BBL-20TCN, BBL-35TCN, and BBL-50TCN (Figure 3.10a). The shift of the reduction
peaks towards higher potentials indicates that the reduction process (n-dopability) is facilitated
by as little as 20 mol% of the electron-deficient TCN moiety. The reduction scan of BBL-35TCN
(Figure 3.10a) shows three quasi-reversible reduction waves at -0.90 V, -1.35 V, and -1.56 V,
and the onset of reduction measured at -0.66 V was used to calculate a similar LUMO energy
level of -4.16 eV (Figure 3.10b). Increasing the TCN moiety to 50 mol% shifts the quasi-
reversible reduction peaks towards even higher potentials: -0.68 V, -0.97 V, -1.26 V, and -1.49 V
(Figure 3.10a). Moreover, the measured LUMO energy level of -4.30 eV determined from the
onset of reduction at -0.50 V is 0.20 eV lower than for BBL (Table 3.3). This result indicates that
at least 50 mol% of the TCN moiety is required to significantly affect the LUMO levels of the

random copolymers.
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The oxidation scans of the random copolymers and model compound vs. Ag/Ag" show
one non-reversible oxidation wave each at 1.69 V for BBL-20TCN (Figure C.10a), 1.31 V for
BBL-35TCN (Figure C.10b), 1.67 V for BBL-50TCN (Figure C.10c), and 1.59 V for PTCNMe
(Figure C.10d). The HOMO energy level of BBL-20TCN was calculated from the onset of
oxidation at 1.20 V and found to be -5.85 eV, which is comparable to that reported for BBL
(Table 3.3).* The onset of oxidation for BBL-35TCN is 1.20 V, which was used to calculate the
HOMO energy level of -5.84 eV, and an onset oxidation potential of 1.46 V for BBL-50TCN
was used to calculate the HOMO level of -6.00 eV (Table 3.3). Finally, the HOMO level of -5.92
eV was calculated for PTCNMe from the onset of 1.28 V. The electrochemical bandgaps (E,°°*)
range from 1.53 eV to 1.80 eV (Table 3.3).

Table 3.3. Electronic Structure Parameters and Optical Properties of the model compound

PTCNMe and the BBL-xTCN polymers.

HOMO® LUMO™  Eglc® A emx @  Anax®  Omax @ EP

Compound (eV) (eV) (V) (m) M'em') (mm) (cm™) (eV)
PTCNMe  -5.92 -4.39 1.53 559 19x10° 580 ; 1.52
BBL -5.809 4.10 1.70 545  49x10* 576 1.9x10° 1.64
BBL- ‘ 5
SOTON -5.85 -4.12 1.73 542 44x10° 561 1.8x10 1.67
BBL- ‘ 5
31STON -5.84 416 170 533 44x10° 561 1.3x10 1.63
BBL- -6.00 430 180 518 1.8x10° 574 14x10°  1.60

(@ Measured from cyclic voltammetry. ® Solution in MSA. © Spin-coated thin films from MSA
solution. “Value taken from reference (4).

3.2.3.3 Optical Properties. The optical absorption spectra of the model compound and BBL-
XTCN polymers in MSA solution and as thin films on glass substrates are shown in Figure 3.11,
and the normalized optical absorbance spectra of the MSA solutions and thin film on glass are in

Figure C.11. The optical properties (molar absorptivity (&max), absorption coefficient (ct), and
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optical bandgap (E, ")) are summarized in Table 3.3. In MSA solutions, PTCNMe shows two
high energy bands at 345 nm (&max = 1.6 X 10 M! cm'l) and 431 nm (&nax = 1.1 x 10* M! cm'l),
and one low energy band at 561 nm (e = 1.9 x 10* M cm™), which can be assigned to the 7-
n* transition (Figure 3.11a). The copolymers also show two high energy bands centered around
324 nm and 376 nm, and a high intensity, lowest-energy peak ranging from 545 nm in BBL to
518 nm in BBL-50TCN, which can be assigned to the n-n* transition (Figure 3.11b). Going from
the 0 — 50 mol% of TCN in the copolymer backbone results in a series of interesting trends in the
MSA solution absorption spectrum of the copolymers. First, the n-n* peak is blue-shifted by 27
nm from BBL to BBL-50TCN, which is accompanied by spectral broadening (Figure C.11a).
The blue shift can be explained by the increased molecular disorder in the copolymer backbone
that was observed on the previously discussed DFT calculations (Figure 3.9). Second, the MSA
solution absorption spectra of the random copolymers show a new band appearing around 680
nm that is absent in BBL but present in PTCNMe (Figure 3.11a). We propose this peak is from
protonation-enhanced ICT character in the TCN-containing polymers and model compound,
whereby protonation of the sulfur groups in the random copolymers enhances the ICT

interactions in the polymer backbone.** %
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Figure 3.10. (a) Normalized optical absorption spectra of the PTCNMe model compound as a
thin film on glass and in MSA solution. Optical absorption spectra of the BBL-xTCN
copolymers as (b) MSA solutions, and (c) as thin films on glass substrates.

The optical absorption spectrum of PTCNMe thin films on glass show one high energy
band at 434 nm and a lowest-energy band, which is assigned to the n-n* transition, at 580 nm.

We note that the spectral shape and peak positions of the PTCNMe thin film are closely matched
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with the previously discussed simulated absorption spectrum where the n-n* peak is centered at
576 nm (Figure C.9b). The thin film absorption spectra for the copolymers show two broad
bands in the 300 — 800 nm region with a high energy peak at 353 nm and the lowest energy peak
ranging from 576 - 561 nm for BBL to BBL-50TCN, which can be assigned to the m-m*
transition (Table 3.3). The slightly blue-shifted and spectrally broadened 561-nm peak of BBL-
35TCN, which is also accompanied by a decreasing oumax value (Table 3.3), indicates that the thin
films are more disordered compared to BBL thin films. In the case of BBL-50TCN, despite
showing the most spectral broadening, the m-n* transition is centered at 574 nm, which is
identical to that of BBL, and has a slightly increased amax value relative to BBL-35TCN (Table
3.3). This trend implies that the induction effects of the TCN moiety in the BBL-50TCN
backbone are strong enough to slightly increase the effective m-conjugation length relative to
BBL-35TCN despite the conformational disorder. The optical bandgaps (E,™") calculated from
the onset of absorption range between 1.60 eV — 1.67 eV and slightly smaller than the E '
values of 1.70 eV — 1.80 eV measured from the CV scans that were previously discussed (Table
3.3).

Compared to the solution absorption spectra, the thin film spectra have notable
differences. In particular, the 680-nm absorption band is absent in the thin film, confirming its
protonation-enhanced ICT origins (Figure 3.11a). Additionally, the thin film absorption spectra
are red-shifted by 23 nm - 43 nm for the BBL-xTCN polymers, and 21 nm for PTCNMe
compared to the MSA solution absorption spectra (Table 3.3), which suggests improved
molecular ordering of the copolymers and model compound in the solid state compared to the

protonated species in MSA solutions.

3.2.4 Conclusions
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We have synthesized and investigated the molecular and electronic structure, and optical
properties of a series of electron-deficient BBL-based random copolymers featuring
dithiinotetracarbonitrile (TCN) moieties, BBL-xTCN (x = 20, 35, and 50) and the corresponding
model compound PTCNMe. We found that the TCN-containing monomer increased the speed of
polycondensation such that the copolymers formed in 12 hours and produced copolymers with
modest intrinsic viscosity values ranging from 1.3 dL/g - 2.5 dL/g in MSA at 30.0°C.
Additionally, we found that incorporating as little as 20 mol% of the electron-deficient moieties
into the backbone decreased the reduction potentials of the polymers, and 50 mol% of the TCN
monomer decreased the LUMO energy level by 0.20 eV.

The MSA solution absorption spectra showed the appearance of a small peak at 680 nm,
which is absent in the thin film absorption spectra, and is attributed to protonation-enhanced
intramolecular charge transfer effects. The thin film absorption spectra of the polymers show
similar optical bandgaps ranging from 1.60 eV — 1.67 eV. Notably, we found that incorporation
of 35 - 50 mol% of the TCN moiety induced substantial peak broadening in the thin-film optical
absorption spectra, which originates from the enhanced structural disorder of the random
copolymers that was evidenced by DFT calculations. The present results on the BBL-xTCN
polymers provide new insights into how functionalization of BBL with electron-deficient
moieties influences the synthesis, electronic structure and optical properties of m-conjugated

ladder polymers.
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Chapter 4. p-Type Semiconducting Ladder Poly(pyrrolobenzothiazine)s: Effects
of N-Alkyl Side Chains on the Chain Conformation, Electronic Structure, and
Charge Transport Properties

4.1 Introduction

It is well known that the backbone conformation of m-conjugated polymers directly
impacts their electronic structure and properties including molecular orbital distribution,
reorganizational energy during charge transfer process, intermolecular transfer integrals,"” and
the degree of electronic delocalization. In contrast to semi-flexible polymers that show
conformational torsions and rotations along the single bonds that link the polymer repeat units,
n-conjugated ladder polymers feature a double-stranded architecture that is thought to limit

135 The most notable member of the

conformational distortions and promote backbone rigidity.
n-conjugated ladder polymers, poly(benzimidazobenzophenanthroline) (BBL) (Chart 4.1), first
synthesized in 1966 for aerospace applications due to its extremely high thermal and chemical
stability,” has been successfully used in a variety of organic electronic and optoelectronic

3,721

applications over the past 3 decades. BBL and its derivatives are the only known examples

of m-conjugated ladder polymers that have rigid-rod backbones in solution and solid state;** >’
the scarcity is primarily because of the difficulty in the synthesis of m-conjugated ladder

1.1 For example, in polymers such as BBL and ladder-type polyaniline

polymers in genera
derivatives,” installing basic sites such as imine nitrogens in the backbone is a key design
feature that enables either processing in protic acids or offer unique properties such as acid-
doped conductivity. Beyond BBL, there is one other conjugated ladder polymer, called ladder
poly(p-phenylene) (LPPP), that has been subjected to rigorous studies of its backbone

conformation and persistence length.>® Interestingly, it was found that LPPP has a wormlike
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conformation despite its ladder architecture, which means that LPPP showed bending
fluctuations in solution.’* There is a need to further explore the structure-property relationships
of m-conjugated ladder polymers since it is evident that they do not exclusively have rigid-rod
conformations as widely assumed.

Chart 4.1. Molecular structures of n-conjugated ladder polymers BBL, LPBT and LPBT-Me,

and ladder molecule PBBTZ.
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An intriguing ladder small-molecule p-fype semiconductor, PBBTZ® (Chart 4.1), which
features an electron rich, co-planar pyrrolobenzothiazine building block, was reported to exhibit
high hole mobility (uy) values of 0.34 cm*/Vs in polycrystalline thin film organic field-effect
transistors® and 3.6 cm®/Vs in single-crystal field-effect transistors.”® These results suggested
that incorporation of pyrrolobenzothiazine moieties into m-conjugated polymers could enable
good charge transport properties. In 2012, a pyrrolobenzothiazine-based m-conjugated ladder
polymer featuring 2-octyldodecyl solubilizing groups (PPBBTZ) was reported, although no
charge transport properties or molecular geometry studies were reported.’’ Recently, the parent
ladder poly(6H-pyrrolo[3,2-b:4,5-b’]benzothiazine) (LPBT), without solubilizing alkyl chains,

was reported; we note that this polymer was named 6H-pyrrolo[3,2-b:4,5-
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b'bis[1,4]benzothiazine ladder (PBBTL), which we believe is incorrectly derived from the
model compound PBBTZ.*’ It was shown that LPBT has a HOMO level of -5.0 ¢V and could be
p-type doped with FeCls; to a moderate electrical conductivity of 1.54 S/cm and moderate
thermoelectric properties.’® Moreover, blends of p-type LPBT and n-type BBL have been used to
fabricate p-channel and n-channel organic electrochemical transistors (OECTs), which gave mC*
values of 2.72 and 1.36 F/cmVs,”' respectively, demonstrating the potential of LPBT in organic
electronic devices. However, the intrinsic charge transport properties of LPBT are yet to be
investigated, as are the possible effects of N-alkyl substitution to create derivatives of this m-
conjugated ladder polymer backbone.

Here, we report the synthesis of new ladder poly(6-methyl-pyrrolo[3,2-b:4,5-
b’]benzothiazine) (LPBT-Me) along with the parent LPBT (Chart 4.1). We also report detailed
investigations of their molecular geometry, electronic structure, thin film microstructure, optical
and field-effect charge transport properties. Our choice of the pyrrolobenzothiazine ladder
structure as a model system to study the impacts of alkyl side chains on the chain conformation,
electronic structure, and charge transport properties is based on the promise of the
pyrrolobenzothiazine backbone® and ladder polymer” as a class of p-type semiconducting
materials. Furthermore, the N-H provides a molecular handle for ready attachment of diverse
side chains, including solubilizing groups that may enable solution processing in organic
solvents.>® In the present study, a methyl group was chosen because it is the simplest example of
an alkylated ladder polymer that still allows good solubility in protic acids. We probed the chain
conformation and molecular geometry of LPBT and LPBT-Me in protic acid solutions by doing
variable temperature optical absorption spectroscopy and via density functional theory (DFT)

and time-dependent DFT calculations on ladder polymer chains of varying degree of protonation.
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We show that the m-conjugated backbone of ladder poly(pyrrolobenzothiazine) has a donor-
acceptor motif that is very sensitive to protonation in acidic solvents but gives rise to a small
bandgap (1.5 eV) that is unaffected by N-methylation. The thin film microstructure of the LPBTs
was characterized by grazing-incidence wide-angle X-ray scattering (GIWAXS). We
investigated the charge transport properties of the LPBTs by using the organic field-effect

transistor (OFET) platform.

4.2 Experimental Methods

Materials and Methods. The 2,5-diamino-1,4-benzenedithiol HCI monomer purchased from
Ambeed with 97% purity was recrystallized in 20% HCI solution according to the published
procedure before use.”® 2,3-dibromo-N-methylmaleimide (99%) and 2.3-dibromomaleimide
(99%) were purchased from Ambeed and used as received. Polyphosphoric acid (PPA, 84%
P,0s), phenylphosphonic acid (PhPA), methanesulfonic acid (MSA) (> 99%), formic acid, and
triflic acid were purchased from Sigma-Aldrich and used as received. Methanol was purchased
from Fisher Scientific and used as received. All reactions were performed under inert
atmosphere.

The intrinsic viscosities [77] of the polymers in MSA solutions were measured by an
Ubbelohde viscometer which was held at 30°C using a water bath. The concentrations of the
polymer solutions were chosen such that the elution time of the polymer solution was 1.1 — 1.8
times that of the pure solvent.

The 'H NMR spectrum was recorded on a Bruker AV500 (at 500 MHz) using deuterated
nitromethane/GaCl; as the solvent. Thermogravimetric analysis (TGA) was conducted on a TA
Instrument model Q50 TGA. A heating rate of 10 °C /min under a flow of N, was used with runs

conducted from room temperature to 880 °C. Differential scanning calorimetry (DSC) analysis
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was performed on a TA Discovery DSC 500 under N, by scanning from -10 °C to 350 °C at a
heating rate and cooling rate of 10 °C /min. Optical absorption spectra were measured on a
PerkinElmer model Lambda 900 UV-vis/near-IR spectrophotometer. Solution absorption
spectrum was obtained from dilute (10 — 10" M) solutions in methanesulfonic acid, formic acid,
and triflic acid.

Cyclic voltammetry (CV) experiments were performed using an EG&G Princeton
Applied Research potentiostat/galvanostat (model 273A). A three-electrode cell was used, using
a platinum wire as the counter electrodes and the polymers coated onto platinum wires from
MSA solution as the working electrodes. The reference electrode was Ag/AgNOs in acetonitrile.
The acidic solvents were removed by dipping the substrates in isopropanol (IPA) overnight and
subsequently dried in vacuum oven at 60°C. The supporting electrolyte solution consisted of 0.1
M tetrabutylammonium hexafluorophosphate (BusNPFs) in anhydrous acetonitrile. The
electrolyte was purged with nitrogen for 15 minutes prior to the scans to ensure inert and
anhydrous conditions. The reduction and oxidation potentials were referenced to the Fc/Fc'
couple by using ferrocene as an internal standard. LUMO energy levels were estimated using the
ferrocene value of -4.8 eV with respect to vacuum level.”®*® The LUMO and HOMO levels were
determined by using the equations £y ymo = -(eEred”™ + 4.8) and Epomo = -(eEo "™ + 4.8).

Fourier transform infrared spectroscopy (FTIR) experiments were performed on a Perkin
Elmer Frontier spectrometer using free-standing films. The resolution was set at 1 cm™ and a set
of 16 scans was averaged. Raman spectroscopy of the free-standing films was carried out on a
Thermo Scientific DXR2 Raman microscope. A 532 nm laser with a power of SmW was focused

on a sample through a 50x objective lens.
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Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were
conducted at the Advanced Light Source (ALS) at Lawrence Berkley National Laboratory by
using the beamlines 7.3.3 and a Pilatus 2M area detector. The images were taken with a beam
energy of 10 keV and an incidence angle 0.14° with 5 s exposure time. Data were processed
using Nika and WAXStools* in Igor Pro. Peak positions were determined by Lorentzian peak
fittings. The crystal coherence length (L.) of samples was determined by using the Scherrer
equation*': L. = 21K/Ag, where K is a shape factor (typically 0.9) and Ag is the full width at
half-maximum (FWHM) of the diffraction peak. Here, the L. (100) and L. (010) were obtained
respectively from the FWHM of the (100) diffraction peak in the in-plane (gxy) line-cut and the
FWHM of the (010) diffraction peak in the out-of-plane (¢g.) line-cut.

Gas-phase molecule density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations were performed using the Gaussian 16 suit of
programs* at the ®B97XD/631-G(d,p) level of theory on the representative oligomers
comprising three repeat units. Vertical electronic transitions were calculated for 12 excited states.
Synthesis of LPBT-Me. PPA (42.90 g) was added to a reaction vessel equipped with a
mechanical stirrer and heated to 150°C and purged with nitrogen overnight. The PPA was cooled
to 40°C, and 2,5-diamino-1,4-benzenedithiol HCl (2.73g, 11.2 mmol) was added. The
temperature was increased to 70°C and stirred for 24 hours under nitrogen followed by 3 hours
under vacuum to complete the dehydrochlorination. The temperature was then reduced to 65°C
and 2,3-dibromo-N-methylmalemide (3.0 g, 11.2 mmol) was added and stirred overnight. The
temperature was increased to 120°C and stirred for 24 hours. The temperature was then slowly
increased to 180°C and stirred for 72 hours. The reaction mixture was cooled to room

temperature, and methanol was added to quench the reaction. The polymer was filtered, washed
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with methanol, and dried. The crude polymer was further purified by reprecipitation from MSA
into methanol and thoroughly dried at 100°C under vacuum (2.12 g, 80%). Intrinsic viscosity: 1.7
dL/g (30.0°C, MSA). Anal. caled for C;1HsN3S, (%): C, 54.30; H, 2.07; N, 17.27; S, 26.36;
found (%): C, 50.71; H, 2.15; N, 15.49.

Synthesis of LPBT. The polymerization was carried out according to the same procedure as
LPBT-Me, except a binary solvent mixture of PPA:PhPA was used in a 1:1 ratio (28.056
2/28.056 g). 2,5-diamino-1,4-benzenedithiol HCl (2.50 g, 10.20 mmol), 2,3-dibromo-1H-
maleimide (2.60 g, 10.20 mmol); (yield, 1.38 g, 60%). Intrinsic viscosity: 2.4 dL/g (30.0°C,
MSA). Anal. caled for C;oH3N3S; (%): C, 52.38; H, 1.32; N, 18.33; S, 27.97; found (%): C,
50.24; H, 1.82; N, 15.609.

4.3 Results and Discussion

4.3.1. Synthesis and Characterization. The synthetic routes to both LPBT and LPBT-Me are
shown in Scheme 4.1, and the detailed polymerization procedures are described in Experimental
Methods. The parent polymer LPBT was synthesized in a binary acid mixture using
polyphosphoric acid (PPA, 84% P,Os) and phenylphosphonic acid (PhPA) in a 1:1 wt. ratio
according to the published procedure. ** The addition of PhPA as a co-solvent was to enhance the
solubility of the 2,3-dibrmomo-1H-malemide monomer in the PPA reaction medium and thus to
prevent sublimation of the monomer at temperatures > 80°C.** Nevertheless, we still observed
sublimation of the 2,3-dibromo-1H-malemimide monomer at high temperatures > 80°C, which
means that the stoichiometry of the condensation polymerization is suboptimal. The sublimation
of the monomer limited the intrinsic viscosity ([#]) of the LPBT sample to 2.4 dL/g in
methanesulfonic acid (MSA) at 30°C, which is similar to the previously reported polymer ([7]

value of 3.7 dL/g in MSA at 25°C).*
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Scheme 4.1. Synthesis of LPBT and LPBT-Me (PPA = polyphosphoric acid, 84% free P,Os.

PhPA = phenylphosphonic acid).
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The alkylated polymer LPBT-Me was synthesized in pure PPA since the co-solvent
PhPA did not seem to improve the solubility of the maleimide monomer in LPBT synthesis.
When the temperature of the polymerization mixture was increased beyond 150°C, evaporation
of 2,3-dibromo-N-methylmaleimide (T, = 120°C) was observed. This indicates that the solubility
of the methylated monomer in PPA is still too low to afford high molecular weight polymers.
Thus, the resulting LPBT-Me sample had a modest intrinsic viscosity [#] value of 1.7 dL/g in
MSA at 30°C. The moderate intrinsic viscosity values of both LPBT and LPBT-Me clearly
highlight the limitations of the reaction scheme whereby the poor solubility of 2,3-
dibromomaleimide monomers in acid media limits the molecular weight of achieved ladder

polymers.

Both polymers were isolated as brown solids and are soluble in strong acids such as MSA
and triflic acid. The polymers form good quality thin films when spin-coated from MSA
solutions, giving blue-green thin films with shiny lusters. LPBT and LPBT-Me can also be made

into high quality free-standing films, which were used to confirm the molecular structures of the



127

polymers using Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy. The
detailed procedure for forming the free-standing films is located in the Appendix D. The free-
standing films were then used to characterize the molecular structures and thin film
microstructures. The FTIR and Raman spectra (Figure 4.1a-d) were analyzed alongside Density
Functional Theory (DFT) simulated FTIR and Raman spectra calculated at the ®B97XD/6-
31G(d,p) level of theory on oligomers comprising three repeat units each (Figure D.la-d). The
peak positions and assigned vibrational modes are summarized in Tables D.1-D.2 for LPBT and

LPBT-Me, respectively.

(a) FTIR LPBT

'-(b) FTIR LPBT-Me
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Figure 4.1. Normalized (a) FTIR and (c) Raman spectra for the free-standing films of LPBT, and

normalized (b) FTIR and (d) Raman spectra for the free-standing films of LPBT-Me.
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The FTIR spectrum of the parent polymer LPBT (Figure 4.1a) has prominent aromatic
v(C=C) stretches at 1698 cm™ and high intensity imine carbon-nitrogen stretches, v(C=N) and
V(C-N), at 1600 cm™ and 1225 cm™, respectively. At lower wavenumbers, mixed pyrrole
stretches can be seen at 1459 c¢cm™, 1360 cm™, and 1124 c¢m™'. Furthermore, the medium
intensity carbon-sulfur v(C-S) stretch is found at 1085 cm™.* Raman absorption bands for LPBT
(Figure 4.1c) show sharp aromatic v(C=C) stretches at 1611 cm™ and 1482 cm™, and high
intensity imine v(C=N) stretches at 1545 cm™. Mixed pyrrole stretches are seen as a high
intensity band at 1349 cm™'. The peak at 1235 cm™ can be assigned to mixed skeletal vibrations,
and carbon-sulfur v(C-S) stretches are found at lower wavenumbers at 1032 cm™ and 743 cm™. %
We note that the FTIR stretches seen for LPBT are in good agreement with the previously
reported infrared spectrum.*

LPBT-Me shows similar FTIR stretches compared to the parent polymer (Figure 4.1b).
The bands representing the aromatic v(C=C) stretches are seen at 1613 cm™'. The sharp band at
1577 cm™ originates from imine carbon-nitrogen v(C=N) stretches and the medium intensity
peak at 1239 cm™ is from mixed pyrrole and v(C-N) vibrations. The v(C-S) stretching frequency
is found at 1046 cm™.* Raman absorption bands for LPBT-Me (Figure 4.1d) show high intensity
V(C=C) stretches at 1619 cm™ and 1488 cm™ and a sharp imine stretching v(C=N) band at 1542
cm’™'. Mixed pyrrole and aromatic vibrations are assigned to the peaks 1428 cm™, 1362 cm™, and
1253 ecm’. Finally, the v(C-S) stretches are seen at 1026 cm™ and 737 cm™.* The observed FTIR
and Raman spectra of both LPBT and LPBT-Me are in good agreement with the DFT-calculated

spectra (Figure D.la-d) and provide strong evidence for the molecular structures of both ladder

polymers.
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We note that the DFT-calculated Raman spectra show higher intensity stretches for
LPBT-Me relative to LPBT (Figures D.lc-d); this indicates greater polarizability (o) of the
methylated polymer (o = 1946.4 a.u) compared to the parent polymer (o = 1799.6 a.u). The DFT-
calculated dipole moment values were found to be 5.64 D and 4.84 D for LPBT-Me and LPBT,
respectively. In donor-acceptor m-conjugated systems, the intramolecular charge transfer (ICT)
character is partially determined by a combination of polarizability and dipole moment, where
larger dipole moments and polarizability typically indicate stronger ICT interactions.***
Therefore, the increased polarizability and dipole moment values for LPBT-Me suggest that
methylation enhances ICT character in pyrrolobenzothiazine ladder polymers.

To further characterize the molecular structures of the polymers, we have collected 'H
NMR spectra for both LPBT-GaCl; and LPBT-Me-GaCl; complexes in deuterated
nitromethane®” and the spectra are shown in Figure D.2. Solutions of both polymers were
prepared in deuterated nitromethane containing GaCl; according to the known procedures.*®
However, we point out the use of the Lewis-acid solutions as NMR solvents is known to produce
impurities in the NMR spectra;>*’ these impurities appear at ~ 5.9 ppm, and ~ 6.3 ppm - 6.5
ppm for both polymers (Figure D.2). The NMR spectra show two main peaks from the benzene
protons at 7.2 ppm and 8.1 ppm for LPBT, and a cluster of peaks ~ 7.7 — 8.6 ppm for LPBT-Me.
The cluster of peaks for LPBT-Me could be due to the planar/non-planar conformational
variations of the LPBT-Me backbone. The methyl peak is seen at 4.1 ppm, which overlaps with
the deuterated nitromethane solvent peak at 4.5 ppm.

The thermal stabilities of LPBT and LPBT-Me were probed using thermal gravimetric

analysis (TGA) and differential scanning calorimetry (DSC) and the thermograms are shown in

Figure D.3a-b in Appendix D. Both polymers show excellent thermal stability measured by TGA
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(Figure D.3a) with high thermal decomposition temperatures > 450°C and retain > 65% of their
mass at 800°C. DSC scans revealed no phase transitions in the range of 25°C to 350°C (Figure
D.3b), which is typical for ladder polymers to have very high glass transition temperatures over
350°C."

4.3.2. Electronic Structure of Ladder Poly(pyrrolobenzothiazine)s. We investigated the
electronic structures of LPBT and LPBT-Me by density functional theory (DFT) calculations,
time-dependent DFT (TD-DFT) calculations, and cyclic voltammetry. The results of the DFT
and TD-DFT calculations performed at the ®B97XD/6-31G(d,p) level of theory and are aimed to
gain insight into the backbone geometries and frontier molecular orbital distributions and are
shown in Figures 4.2a-b. The excited state geometry and vertical electronic excitations for 12
excited states are shown in Figure D.4. The optimized ground state geometry of LPBT-Me
(Figure 4.2a) and LPBT (Figure 4.2b) in the gas phase are completely co-planar with both
HOMO and LUMO molecular orbitals delocalized across three repeat units. In the excited state,
both LPBT and LPBT-Me show planar backbones with electronic transitions between 380 —
1330 nm. The optical bandgaps obtained from the DFT results show the E, ™ ~ 1.0 eV for LPBT
and 0.9 eV for LPBT-Me. In the visible range, the oscillator strengths for the electronic
transitions are more than twice as large for LPBT compared to LPBT-Me (Figure D.4).
Oscillator strengths often rise with increasing molecular planarity and rigidity in m-conjugated

% this suggests that LPBT maintains a rigid backbone upon photoexcitation,

molecular systems;
which is likely due to intramolecular hydrogen bonding.”® The distance between the pyrrole
proton and the imine nitrogen in LPBT was calculated to be 2.70 A in the ground state and 2.67
A in the exited state, which are less than the sum of their van der Waals radii (N, 1.55 A; H, 1.20

A)’" In fact, the shorter hydrogen bonding distance in the excited state implies stronger
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hydrogen bonds relative to the ground state. Effects of intramolecular hydrogen bonding are also
seen in the reorganization energy (A) calculated for each oligomer upon hole injection. The
reorganizational energy is the energy associated with geometry changes when going from a
neutral to a charged-state geometry.”>>> The A values of 0.77 eV and 1.30 eV calculated for
LPBT and LPBT-Me, respectively, show a two-fold decrease for LPBT. This means that
intramolecular hydrogen bonding may be crucial in maintaining rigidity upon charge injection

for the ladder poly(pyrrolobenzothiazine)s.*

ﬁ*ﬁfﬁ, ﬁ‘ﬂw
LUMO

HOMO
Figure 4.2. DFT calculations using ®«B97XD/6-31G(d,p) level of theory for the optimized

ground state geometry and molecular orbital distributions for single oligomers comprising 3
repeat units each for (a) LPBT-Me and (b) LPBT. The molecular geometry top and side views
are of the same single oligomer.

We used cyclic voltammetry (CV) to measure the oxidation and reduction potentials of
the polymers, from which we derived the HOMO and LUMO energies, and the results are

summarized in Table 4.1. The oxidation and reduction waves of LPBT and LPBT-Me thin films
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coated on platinum wires were measured in 0.1 M tetrabutylammonium hexafluorophosphate
(BusNPF) in degassed acetonitrile with Ag/AgNOs as the reference electrode and are shown in
Figure 4.3, and additional scans are shown in Figure D.5. LPBT shows two quasi-reversible
oxidation waves at 0.97 V and 1.40 V, and one non-reversible reduction wave centered at -1.36
V (Figure 4.3a). The onset oxidation potential of 0.66 V and onset reduction potential of -0.99 V
were used to estimate the HOMO and LUMO energy levels of -4.96 eV and -3.27 eV,
respectively, for LPBT. The electrochemical bandgap (E, ") of LPBT is thus 1.69 eV. The

onset oxidation potential of 0.66 V is comparable to the previously reported value of 0.67 V.*°
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Figure 4.3. Cyclic voltammograms for the oxidation and reduction processes of (a) LPBT and
(b) LPBT-Me thin films measured in 0.1 M BusNPF; electrolyte solution using Ag/AgNO; as the
reference electrode. The scan rate was 100 mV/s. The arrows indicate the direction of charging.

The methylated polymer, LPBT-Me, also shows two quasi-reversible oxidations waves at
1.06 V and 1.53 V (Figure 4.3b); however, unlike the parent polymer that showed a non-
reversible reduction scan, LPBT-Me has a quasi-reversible reduction wave at -1.38 V. The quasi-
reversibility of the LPBT-Me reduction wave suggests that the electron transfer process (n-
doping) and the resulting radical anion are stabilized due to the methylation of the pyrrole
nitrogen. The HOMO and LUMO levels were calculated from the onset oxidation potential and
onset reduction potential at 0.59 V and -1.09 V, respectively, and are found to be -5.05 eV for
the HOMO and -3.46 eV for the LUMO. Hence, the E, " for LPBT-Me is 1.56 eV this is 0.13
eV smaller than for LPBT. Additionally, alkylation decreases the HOMO energy level by 0.09
eV, and the LUMO level by 0.19 eV. This reduction in the LUMO level and stabilization of the
electron injection and transfer process is explained by changes in electron density in the
pyrrolobenzothiazine backbone, which is discussed below.

Table 4.1. Electronic Structure Parameters and Optical Properties of LPBT and LPBT-Me.

HOMO LUMO Egelec‘ Mo @ A ™ A © Oy, © Egopt.(c)

Polymer (eV) (eV) (eV)  (nm) (nm) (nm) (cm™) (eV)
LPBT -4.96 327 1.69 933 960 676 2.89 x10° 1.49
LPBT-Me -5.05 -3.46 1.56 936 993 663 2.25x10° 1.51

@ Solution in MSA. ® Solution in triflic acid. © Spin-coated thin films from MSA solution.

Electrostatic potential (ESP) maps for each oligomer were calculated using DFT at the

©B97XD/6-31G(d,p) level to visualize the charge distribution with respect to the difference
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between positive and negative charges on the oligomer backbones (Figure 4.4).>* > A theoretical
oligomer bearing a strong electron-donating methoxy group (LPBT-A) was included in the
calculation. Increasing the electron-donating ability of the substituent (hydrogen < methyl <
methoxy) revealed a trend of increasing electron localization and intramolecular charge transfer
(ICT) character in the polymer backbone. In LPBT, slight regions of negative charge (red-
orange) are centered on the imine nitrogens and sulfurs of the thiazine moieties, and more
positively charged (blue) and neutral (green) regions are found on the pyrrole and benzene
moieties (Figure 4.4a). This spatial localization of the electron density on thiazine implies
intramolecular charge transfer (ICT) interactions™° between the electronically coupled thiazine
and pyrrole/benzene moieties whereby positive charges (holes) are transferred from the benzene
and pyrrole moieties to the thiazine moieties. The effect is enhanced in LPBT-Me; methylation
of the pyrrole nitrogen increases the electron density around thiazine, which explains the lower
LUMO energy level and stabilization of the electron injection and transfer process.”” The more
negative ESP value of the imine nitrogen indicates its increased basicity (Figure 4.4b). The effect
is more pronounced in the theoretical oligomer LPBT-A, which has the largest electron cloud on
the thiazine nitrogens and has the most ICT character of the series (Figure 4.4c). The alkylation-
induced enhancement in electron density of the imine nitrogens also means that LPBT-Me has
improved solubility in protic acids, which is consistent with our experimental observations that

LPBT-Me has improved solubility in acids.
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Figure 4.4. Electrostatic potential (ESP) map calculated using DFT ©B97XD/6-31G(d,p) level

of theory for (a) LPBT, (b) LPBT-Me, and (c) a theoretical oligomer with a methoxy group,
LPBT-A.

4.3.3. Optical Absorption Spectra and Molecular Geometry in Protic Acid Solutions. The
optical absorption spectra of the ladder polymers in MSA solutions are shown in Figure 4.5 and
the lowest energy peak positions are summarized in Table 4.1. To corroborate our spectroscopic
results and gain a deeper understanding of the optical features seen in both polymers, DFT
calculations were run at the ®B97XD/6-31G(d,p) level of theory on oligomers bearing +1, +2,
and +6 protonation states with the corresponding positive charge on the imine nitrogens (Figures
4.6 and D.6). We note that it is more energetically favorable to protonate the imine nitrogens

compared to the sulfur sites,”® and thus imine protonation was chosen for the calculations.
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Figure 4.5. Optical absorption spectra of the ladder polymers (a) in MSA solution. Normalized
absorption spectra in dilute (10 M) protic acid solutions of varying pKa values: (b) LPBT-Me
and (c) LPBT.

In MSA solution (Figure 4.5a), LPBT has two well-resolved high-energy bands at 354
nm (Emax = 1.05 x 10* M'em™) and 502 nm (emax = 1.06 x 10 M'em™), of which the latter can

be assigned to the m-n* transition. The intense lowest-energy absorption band centered at 933 nm
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P . . 59.60
originates from protonation-enhanced intramolecular charge transfer.”

This phenomenon is
seen in many imine nitrogen-containing n-conjugated polymers in protic acid solutions where the
ICT band is significantly red-shifted relative to the n-m* band.”* ' The effects of protonation
on the ICT band are corroborated with DFT calculations shown in Figure D.6a, which show
protonation (+1 and +6 protonation states) induces spatial localization of the HOMO and LUMO
molecular orbitals that correspond to the ICT character seen in the optical absorption
spectra.5 7:62.63

The optical absorption spectrum of LPBT-Me in MSA solution in Figure 4.5a shows
similar features as the parent LPBT. The spectrum shows two high-energy peaks at 352 nm (&max
=1.51 x 10° M'em™) and 508 nm (emax = 1.38 x 10* M'em™), and a lowest energy peak at 936
nm. Similar to LPBT, the peaks at 508 nm and 936 nm represent the m-n* transition and ICT
band, respectively. The ICT band has the same origins as the parent LPBT, which was seen on
the DFT calculations of the protonated oligomers (Figure D.6b).

To understand the effects of the protonation on the ICT bands, optical absorption spectra
were collected in dilute protic acid solutions of varying pKa values shown in Figure 4.5b-¢.*%%¢
The optical absorption spectra of LPBT-Me show that as the pKa of the acid solvent decreases
(formic acid, 3.75 > MSA, -1.9 > triflic acid, -14.7), the ICT band (Figure 4.5b) red shifts from
formic acid (Aformic acid = 721 nm) to triflic acid (Awiflic acida = 993 nm), with increasing vibronic
features and spectral narrowing. LPBT has a similar trend from MSA (Auvsa = 933 nm) to triflic
acid (Atifiic acia = 960 nm) (Figure 4.5¢), except that LPBT is insoluble in formic acid. This means
that the imine nitrogens are apparently not basic enough to abstract hydrogen from formic acid,

which is in agreement with the DFT calculations (see ESP map, Figure 4.4) that showed

decreased electron density around the imine nitrogens. We propose that these trends are caused
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by (1) protonation-enhanced differences in electron density distributions on the m-conjugated
backbones, resulting in variable stiffness of the polymer chain, and (2) intra- and inter-molecular
hydrogen-bonding interactions (or lack thereof in the case of LPBT-Me). When partially
protonated in formic acid (pKa = 3.75) or MSA (pKa = -1.9), the polymer chains preferentially
adopt non-planar backbone conformations. This was observed in DFT calculations on optimized
oligomers protonated at the imine nitrogens bearing +1, +2, or +6 charges that resulted in out-of-
plane bending deformations between the thiazine and pyrrole moieties that decreased as the
protonation state increased (Figure 4.6a-b). Similar phenomena have been seen for other
protonated rigid-chain polymers such as poly(p-phenylenebenzobis(oxazole)) (PBO) and poly(p-
phenylenebenzobis(thiazole)) (PBTZ) in ab initio calculations™ and molecular dynamics
studies.” However, LPBT shows a smaller degree of bending deformations (+1 protonation
state, 156°) relative to LPBT-Me (+1 pronation state, 150°), which implies that LPBT is more
rigid than LPBT-Me. Both intra- and inter-molecular H-bonding interactions likely contribute to
the improved rigidity of LPBT. In triflic acid (pKa = -14.7), both polymers are almost fully
protonated and preferentially adopt more planar backbone conformations, although they still
retain strong ICT interactions (Figure D.6). The optical absorption spectra of LPBT-Me
compared to those of LPBT exhibits a 3-nm and 20-nm red shift in MSA and triflic acid,
respectively (Figure 4.5b-c), which corroborates the enhanced protonation-enhanced ICT
character observed in the DFT calculations (Figure D.6). The results are also in agreement with

the CV measurements, which showed that LPBT-Me has a lowered LUMO energy level.
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Figure 4.6. DFT-calculated optimized geometries of oligomers bearing +1, +2, and +6
protonation states for (a) LPBT and (b) LPBT-Me, where both oligomers were protonated on the
imine nitrogens. Calculations performed at the ®B97XD/6-31G(d,p) level of theory.

Variable temperature absorption spectra in dilute (10 M) triflic acid and MSA solutions
(Figure 4.7a-e) were collected for temperatures between 20°C — 100°C to gauge the rigidity of
the protonated ladder polymer backbones. As the temperature increases, the ICT band of the
LPBT absorption spectrum in MSA solutions blue shifts from 933 nm to 920 nm with
accompanying spectral broadening and decreased absorbance (Figure 4.7a,f). In triflic acid, a
blue shift is not observed, however, the absorption band weakens with increasing temperature
(Figure 4.7b,f). The absorption spectrum of MSA solutions of LPBT-Me show that the ICT band
undergoes a large decrease in absorbance with spectral broadening accompanied by a sizeable

blue shift from 936 nm to 898 nm upon heating (Figure 4.7c,f). In contrast, triflic acid solutions
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of LPBT-Me undergo a small blue shift from 993 nm to 991 nm and a small decrease in molar
absorptivity (Figure 4.7d,f). The observed changes in position, intensity, and structure of the ICT
bands of both polymers can be understood to arise from thermally accessible conformation

distributions.®

These changes are particularly evident in the MSA solutions; at higher
temperatures, the ensembles of the polymer chains on average will be more distorted and non-
planar. The non-planar chain geometries will decrease the average degree of conjugation as
reflected in the blue-shifted, spectrally broadened, and weakened ICT bands.

BBL shows no thermochromism or conformational disorder (Figure 4.7e,f) due the
rigidity of the protonated ladder poly(benzimidazobenzophenanthroline)s backbone,'® which is in
contrast to the ladder polymers studied here that both show thermochromic responses (Figure
4.7). The effects of protonation state on the polymers’ molecular geometry are apparent in
optical absorption spectra in triflic acid (Figures 4.7b,d,f) that show the geometry of the near
fully protonated polymers are not sensitive to temperature changes, such that there are no
accompanying blue-shifts for LPBT, and minimal blue-shifts for LPBT-Me (2 nm) which is what
is observed in the BBL spectrum in MSA solution (Figure 4.7e.,f). Also, it is evident that
alkylation causes increased conformational disorder (Figure 4.7a,c). The differences in
conformational disorder can be explained in terms of m-electron delocalization and hydrogen
bonding interactions. The protonation-enhanced spatial separation of the HOMO and LUMO
molecular orbitals (i.e., the ICT interactions) (Figure D.6) help explain the conformational

. : 62,66,67
disorder in the polymers™~™

owing to the well-known fact that charge delocalization increases
n-bond character across the polymer backbone and strengthens the bonds within 7t-systems.®® In

triflic acid, in which the polymer chains are more fully protonation, the electron density is more

delocalized thereby increasing the rigidity of the m-conjugated backbone. Therefore, increased
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electron delocalization in LPBT (Figure 4.4) in combination with the hydrogen bonding

interactions increases the stiffness of the polymer backbone.
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Figure 4.7. Variable temperature optical absorption spectra of LPBT in (a) MSA and (b) triflic

acid solutions (10”° M), LPBT-Me in (c) MSA and (d) triflic acid solutions (10 M), (¢) BBL in
MSA solution (10° M), (f) the blue-shifts of the maximum wavelengths with increasing
temperature for LPBT, LPBT-Me, and BBL in MSA solutions and LPBT and LPBT-Me in triflic
acid solutions.

Although both LPBT and LPBT-Me exhibit thermochromism in solutions whereas BBL
does not, they are to a much lesser degree than many other semi-flexible polymers including

6869 polyphenylene derivatives,” poly(phenylene vinylene),”” and

alkylated polythiophenes,
others." Thus we can conclude that while the double-stranded ladder architecture explored here
has not eliminated structural fluctuations, it has suppressed them compared to single-stranded

polymer architecture. It is likely that the complete electron delocalization and lack of ICT

character in BBL previously shown by DFT calculations® enhances its rigidity in protic acids.
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Indeed, the protonation-enhanced flexibility of the ladder backbone does impact the solid-state
morphology and charge transport properties, which are discussed below.

4.3.4. Solid-State Optical Properties. The thin film absorption spectra of LPBT and LPBT-Me
were collected from thin films spin-coated onto glass substrates from MSA solutions. The
detailed procedure is described in the Appendix D. The thin film absorption spectra are shown in
Figure 4.8 and the optical parameters (absorption coefficient (a), absorption maximum (Amax),

opt.

and optical bandgaps (£, © ")) are summarized in Table 4.1.

—LPBT-Me
— LPBT

0 _Th|n Film

400 600 800 1000 1200 1400
Wavelength (nm)

Figure 4.8. Optical absorption spectrum of the ladder polymers spin-coated from MSA solutions
onto glass substrates.

The thin film absorption spectrum of LPBT (Figure 4.8) has bands in the 300 - 850 nm
range with an absorption coefficient (o)) of 2.78 x10° cm™ at the lowest energy absorption band
maximum (Amay) of 749 nm. At the Amay value of 676 nm, the omay value is 2.89 x10°cm™. The
intense absorption band has vibronic peaks at 676 nm and 749 nm. The optical bandgap (E;")
of LPBT measured from the onset of thin film absorption is 1.49 eV, which is identical to the

previously reported bandgap of 1.51 eV for LPBT.*® Compared to the absorption spectrum of
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LPBT in MSA solution (Figure 4.5a), the solid-state absorption spectrum is distinctly different.
First, the MSA solution spectrum with the lowest-energy peak at 933 nm is substantially red
shifted from the thin film absorption spectrum (with the lowest-energy peak at 749 nm). This
174-nm red-shift of the absorption spectrum due to protonation confirms the enhancement of the
ICT character of the LPBT backbone in MSA solution. Second, the vibronic structure of the
main absorption band in the solid state is significantly enhanced compared to what is observed in
the MSA solution absorption; this difference can be understood by the much more rigid chains in
the solid state.

The thin film absorption spectrum of LPBT-Me (Figure 4.8) is very similar to that of the
parent LPBT; it spans the 300 - 840 nm region with the main absorption band centered at 731 nm
(0 =2.16 x10° cm™) (Table 4.1); the lowest energy absorption Amay at 663 nm has an omax value
of 2.25 x10° cm™. The absorption edge optical bandgap of LPBT-Me is 1.51 eV, which is similar
to that of the parent LPBT. The DFT-calculated optical bandgaps of LPBT and LPBT-Me (£, ™
~ 0.9 - 1.0 eV) are significantly smaller compared to those obtained experimentally, which is a
commonly seen phenomenon in the bandgaps calculated for extended n-systems and are typically

70-72

attributed to deficiencies of many density-functional methods. We note that while the

elec.

electrochemical bandgap (£, = 1.56 eV) of LPBT-Me derived from cyclic voltammetry
measurements discussed above is 0.13 €V smaller than that of LPBT (Eg,el“' = 1.69 eV), the
optical bandgaps of LPBT and LPBT-Me are nearly identical. The larger difference between the
electrochemical bandgap and optical bandgap in LPBT (0.2 eV) compared to LPBT-Me (0.06
eV) indicates that LPBT has a greater effective exciton binding energy (Ey). A decreased E,

value in the methylated polymer likely arises in part from the previously discussed stronger ICT

effect and a larger calculated dipole moment in LPBT-Me (pn = 5.64 D) compared to LPBT (p =
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4.84 D). 7" However, the main difference in the thin film absorption spectrum of the N-methyl
polymer, LPBT-Me, compared to that of LPBT is that the lowest-energy absorption band is
broadened (full-width at the half-maximum [FWHM] = 297 nm) compared to the FWHM = 289
nm in LPBT. This is an indication of increased disorder in the LPBT-Me thin film relative to that
of LPBT. These results corroborate the previously discussed DFT calculations that show that the
parent polymer has larger oscillator strengths in the simulated absorption spectra (Figure D.4)
and a nearly two-fold decrease in the reorganizational energies (ALpgr = 0.77 €V and Arppr-Me =
1.3 eV).

4.3.5. Thin Film Microstructures of LPBT and LPBT-Me. Two-dimensional grazing
incidence wide-angle X-ray scattering (2D-GIWAXS) was employed to examine the thin film
microstructures of LPBT and LPBT-Me ladder polymers. The 2D-GIWAXS diffraction patterns
along with the corresponding 1D-linecuts in both the out-of-plane (OOP) and in-plane (IP)
directions are shown in Figure 4.9. The diffraction peak position (g), interplanar spacings (d),
crystalline coherence length (L.), and the paracrystallinity disorder (g) are summarized in Table
4.2.

LPBT thin films exhibited a pronounced (010) diffraction peak centered at ¢, = 1.86 A~
in the out of plane (OOP) direction, corresponding to a m-m packing distance of 3.38 A (Table
4.2), which is identical to the previously reported m-n packing distance of ~ 3.4 A.*° The L.
values and the g parameter of LPBT in the n-stacking direction were found to be 1.39 nm and
18.6%, respectively (Table 4.2). In the case of LPBT-Me, a distinct (010) diffraction peak at ¢, =
1.83 A™ was accompanied by a (100) diffraction peak at ¢, = 0.74 A™! in the OOP direction. As a
result, the m-m packing distance and the lamellar distance of LPBT-Me chains were calculated to

be 3.43 A and 8.46 A, respectively (Table 4.2). The slightly large dy, of LPBT-Me relative to
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LPBT can be attributed to the more disordered LPBT-Me backbone, which would prevent the

polymer chains from approaching each other and stacking tightly. The L 010y value of LPBT-Me

was 1.20 nm, which corresponds to about 4 layers of chains stacked along the n-direction within

one crystallite, which is slightly smaller than that of LPBT, which features up to 5 consecutive

layers of chains per crystallite (Table 4.2). Furthermore, LPBT-Me was found to exhibit a

slightly higher degree of lattice disorder, g, = 20.2%, relative to the parent LPBT. These subtle

differences in the microstructures of LPBT and LPBT-Me suggest a more disordered nature in

the methylated polymer, which collectively has implications for charge transport properties as

discussed below.
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Figure 4.9. 2D-GIWAXS diffraction patterns of LPBT (a) and LPBT-Me (b) thin films; 1D line

cuts of GIWAXS patterns in the out-of-plane (OOP) direction (c) and the in-plane (IP) direction

(d).
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Table 4.2. Summary of Diffraction Peak Position (g), Interplanar Spacing (d), Crystalline
Coherence Length (L), Number of Stacked Layers Within a Crystallite (N), and Paracrystallinity

Disorder (g) of LPBT and LPBT-Me Thin Films.

d. L Number of layers d
Polymer qz,(Olo_) OO0P T ¢,(010) OOP y Zn qZ,(loo_) 00P lam
Y AhH A  (m (Nex) %) (A (A)
LPBT 1.860 3.38 1.39 5.1 18.6 - -
LPBT-Me 1.834 343 1.20 4.5 20.2 0.742 8.46

4.3.6. Field-Effect Charge Transport Properties of LPBT and LPBT-Me. We investigated
the charge transport properties of LPBT and LPBT-Me by using bottom-gate/top-contact organic
field-effect transistors (OFETs) devices and the output and transfer curves are shown in Figure
4.10, whereas the numerical hole transport properties are summarized in Table 4.3.

The average saturation region hole mobility («y) of LPBT was found to be (3.10 £ 0.39) x
107 cm?/Vs, and the average threshold voltage (V1) was calculated to be -44.6 + 3.1 V (Table
4.3). The maximum gy, of LPBT was 3.74 x 10~ cm?/Vs, which is about an order of magnitude
lower than that extracted from previously reported OECT measurements.”’ The hole mobility of
the methylated counterpart, LPBT-Me, was decreased by over two-fold to an average value of
(1.30 + 0.21) x 10° cm*Vs and a maximum value of 1.64 x 10 cm?/Vs (Table 4.3). The
average V't value of LPBT-Me was -42.9 + 3.4 V and comparable to that of LPBT. Moreover, the
on/off current ratio (Zon/Log) of LPBT (Ion/Logs ~ 10°) was about an order of magnitude higher than
that of LPBT-Me (Ion/Iorr ~ 10%). These results indicate that methylation has negative effects on
the macroscopic charge transport properties of the class of conjugated ladder

poly(pyrrolobenzothiazine)s.
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Figure 4.10. (a, b) Output curves of p-channel organic field-effect transistor (OFET) devices of
LPBT (a) and LPBT-Me (b) ladder polymers; (c, d) Transfer curves of p-channel OFET devices
of LPBT (c) and LPBT-Me (d) ladder polymers measured in saturated regimes (Vs = -80V).

Table 4.3. Hole Transport Properties of LPBT and LPBT-Me Conjugated p-Type Ladder

Polymers Measured by Organic Field-Effect Transistors.

(a) ()
Uave MHmax VT ©
Polymer (10° cm®/Vs) (107 cm?/Vs) W) Lonl ot
LPBT 310+ 039 3.74 446+3.1 (14£0.9)x 10°
LPBT-Me 1304021 1.64 429434 (6.1£2.7) x 107

\lave, average field-effect hole mobility (+/- one standard deviation); ”V., average threshold voltage
(+/- one standard deviation); (c)lon/loff, on/off current ratio. Average values and standard deviations
were calculated from at least 15 different devices.
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Given the similar polymer molecular weights, comparable HOMO energy levels, and
semiconductor bandgaps of LPBT and LPBT-Me, the two-fold mobility gap could be attributed
to the more disordered nature of LPBT-Me. We propose that the increased conformational
disorder in LPBT-Me compared to LPBT might not only disrupt intrachain hole delocalization as
evidenced by the more localized HOMO orbital distributions seen in LPBT-Me (Figure D.6) but
also interfere with tight interchain packing as discussed earlier, both of which resulted in the
observed poor hole mobility of LPBT-Me. We note that the hole mobility of both LPBT and
LPBT-Me remain relatively modest compared to several state-of-the-art p-type semiconducting

767 The inferior hole transport properties can be rationalized by the low polymer

polymers.
molecular weights and the flexible polymer backbone. Nevertheless, the LPBT and LPBT-Me
backbone holds tremendous potential to become the prototypical p-type semiconducting ladder
polymer if the polymer synthesis protocol could be improved to suppress monomer sublimation
by solvent engineering such that higher polymer molecular weights can be obtained.
Incorporating much longer side chains to potentially induce liquid crystalline ordering of the

poly(pyrrolobenzothiazine) backbone is another approach that could improve charge transport

properties of this class of ladder polymers.*
4.4. Conclusions

We have synthesized the new p-fype semiconducting LPBT-Me and the known LPBT
and used them to investigate the effects of N-alkyl substitution on the chain conformation,
electronic structure, and charge transport properties of ladder poly(pyrrolobenzothiazine)s. The
LPBTs were found to be a class of small-bandgap polymer semiconductors, whose optical
bandgap of 1.5 eV is unchanged by N-alkyl side chain substitution. The n-conjugated backbone

of the ladder LPBTs was found to exhibit a donor-acceptor architecture, which facilitates
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enhanced intramolecular charge transfer (ICT) upon protonation in acid solutions. Partial
protonation of either LPBT or LPBT-Me gives rise to a more flexible backbone evidenced by
thermochromism and confirmed by planar/non-planar chain conformation variation with degree
of protonation seen in DFT calculations.

Our GIWAXS characterization of the thin film microstructures of LPBT and LPBT-Me
shows that N-methyl substitution results in an increased m-m stacking distance, reduced
crystallinity, and increased lattice disorder. The average field-effect hole mobility decreased
from 3.1x10” c¢m?/Vs in LPBT to 1.3x10” cm?/Vs in LPBT-Me, which is likely limited by the
relatively low molecular weights of these ladder polymers. The observed factor of 2.4 difference
in carrier mobility between LPBT and LPBT-Me could be explained by the differences in their

thin film microstructures and DFT-predicted reorganization energies.
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Chapter 5. Ladder Poly(Thienobenzothiazine): Synthesis, Electronic Structure,
Optical Properties, and p-Doped Electrical Conductivity of a Narrow Bandgap p-
Type Ladder Polymer

5.1. Introduction

In the past few decades, there has been the been great interest in lowering the bandgap of
n-conjugated polymers to improve near infrared (NIR) absorption, electrical conductivity and
ambipolar charge transport properties. * A common approach to reduce the bandgap of
semiconducting polymers is to utilize an electron donor-acceptor (D-A) motif that features
electronically coupled electron-rich and electron-deficient moieties. Careful selection of donor
and acceptor building blocks has allowed the synthesis finely-tuned semiconducting polymers
with strong intramolecular charge transfer (ICT) character and narrow bandgaps that can produce

systems with efficient photoinduced charge transfer and separation for applications in organic

1,9,10

photovoltaics (OPVs),”® transparent electrodes, and photodetectors.'"'? Another strategy to

reduce the bandgap of m-conjugated polymers is to enhance the co-planarity between adjacent

13,14

aromatic rings. Double-stranded ladder polymers are a class of m-conjugated polymers that

exemplifies this approach. Their ladder architecture and an ideal persistent ribbon-like

15,16

conformations limit torsional disorder. However, the members of this class are rare due to

17-19

difficulties associated with synthesis and processing. Recent examples of m-conjugated

ladder polymers that feature pronounced D-A  character are the ladder

P01}’(pyrrolobenzothiazine)s_20’21

We previously showed that their small optical bandgap of ~ 1.5
eV are unchanged by N-alkylation, and that this class of ladder polymers posses strong

protonation-enhanced ICT effects which is attributed to their D-A architecture.”!
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Compared to other heteroatomic polycyclic polymers, those incorporating thiophene
building blocks have garnered the most attention due to their chemical and environmental

stability in the undoped state, straightforward structural modifications, and intrinsically small

22-26

bandgaps. Thiophene-based molecules and polymers first became popular in the 1980s when

soluble, alkylated polythiophenes were synthesized.”’*® Since then, the rapid progress of
pid prog

thiophene-based electronic and optoelectronic devices have resulted in a huge number of

29-34

publications. Thiophene-based semiconductors have large structural diversities that have

enabled the understanding of detailed structure-property relationships that allows the synthesis of
finely tuned polymers to suit the specific application;’>~° this has enabled state-of-the-art organic
electronic devices to be developed. For example, the most recently reported high-performance
active layers in OPVs contain thiophene fragments or fused-ring thiophene systems such as
dithieno[3',2":3,4;2",3":5,6]benzo[ 1,2-¢][1,2,5]thiadiazole,””* 12,13-alkyl-12,13-dihydro-[1,2,5]
thiadiazolo[3,4-e]thieno[2",3":4",5"]thieno[2',3":4,5]pyrrolo[ 3,2-g]thieno[2',3":4,5]thieno[3,2-b]

39,40

indole, and 4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)benzo[1,2-b:4,5-b"

41,42

dithiophene,” ™ among others.

The success of thiophene semiconductors originates from the unique properties of the
sulfur heteroatom. The sulfur atom in thiophene fosters strong electronic coupling though
noncovalent interactions such as m-m, S-H, and S-N in the solid state which can lead to planar

. 43-46
geometries.

Moreover, the larger atomic radius of the sulfur atom and aromaticity of the
thiophene ring leads to improved orbital overlap between the highest-occupied molecular orbital
(HOMO) energy level of the adjacent atoms in the solid state, which can lower the HOMO

energy level of the polymer.*” This is in contrast to the smaller atomic radius and increased

electronegativity of the nitrogen and oxygen atoms in pyrrole and furan, respectively, that



159

decreases the aromaticity across the m-conjugated system and give rise to higher lying HOMO
energy levels that can widen the bandgap and decrease air stability of the m-conjugated
semiconductor.***’

Chart 5.1. Molecular structures of model compound TBBT and conjugated p-type ladder

polymer LTBT.

S
S S S N
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TBBT LTBT 2

Despite the overwhelming success of thiophene-containing polymers, only one solution-
processable polymer p-type ladder polymer has been synthesized.” Here, we report the synthesis
of a new thiophene-based =n-conjugated ladder polymer, ladder poly(thieno[3,2-b:4,5-
b’]benzothiazine) (LTBT), and its model compound thieno[3,2-b:4,5-b’]bis[1,4]benzothiazine
(TBBT) (Chart 5.1). We also report detailed investigations of the molecular structure, electronic
structure, thin-film microstructure, optical properties, and electrical conductivity of p-doped
LTBT. The new polymer LTBT was synthesized using a unique solvent system that resulted in
excellent film forming properties as evidenced by large area freestanding films that were used to
characterize the molecular structure using Fourier-transform infrared (FTIR) and Raman
spectroscopies. The highly crystalline nature of TBBT enabled solution phase growth of single
crystals that were subjected to X-ray diffraction that verified the molecular structure. We found
that LTBT has a donor-acceptor motif with respect to the thiophene-benzothiazine, strong

protonation-enhanced intramolecular charge transfer (ICT) that extends into the infrared region,
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and a narrow thin-film optical bandgap of 1.28 eV. We measured the average electrical

conductivity of LTBT doped with FeCl; and found it to be 3.3 x 10™ S/cm.
5.2. Experimental Methods

Materials and Methods. 2,5-diamino-1,4-benzenedithiol HCI (97%) was purchased from
Ambeed and recrystallized in 20% HCI before use. Perbromothiophene (98%) was purchased
from Ambeed and used as received. Polyphosphoric acid (PPA, 84% P,Os), sulfolane,
methanesulfonic acid (MSA) (> 99%), trifluoroacetic acid (TFA), triflic acid, fuming nitric acid
(red, 90% > HNOs), dichloromethane (DCM), acetone, dimethylformamide (DMF), deuterated
dimethylsulfoxide (DMSO-d6), deuterated TFA (TFA-d), FeCls, and 2-aminobenzenethiol were
purchased from Sigma-Aldrich and used as received. Methanol, acetic acid and acetonitrile were
purchased from Fisher Scientific and used as received. All reactions were performed under inert
atmosphere unless otherwise stated.

The intrinsic viscosity [n] of the polymer was measured on the MSA solution in an
Ubbelohde viscometer suspended in a water bath at 30.0°C. The concentrations of the polymer
solution was chosen such that the elution time of the polymer solution was 1.1 — 1.8 times that of
the pure solvent.

Thermogravimetric analysis (TGA) was conducted on a TA Instrument model Q50 TGA.
A heating rate of 10 °C /min under a flow of N, was used with runs conducted from room
temperature to 880 °C. Differential scanning calorimetry (DSC) analysis was performed on a TA
Discovery DSC 500 under N, by scanning from -10 °C to 400 °C at a heating rate and cooling
rate of 10 °C /min. Optical absorption spectra were measured on a PerkinElmer model Lambda

900 UV-vis/near-IR spectrophotometer. Solution absorption spectrum was obtained from dilute
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solutions (10 M) in methanesulfonic acid and triflic acid. The 'H and *C NMR spectra were
recorded on a Bruker AV500 (at 500 MHz) using deuterated DMSO or TFA as the solvent.

Cyclic voltammetry (CV) experiments were performed on an EG&G Princeton Applied
Research potentiostat/galvanostat (model 273A). A three-electrode cell was used, using platinum
wire as the counter electrodes and the polymer coated onto a platinum wire from MSA solution
as the working electrodes. Solution phase cyclic voltammetry was performed at a concentration
of 3 mg/mL. The reference electrode was Ag/AgNOs in acetonitrile. The acidic solvents were
removed by dipping the substrates in isopropanol (IPA) overnight and subsequently dried in
vacuum oven at 60°C. The supporting electrolyte solution consists of 0.1M tetrabutylammonium
hexafluorophosphate (BusNPFg) in anhydrous acetonitrile. The electrolyte was purged with
nitrogen for 15 minutes prior to the scans to ensure inert and anhydrous conditions. The
reduction and oxidation potentials were referenced to the Fc/Fc' couple by using ferrocene as an
internal standard. LUMO energy levels were estimated using ferrocene value of -4.8 eV with
respect to vacuum level. The LUMO and HOMO levels were determined by using the equations
ELumo = ~(€Ered”™" + 4.8) and Enomo = ~(€Eox™ + 4.8).

Fourier-transform infrared spectroscopy (FTIR) experiments were performed on a Perkin
Elmer Frontier spectrometer using freestanding films of LTBT and needles of TBBT. The
resolution was set at 1 cm™ and a set of 16 scans was averaged. Raman spectroscopy of the
freestanding films was carried out on a Thermo Scientific DXR2 Raman microscope. A 532 nm
laser with a power of SmW was focused on a sample through a 50x objective lens.

Gas-phase density functional theory (DFT) and time-dependent density functional theory

(TD-DFT) calculations were performed using the Gaussian 16 suit of programs®’ at the
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©B97XD/631-G(d,p) level of theory on the representative oligomers comprising three repeat
units. Vertical electronic transitions were calculated for 12 excited states.

Preparation of Thin Film, Doping Method, and Characterization of Electrical
Conductivity. Solutions of LTBT in methanesulfonic acid (MSA) at 15 mg/mL were stirred at
elevated temperature (>130°C) for at least a day to ensure solubilization of the polymer. The
LTBT/MSA polymer solution was filtered through 1 pm pore size Grade GF/B Glass Microfiber
Filters (Whatman GF/B) before use. The filtered polymer solution was then spin-coated onto
clean glass substrates (sonicated in acetone, DI water, and isopropanol) at 5000 rpm for 30
seconds followed by immediate immersion in isopropanol (IPA) for deprotonation. The pH of
the deprotonation solvent (IPA) was checked to ensure complete acid removal. The neutral
polymer films were dried in a vacuum oven at 60°C overnight.

The undoped neutral polymer films were then moved into a nitrogen-filled glovebox for
doping study. A stock solution of 100 mM FeCl; in anhydrous acetonitrile was made, stored in
the glovebox, and diluted to the desired concentration immediately before use. 200 pL of dopant
solution (20 mM FeCl; in acetonitrile) was deposited onto the polymer film (1.5 x 1.5 cm?)
followed by a 90 s delay before spinning off the excess solution at 7000 rpm for 10 s. The doped
polymer films were subjected to thermal annealing at different temperatures. The doped films
were brought to ambient atmosphere for further characterizations.

Electrical conductivity (o4.) of doped LTBT films were measured by a colinear four-point
probe controlled by a Keithley 2400 source-meter unit. For consistency, a 60-second delay
between source and measurements was applied due to the rapid de-doping of the polymer films

in ambient environment. The 4. value was calculated as follows:

o m 1
%c = 1n(2) Rxt
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where oq4. is the room-temperature dc-electrical conductivity (S/cm), R is the measured
resistance (€2), and ¢ is the film thickness (cm).
Synthesis of 3,4-dibromothiophene-2,5-dione. Fuming nitric acid (35 mL) was added to a
reaction vessel and chilled to 0°C. Then, a mixture of perbromothiophene (5.0 g, 12.5 mmol) in
DCM (13.5 mL) was added over 20 minutes. The reaction mixture was then stirred for 1 hour at
0°C, poured into ice water, extracted with DCM, and washed with water. The solvent was
removed on a rotary evaporator and the crude solid obtained was dried at 50°C in a vacuum
oven. The final product was purified using vacuum sublimation at 100°C where a yellow,
crystalline solid was collected (yield 2.5 g, 74%). '"H NMR (500 MHz, DMSO-d6, 8): no peaks
observed. °C NMR (500 MHz, DMSO-d6, §): 183.38, 141.03 Anal. calcd for C4Br,0,S (%): C,
17.67; H, 0.00; O, 11.77; found (%): C, 17.83; H, 0.0; O, 12.51.
Synthesis of 6H-thieno[3,2-b:4,5-b]bis[1,4]benzothiazine (TBBT). Glacial acetic acid (24 mL)
was added to a reaction vessel equipped with a reflux condenser and purged with nitrogen for 15
minutes. 2-aminothiophenol (1.0 g, 7.99 mmol) and 3,4-dibromothiophene-2,5-dione (1.09 g,
4.00 mmol) were added, and the mixture was refluxed for 6 hours. The reaction mixture was then
cooled to room temperature, filtered, and washed with methanol and acetone. The crude solid
was then recrystallized in DMF to give red needles (yield, 0.830 g, 64%). '"H NMR (500 MHz,
TFA-d, 8): 7.68 (d, J = 6.4 Hz, 2H), 7.56 (m, 6H). Anal. calcd for C;cHsN>S;(%): C, 59.23; H,
2.49; N, 8.63; found (%): C, 59.31; H, 2.16; N, 8.63.
Synthesis of Ladder Poly(thienobenzothiazine) (LTBT). PPA (16.78 g) was added to a
reaction flask equipped with a mechanical stirrer and purged with nitrogen at 150°C overnight.
The PPA was cooled to room temperature and 2,5-diamino-1,4-benzenedithiol HCI1 (1.78 g, 7.17

mmol) was added. Dehydrochlorination was conducted at room temperature for 24 h followed by
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70°C for 24 h. Then, 3,4-dibromothiophene-2,5-dione (1.95 g, 7.17 mmol) dissolved in
deoxygenated sulfolane (16.78 g) was added. The polymerization mixture was stirred at 80°C
overnight followed by an incremental temperature increase to 150°C over 8 hours. The
temperature of the polymerization mixture was increased to 180°C over 4 hours and was stir for
40 hours. The polymer dope was cooled to room temperature, quenched with methanol, and
purified under Soxhlet extraction with water for 24 h followed by methanol for 24 h. The crude
product was dried and further purified by reprecipitation from MSA into methanol (yield 1.67 g,
95%). Intrinsic viscosity ([#]): 2.0 dL/g (30.0 °C, MSA) Anal. calcd for C;oHaN,S; (%): C,
48.76; H, 0.82; N, 11.37; S, 39.05; found (%): C, 48.48; H, 1.28; N, 11.18.

5.3. Results and Discussion

5.3.1. Synthesis and Characterization of LTBT and TBBT.
Scheme 5.1. Synthesis of TBBT and LTBT (HNO; = fuming nitric acid, DCM =
dichloromethane, AcOH = glacial acetic acid, PPA = polyphosphoric acid (84% free P,Os), and

PPA/Sulfolane 1:1 w/w).

NH,
s sz X
—

Br Br DCM Br Br ACOH
TB BT

OxS=0 HS NH 7@\
7:2; ¥ ]©: -2HCI PPA/Sulfolane " ]@(
Br Br H,N SH - T S }

LTBT /2

The synthetic routes to the model compound and ladder polymer are shown in Scheme

5.1 and the detailed synthetic procedures are described in the Experimental Methods section. The
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2,5-diamino-1,4-benzenedithiol HCl monomer was purchased with 97% purity and purified
according to the published procedure before use.”> The 3,4-dibromothiophene-2,5-dione
monomer was synthesized according to a modified procedure™ where the perbromothiophene
starting material is subjected to oxidation with fuming, red nitric acid. The 2,5-aromatic positions
are the most reactive towards oxidation and therefore no side products were isolated. Purification
by vacuum sublimation at 100°C produced pure yellow crystals in 74% vyield that were
characterized by '"H NMR (Figure E.1), ?C NMR (Figure E.2), Fourier-transform infrared
(FTIR) spectroscopy (Figure E.3), and elemental analysis (Experimental Methods). The model
compound 6H-thieno[3,2-b:4,5-b]bis[1,4]benzothiazine (TBBT) was prepared through
condensation of 3,4-dibromothiophene-2,5-dione and 2-aminothiophenol in refluxing acetic acid
(Scheme 5.1). The crude product was recrystallized from N,N-dimethylformamide (DMF),
which gave red needles in 64% yield. TBBT is completely soluble in trifluoroacetic acid (TFA)
and methanesulfonic acid (MSA) at room temperature and partially soluble in polar aprotic
solvents such as DMF and dimethyl sulfoxide (DMSO). Solutions of TBBT form thin films
when spin-coated from TFA onto glass substrates. However, the thin films became highly
opaque when submerged in methanol or water to remove the acidic solvent, which is indicative
of its highly crystalline nature. The molecular structure of TBBT was characterized by '"H NMR
(Figure E.4) and FTIR spectroscopy (Figure E.5).

The polymer ladder poly(thienobenzothiazine) (LTBT) was prepared through the
polycondensation of 2,5-diamino-1,4-benzenedithiol HCl monomer and 3,4-dibromothiophene-
2,5-dione monomer in a solvent mixture of polyphosphoric acid (PPA) and sulfolane. Sulfolane
was chosen as the co-solvent for several reasons: (1) our previous work on the synthesis of

pyrrolobenzothiazine ladder polymers showed that the 2,3-dibromomalemide monomers had
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limited solubility in pure acid solvents,” (2) the 3,4-dibromothiophene-2,5-dione monomer has
excellent solubility in sulfolane, (3) and PPA and sulfolane are miscible and stable at high
temperatures (> 180°C).”> Sulfolane and PPA were used in a 1:1 w/w ratio whereby 3.4-
dibromothiophene-2,5-dione was dissolved in sulfolane prior to addition to the
dehydrochlorinated 2,5-diamino-1,4-benzenedithiol in PPA. An immediate color change from
pale yellow to red was seen, indicating good reactivity of the monomers in the PPA/sulfolane
solvent system. No sublimation or evaporation of the monomers was observed, and a very high
polymer yield of 95% indicates excellent incorporation of the monomers into the polymer
backbone. We note that the polymerization time was restricted to 40 hours at 180°C to limit the
polymer molecular weight due to solubility issues we observed of higher molecular weight
LTBT polymers that were originally synthesized.

LTBT was isolated as a brown solid and forms purple-red solutions in acid. The intrinsic
viscosity ([#]) was measured to be 2.0 dL/g at 30.0 °C in MSA. Even with [#] limited to 2.0
dL/g, MSA solutions require high temperatures (~ 140°C for 24 h) to ensure complete
solubilization at concentrations of 7 mg/mL or higher. Solutions of LTBT in MSA can be spin-
coated into thin films or drop cast into freestanding films (Figure 5.1a). The detailed fabrication
procedures to form the thin films and freestanding films are in the Appendix E. The freestanding
films were used to confirm the molecular structure though Fourier-transform infrared (FTIR) and
Raman spectroscopies.

The FTIR and Raman spectra of the LTBT freestanding film (Figure 5.1) and the FTIR
spectrum of the TBBT needles (Figure E.5) were collected in ambient atmosphere and the peak
positions assigned to the vibrational modes listed in Tables E.1 and E.2. The FTIR spectrum of

LTBT in Figure 5.1b shows prominent v(C=C) stretching modes at 1601 cm™', and at 1589 cm™
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and 1564 cm™ for TBBT (Figure E.5). Aromatic imine v(C=N) stretches are seen at 1534 cm™
for LTBT (Figure 5.1b), and 1539 cm™ for TBBT (Figure E.5a). At lower wavenumbers, single
bond carbon-nitrogen v(C-N) stretches and carbon-sulfur stretches v(C-S) can be found at 1226
cm™ and 1150 cm™ for LTBT (Figure 5.1b), and 1238 cm™ and 1150 cm™ for TBBT, respectively
(Figure E.5a). The Raman spectra of LTBT in Figure 5.1c show similar features as the FTIR.
The carbon-carbon v(C=C/C-C) stretch (known as the $I band, or "effective coordinate")** " is
observed at 1462 cm™ (Figure 5.1c). Carbon-nitrogen imine v(C=N) stretches are seen at 1592
cm” and 1530 cm™, (Figure 5.1c), and mixed aromatic thiophene/benzene vibrations can be
assigned to the high intensity peak at 1487 cm™. Mixed aromatic intraring modes are seen at
1268 and 1155 cm™', and the carbon-sulfur stretches v(C-S) present as a small peak at 1073 cm™
(Figure 5.1c). The observed FTIR and Raman data collectively provide strong evidence for the

backbone fusion and molecular structures of the polymer LTBT and molecule TBBT.
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Figure 5.1. (a) LTBT freestanding film with an edge of 2 cm. (b) Fourier-transform infrared
(FTIR) spectrum of the LTBT freestanding film and (c) Raman spectrum of the LTBT

freestanding film with an excitation laser of 532 nm.
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The thermal stabilities of LTBT and TBBT were probed using thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC), and the spectra are shown in Figure
E.6. Both TBBT and LTBT have high thermal stability, showing 5% weight losses at 324°C and
538°C, respectively, which is indicative of their fused backbone architecture. Additionally, no
phase transitions are seen between 0°C - 300°C for TBBT, or between 0°C - 400°C for LTBT,
which agrees with other literature reports of conjugated ladder polymers having glass transition
temperatures (T,) over 400°C.>®
5.3.2. X-ray Crystal Structure of TBBT. Single crystals of TBBT suitable for x-ray structural
determinations were grown via diffusion of ethanol into dilute (~ 1 mg/mL) DMF solutions and
the experimental details for x-ray crystallography and a table of crystallographic data and atomic
coordinates are given in Appendix E (Tables E.3 and E.4). Single-crystal x-ray diffraction
analysis of TBBT (Figure 5.2) show that the molecules are aligned in an orthorhombic unit cell

with @ = 17.198(9) A, b = 20.222(12) A, ¢ = 3.782(2) A. The crystals of TBBT have a planar

geometry across the central thiophene and benzothiazine moieties (Figure 5.2a) and form a face-

to-face 7-7t stacking motif with minimal geometric displacement between neighbors in the -7

stacking direction (Figure 5.2b-c). The vertical distance between TBBT molecules is 3.80 A
(Figure 5.2¢). We note that the measured 7t-7t stacking distance of TBBT is 0.40 A greater than
that reported for the pyrrole-based small molecule PBBTZ (3.40 A)S5% which is likely due to
Pauli repulsion between adjacent sulfur atoms in the TBBT molecules.*>46 The van der Waals

radii of two sulfur atoms is 3.60 APO which is the theoretical minimum distance between two 7t-

stacked TBBT molecules. The single-crystal structural data of TBBT demonstrates the

crystalline nature of the thienobenzothiazine moiety and confirms the molecular structure.
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Figure 5.2. (a) Skeletal structure with atoms placed at the center of the thermal ellipsoids that
were calculated at the 50% probability level with atom numbering scheme. (b) Organization of
the molecules in a single unit cell. (c) Packing of the molecules along the c-axis with an
intermolecular distance of 3.8 A.

5.3.3. Theoretical Calculations and Electronic Structure of LTBT and TBBT. We performed
density functional theory (DFT) and time-dependent density functional theory (TD-DFT)
calculations at the wB97XD/6-31G(d,p) level of theory to further our understanding of the
ground state and excited state molecular geometry and frontier molecular orbital distributions of
LTBT and TBBT. The optimized ground state geometry of LTBT is planar (Figure 5.3a) with
HOMO and LUMO molecular orbitals delocalized across the backbone. In order to gain insight
into the effects of protonation, calculations were performed on imine-protonated oligomers

bearing a +1 charge (Figure 5.3b). We note that it is energetically favorable to protonate imine
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nitrogens over sulfur moieties.”’ The ground state geometry of LTBT remains planar upon
protonation (Figure 5.3b), possibly due to the S-H non-covalent interaction created upon
protonation. The calculated distance between the imine hydrogen and thiophene sulfur is 2.83 A,
which is less than the sum of their van der Waals radii (S+H = 2.89 A),°° which means that S-H
interaction likely contributes to the observed planarity of the protonated polymer chain. Inducing
non-covalent interactions is a widely exploited strategy used to reduced the conformational
distortions in many w-conjugated polymers, such as those containing diketopyrroles,®*®
functionalized thiophenes,”* and pyrazines. The pictoral representation of the HOMO and
LUMO orbital distributions of the protonated oligomer bearing a +1 charge is shown in Figure
5.3b; clearly, protonation induces strong spatial localization of the molecular orbitals, suggesting
that LTBT will have strong protonation-enhanced ICT character in acidic solvents. > TBBT also
has a planar ground-state geometry and delocalized HOMO and LUMO orbital distributions as
shown in Figure E.7.

The TD-DFT calculated excited-state geometry, optical absorption spectrum, and the
corresponding pictorial representations of the molecular orbitals associated with the lowest-
energy transition for LTBT is shown in Figure E.8. The excited state geometry is coplanar with
delocalized HOMO and LUMO energy levels distributed across the ladder backbone, and the n-

n* transition is centered at 1170 nm, which indicates this polymer may have a narrow optical

bandgap.
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Figure 5.3. DFT calculated optimized ground-state geometry and the pictoral representation of
the frontier molecular orbital distributions of (a) the neutral oligomer and (b) the protonated (+1)
oligomer. Calculations performed at the ®B97XD/6-31G(d,p) level of theory.

The reorganizational energy (A) of LTBT was calculated from the sum of relaxation
energies in the neutral and cationic state to gain insight into the energy associated with geometry
changes upon with charge injection.®®’ Figure E.9 shows the cationic geometry and the polaron
orbital distribution of the oligomer. A fairly large reorganizational energy of 1.39 eV was
calculated for LTBT, which could suggest that LTBT undergoes geometry changes upon charge

6859 Note that calculated

injection and may not have a rigid-rod chain topology like BBL.
A values decrease with polymer chain length and more accurate reorganizational energy
calculations require more than 12 repeat units.®’

We further investigated the electronic structures of LTBT and TBBT by using cyclic

voltammetry (CV) measurements. The HOMO and LUMO energy levels of TBBT and LTBT are

summarized in Table 5.1, and the oxidation waves of LTBT thin films coated on platinum wires
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and of TBBT needles dissolved in acetonitrile at 10° M in 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPFs) with Ag/AgNOs as the reference electrode are shown in Figure
5.4a-b. The reduction waves are shown in Figure E.10. LTBT shows two quasi-reversible
oxidation waves at 1.29 V and 1.85 V (Figure 5.4a), and one non-reversible reduction wave
(Figure E.10a) at -0.87 V. The onset oxidation potential of 0.90 V and onset reduction potential
of -0.59 V were used to estimate the HOMO and LUMO energy levels of -5.17 eV and -3.75 eV,
respectively (Table 5.1). The model compound TBBT shows two non-reversible oxidation
waves, which are centered at 1.45 V and 1.85 V (Figure 5.4b), and one non-reversible reduction
wave at -1.22 V (Figure E.10b). The TBBT onset oxidation and reduction potentials of 1.48 V
and -0.66 V, respectively, were used to measure the HOMO / LUMO energy levels of -6.37 eV /
-3.59 eV, which are similar those of the polymer LTBT (Table 5.1). The electrochemical

bandgaps (E,"*) are 1.42 eV and 2.78 eV for LTBT and TBBT, respectively (Table 5.1).
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Figure 5.4. Cyclic voltammograms measured in 0.1 M BusNPFs electrolyte solution using

Ag/AgNO:s as the reference electrode of the oxidation processes of (a) LTBT thin films coated
on platinum wires, and (b) TBBT needles in solution. The scan rate was 100 mV/s.

Table 5.1. Electronic Structure Parameters and Optical Properties of LTBT and TBBT.

HOMO LUMO  E™ dma®  Ean®  doa” Ona® B A
Compound g max I}'llax 1 max nmx-l g max
(eV) (eV) (eV) (mm) ™M 'cm™) (nm) (cm™) (eV) (nm)
LTBT -5.17 -3.75 142 1151 2.4x10* 825 9.9x10" 128 1192
TBBT -6.37 -3.59 2.78 693 1.9 x10* 525  4.4x10°  2.05 ---

@ Solution in MSA. ® Thin film on glass. ) Solution in TfOH.
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5.3.4. Optical Properties of LTBT and TBBT. The optical absorption spectra of LTBT and
TBBT in MSA solution and in thin film are shown in Figures 5.5 and the lowest energy peak

°PYy, molar absorptivity (emax), and absorption coefficient

positions (Amax), optical band gap (£,
(0max) are summarized in Table 5.1. The MSA-solution optical absorption spectrum of TBBT
(Figure 5.5a) shows peaks in the 300 nm — 700 nm region with the n-n* transition assigned to the
peak at 455 nm (emax = 1.5 x 10* M cm™) and a lowest energy peak at 693 nm (emax = 1.9 x 10*
M e¢m™) which can be attributed to protonation-enhanced intramolecular charge transfer (ICT),
a phenomenon which is seen in many imine-bearing n-conjugated systems.”” For LTBT, the
MSA-solution absorption spectrum (Figure 5.5a) shows three high-energy bands at 302 nm (€max
=1.6x 10* M cm™), 362 nm (emax = 1.2 x 10* M™' cm™), and 532 nm (emex = 1.2 x 10* M cm’
1, of which the latter can be assigned to the m-n* transition. The intense lowest-energy band at
1151 nm (€max = 2.4 x 10* M! cm'l) originates from protonation-enhanced intramolecular charge
transfer. The effects of protonation on the ICT band are corroborated by the previously discussed
DFT calculations (Figure 5.3b) whereby protonation induces spatial localization of the HOMO

and LUMO molecular orbitals that correspond to the observed ICT character in MSA solution

(Figure 5.3b).
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The thin-film absorption spectrum of TBBT (Figure 5.5b) has multiple peaks in the 300 —
525 nm region, and the lowest-energy peak (n-m* transition) is centered at 525 nm (Omax = 4.4
x10* em™). The optical bandgap calculated from the onset of absorption in Figure E.11 is 2.05
eV, which is 0.73 eV smaller than the electrochemical bandgap (E, ) of 2.78 eV, which
suggests that TBBT may have a large effective exciton binding energy (). "> Compared to the
thin film absorption spectra, in MSA solutions the lowest energy peak is red-shifted by 168 nm
(Table 5.1), which demonstrates that the ICT character of TBBT is enhanced by protonation.

The thin-film absorption spectrum of LTBT (Figure 5.5b) shows peaks between 300 nm —
900 nm with the m-n* peak centered at 825 nm (Otmax = 9.9 x10* cm™). The optical bandgap
(E.™") measured from the onset of the thin film absorption is 1.28 eV (Figure 5.5c), which is
0.14 eV smaller than the £, of 1.42 eV, indicating a reduced E, of 0.14 eV compared to
model compound (Table 5.1). In contrast to the optical absorption spectrum in MSA, the thin
film absorption spectrum is markedly different. In particular, the MSA solution absorption
spectrum with the lowest-energy absorption peak at 1151 nm is red-shifted by 326 nm from that
of the thin film (Am.x= 825 nm). This large 326-nm difference in lowest energy peak positions
confirms protonation enhancement of the ICT character as previously discussed.

In order to gauge the polymer chain topology in protic acid solutions, variable-
temperature optical absorption spectra were collected in both MSA and triflic acid solutions
ranging from 20°C — 100°C (Figure E.12). In the MSA solution absorption spectrum, increasing
the temperature is associated with the ICT band blue shifting from 1151 nm to 1107 nm
accompanied by decreasing molar absorptivity and vibronic structures (Figure E.12a). In contrast
to the MSA solution, the variable-temperature absorption spectrum in triflic acid does not show

any changes of the Amax (Figure E.12b). The observed thermochromism in MSA solution means
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that the polymer chain topology is semi-flexible when partially protonated in weaker acids like
MSA (pKa ~ -2).”* However, when fully protonated in triflic acid (pKa ~ -14) the LTBT polymer
chain is more rigid. Clearly, LTBT is not a rigid-rod polymer unlike the ladder polymer BBL that
shows no thermochromism in MSA solutions in the same temperature range.”'

5.3.6 Electrical Conductivity of Doped LTBT Thin Films. We used ferric chloride (FeCls) as
a p-type dopant to study the electrical conductivity of doped LTBT thin films, since it has been
demonstrated to have a low electron affinity (EA ~ 5.5 ¢V)*’ and capable of effectively oxidizing

various p-type conjugated polymers.**">™

Detailed doping procedure is described in the
Experimental Method section whereby solution-sequential processing was used to dope LTBT
thin films. This strategy has been showed to be a highly effective technique to produce highly
conducting polymer films by means of fine-tuning dopant diffusion into the polymer film
without compromising film quality, creating large dopant aggregates, or disrupting the polymer

crystal structures.®

In short, the dopant solution (20 mM FeCls in acetonitrile) was deposited
onto the neat LTBT thin films followed by a 90-second delay before spinning off the excess
solution. The doped polymer films were then thermally annealed at various temperatures prior to
characterizing the room-temperature dc-electrical conductivity (oq4) via colinear four-point probe
technique in ambient environment. The numerical values of o4 as a function of annealing
temperatures and its room-temperature stability are summarized in Table 5.2.

Upon deposition of FeCls, the forest-green colored undoped LTBT films turned brown
indicating successful doping reactions and the formation of polaronic charge carriers. However,
the brown-colored doped films quickly turned to green-colored films within seconds of exposing

to air indicating rapid de-doping and quenching of polarons/bipolarons due to side reactions with

either oxygen or moisture.*®
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Table 5.2. Dc-Electrical Conductivity (o4.) of FeCl;-Doped LTBT Thin Films as a Function of

Annealing Temperature and Storage Duration.

Variable Condition Ode, average (S/cm)®
80°C — 10 min (1.06 + 0.26) x 10™

Annealing 100°C — 10 min (3.31£0.31)x 10"
Temperature 120°C — 10 min (2.67+1.07)x 10
140°C — 10 min (1.35+0.99)x 10"

Day 0 (3.31+0.31) x 10™

Day 1 (4.48 +0.78) x 107

Stability Day 2 (126 £0.53)x 107
Day 3 (1.13+0.57)x 10~

Day 4 (7.11+4.37)x 10™

@ Average values are obtained from three different samples.

Undoped LTBT films were insulating with extremely high resistance (>>10° Q). Upon
doping with FeCl; and annealed at 100°C for 10 min, LTBT films exhibited an average o4. of
(3.31 £0.31) x 10" S/cm (Table 5.2) where a maximum value of 3.78 x 10" S/cm was observed.
Higher annealing temperatures resulted in a rapid decrease in electrical conductivity (Figure
5.6a). We note that the g4 of doped LTBT films are rather modest compared to state-of-the-art p-
type conducting polymers considering that the thermodynamic requirements for efficient doping
are sufficiently achieved (HOMOLtgr < LUMOEgcci3). Atomic force microscopy (AFM) imaging
showed that the surfaces of LTBT neat films were rather rough with large aggregates (RMS
roughness ~ 5 — 7 nm), especially when probed over large dimensions (1 — 2 um) (Figure E.13).
Such suboptimal surface morphology could hinder diffusion of FeCl; molecules into the polymer
films; thus, limiting the electrical conductivity. Furthermore, the rapid de-doping in ambient
conditions partly contributed to the low o4, of doped LTBT films. As a result of the observed air

instability of LTBT doped film, we monitored the room-temperature electrical conductivity over
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several days. The o4, values decreased by over two orders of magnitude within the first two days
before leveling off at around 10” S/cm. Despite its relatively poor ambient stability, LTBT still
showed at least several orders of magnitude enhancement of conductivity upon doping; thus,

suggesting its potential for future device applications.
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Figure 5.6. (a) Dc-electrical conductivity (g4;) of FeCl; doped LTBT thin films at various
annealing temperatures; (b) Stability of electrical conductivity of LTBT doped films in ambient
air; (c¢) Thin film optical absorption spectra of undoped and FeCl; doped LTBT thin films; (d)
Optical absorption spectra of LTBT doped films in energy space.

UV-Vis-NIR optical absorption spectra were used to further confirm the formation of
polaronic species and rationalize the modest electrical conductivity of FeCls doped LTBT films.
Upon doping, the vibronic features of the n-n* transition band were diminished accompanied by

two new broad absorption bands centered at around 1000 nm (1.2 eV) and 1345 nm (0.9 eV)
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(Figures 5.6c and 5.6d) indicating the generation of polaronic charge carriers. However, the lack
of absorption extending to further NIR region (> 1500 nm) suggests that charge carriers in FeCls
doped LTBT are rather localized,”® which further explains the observed modest electrical
conductivity.

5.4. Conclusions

In this study, we report the synthesis and detailed characterization of the electronic
structure, optical properties, electrical conductivity and thin film morphology of the new p-type
ladder polymer ladder poly(thienobenzothiazine) (LTBT). The single-crystal structure of the
model compound thienobis(benzothiazine) (TBBT) was also reported. LTBT has excellent film-
forming properties as evidenced by the large area freestanding films, and a combination of DFT
calculations and optical absorption measurements revealed that LTBT has a strong donor-
acceptor character that enabled a narrow optical bandgap of 1.28 eV. Moreover, protonation-
enhanced intramolecular charge transfer (ICT) character was observed in the infrared region in
MSA-solution absorption spectra, evidenced by a 326-nm red shift of the lowest energy peak
compared to the thin film absorption spectrum.

The average electrical conductivity was measured to be (3.31 + 0.31) x 10™ S/cm when
p-doped with FeCl;. The modest p-doped electrical conductivity of LTBT is attributed to the
combination poor air stability of the doped polymer films and the rough film surface that was
seen in the AMF images. The results presented demonstrate the potential of the new thiophene-
based p-type polymer LTBT in organic electronics and provide important insights into the

structure-property relationships of semiconducting ladder polymers.
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Chapter 6. Conclusions and Outlook

6.1. Conclusions

Organic semiconducting polymers are of broad and fundamental interest for
applications in organic photovoltaics, organic field-effect transistors, organic electrochemical
transistors, and organic thermoelectric devices. One of the most attractive features of
semiconducting polymers is their synthetic tunability that allows the synthesis of polymers with
properties that suit the specific application. n-Conjugated ladder polymers are of particular
interest due to their ideal ribbon-like conformations that limits conformational disorder and
endows them with large persistence lengths that are known to benefit charge transport. The
projects present in this dissertation focused on the synthesis and studies of both known and new
p-/n-type m-conjugated ladder polymers and addressed some challenges in the field by
elucidating structure-property relationships that govern their performance in organic electronics.

In Chapter 2, I discussed the synthesis and properties of the phenazine-substituted
BBL derivative BBL-P, whose initial synthesis was reported several years before the discovery
of the semiconducting properties of n-conjugated polymers in 1977. The elemental analysis and
thermal gravimetric analysis revealed that BBL-P is intrinsically hygroscopic and retains ~ 8-
11% water even after rigorous drying under vacuum at temperatures > 100°C. The optical
absorption spectrum in protic acid solutions showed a lowest-energy peak at 840 nm, which is
attributed to protonation-enhanced intramolecular charge transfer (ICT) character. Additionally,
I found that extending the m-conjugation length by phenazine substitution has minimal impact
on the LUMO energy level, which was measured to be identical to BBL at -4.0 eV. I also

discovered that BBL-P thin films have reduced crystallinity and preferential face-on molecular
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orientations, both of which contributed to a comparatively decreased field-effect electron
mobility (ue) of 1.2 x10™* em?*/Vs. I demonstrated that BBL-P has excellent film-forming
properties such that large area freestanding films with areas 1-2 cm” can be created. These
freestanding films have robust mechanical properties in the out-of-plane direction exemplified
by a large Young modulus of 11 GPa.

Chapter 3 focuses on the design, synthesis, and properties of two series of BBL-based
random copolymers featuring cyanated electron-withdrawing moieties: BBL-x2CN and BBL-
XTCN (x = 20, 35, and 50). The random copolymer architecture was chosen for these studies in
order to balance the solubility and processability of the ladder polymers, which allowed me to
study the effects of appending strong electron-withdrawing moieties onto the backbone of BBL.
I originally synthesized the homopolymers BBL-2CN and BBL-2TCN and found them to be
insoluble in protic acids.

In Section 3.1, synthesized a series of random copolymers BBL-x2CN featuring two
cyano groups appended directly to the naphthalene core. I accomplished this by designing and
synthesizing a new dicyano-tetraester monomer, NTE-2CN; single-crystal X-ray analysis of
NTE-2CN confirmed the successful isolation of the 2,6-dicyano isomer. I found that the
incorporation of 20 mol% of NTE-2CN increased the speed of the polycondensations such that
they completed in less than 12 hours at 150°C compared to BBL (x = 0). I discovered that the
BBL-x2CN series and the accompanying model compound are predicted to show no
conformational distortions according to DFT calculations. The thin film absorption
measurements showed optical bandgaps of 1.60 eV — 1.65 eV, and low LUMO levels of -4.16
eV to -4.34 eV were measured on cyclic voltammetry. Specifically, 50 mol% of the NTE-2CN

monomer lowered the LUMO level by 0.18 eV compared to BBL. The effects of cyanation on
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the electrical conductivities were studied by n-doping the polymer thin films and preliminary
results indicate that incorporation of 20 — 50 mol% of 2CN in the backbone is detrimental to the
electrical conductivities, which can partly be explained by the extreme localization of the
LUMO energy level shown on the DFT calculations.

In Section 3.2, I extend my cyanation strategy to synthesize a second random copolymer
series featuring dithiinotetracarbonitrile (TCN) groups: BBL-xTCN (x = 0.2, 0.35, 0.5). Similar
to the BBL-x2CN polymers, I found that incorporation of as little as 20 mol% of the TCN-based
monomer into the BBL backbone increased the speed of the polymerizations and resulted in
polymers with modest intrinsic viscosities ranging from 1.3 dL/g — 2.5 dL/g in MSA at 30°C.
The molecular structures of the polymers were characterized by FTIR, Raman and X-ray
photoelectron spectroscopy and were comparable to those of the model compound PTCNMe. I
showed that 50 mol% of the TCN moiety is required to lower the LUMO level by 0.2 eV
compared to BBL, which demonstrates the efficacy of TCN-backbone functionalization as an
approach to lower the LUMO level of n-type semiconducting ladder polymers. Unlike the BBL-
2CN series, DFT calculations revealed that increasing the mol% of the TCN moiety also
increased the structural disorder, which was also implied on the optical absorption spectroscopy.

Chapter 4 describes the synthesis and properties of two p-type m-conjugated ladder
polymers, the known polymer LPBT and the new alkylated polymer, LPBT-Me. Here, I studied
the effects of N-alkylation on the polymer chain conformation, electronic structure and charge
transport properties of p-type ladder polymers and found that both polymers have donor-
acceptor motifs and strong intramolecular charge transfer character when protonated.
Additionally, both polymers have small optical bandgaps of 1.5 eV that was unchanged by N-

alkylation. I discovered that both polymers show substantial thermochromism when protonated
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in acid solutions, which is in contrast to BBL that shows no thermochromism in protic acid
solutions. This means that ladder poly(pyrrolobenzothiazine)s are not rigid-rod ladder polymers
like BBL, but rather undergo planar/non-planar conformational changes that vary with the
degree of protonation, which I corroborated with DFT calculations. The field-effect hole
mobility of the parent polymer LPBT was increased at 3.1 x 10” cm*/Vs compared to 1.3 x 107
cm’/Vs measured for LPBT-Me. This difference is understood by the increased crystallinity and
decreased lattice disorder in the thin films of LPBT that was evidenced in 2D X-ray diffraction
experiments.

Continuing my studies of p-type ladder polymers in Chapter 5, I discussed the
synthesis and characterization of a new thiophene-based p-type ladder polymer LTBT, and its
model compound TBBT. I synthesized LTBT using a binary solvent system of PPA and
sulfolane to improve the solubility of my new 2,5-dione thiophene monomer in the
polymerization medium. I limited the polymerization reaction time to 40 h in order to enhance
the processability of the polymer, which resulted in a polymer with [7] = 2.0 dL/g in MSA at
30°C. Single-crystal X-ray analysis of TBBT showed that the molecule has a coplanar backbone
and a m-m stacking distance of 3.8 A. LTBT exhibited a narrowed optical bandgap of 1.28 eV
and strong protonation-enhanced intramolecular charge transfer character that extends in the
infrared region. I also found that LTBT shows thermochromism in MSA (pKa ~ -1.9) solutions,
but not in triflic acid solutions (pKa ~ -14.7), which implies that it undergoes conformational
distortions when partially protonated. A moderate average electrical conductivity of (3.31 £
0.31) x 10" S/cm was found when p-doped with FeCl;, which demonstrate the potential of

LTBT in organic electronics.
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Overall, the studies presented in this dissertation have provided new knowledge to the
field of semiconducting polymers and have presented newfound insights into the fundamental
structure-property relationship of both n-type and p-type m-conjugated ladder polymers for
organic electronics. Moving forward, new studies of m-conjugated polymers should continue to
push the boundaries of knowledge of m-conjugated ladder polymers in order to design new state-

of-the-art semiconductors for technological innovations.
6.2. Outlook

Rigid-rod m-conjugated ladder polymers are a promising class of semiconducting
polymers with utility in organic electronic devices. Defect-free m-conjugated ladder polymers
are exceedingly rare due to the difficult synthesis of tetrafunctionalized monomers and/or
inefficient post-annulations of prepolymers. Thusly, a good first approach to develop new
ladder polymers is to functionalize and derivatize known ladder polymers such as BBL in order
to study the structure-property relationships that govern performance in electronic devices. This
strategy was used in Chapters 2 and 3 where I synthesized and characterized n-type derivatives
of BBL featuring electron-deficient monomers. Due to the insolubility of the homopolymers
BBL-TCN and BBL-2CN, I utilized the random copolymer motif to enable solution processing,
which highlights the main challenge in the field of semiconducting ladder polymers: insolubility
of the ladder backbone. Going forward, the solubility of BBL-derivatives could be improved to
afford the study of the solution and solid-state properties though side-chain engineering. For
example, an alkyl chain could be attached to the naphthalene backbone on the NTE-2CN
monomer. An alternative approach would be to attach the alkyl chains to the tetraamine

monomer. Increasing the molecular diversity of semiconducting ladder polymers is the first step
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towards enabling rational design of new ladder polymers for organic electronic device
applications.

It is clear that the limited solubility of ladder polymers is the major roadblock to fully
realize their potential as semiconductors in organic electronics. For example, a key design
criterion to maximize charge transport is to increase the molecular weight of the ladder polymer,
which I highlighted in Chapters 2 and 4. To establish accurate structure-property relationships,
high molecular weight ladder polymers must be synthesized reproducibly. For example, the
highest recorded [7n] value for the prototype ladder polymer BBL is limited to 32.0 dL/g, and
this result has never been reproduced. The next best BBL polymer has [7] = 21.0 dL/g, which
represents a significant decrease in the molecular weight. In another example, the insolubility of
the BBL-502CN and BBL-50TCN copolymers discussed in Chapter 3 limited the molecular
weights such that only the low molecular weight fractions were isolated. Since many properties,
including charge transport properties and electrical conductivities, depend directly on the
molecular weight, future studies should focus on establishing polymerization routes that
synthesize well-defined, soluble ladder polymers that approach a target molecular weight.

Solubilizing the ladder backbone though side-chain engineering would address another
key challenge in the field: processing the polymers into thin films for electronic devices.
Currently, ladder polymers without solubilizing groups are processed exclusively using protic
acid solutions, such as MSA or conc. H,SOys, or in air-sensitive Lewis-acid complexes. To bring
n-conjugated ladder polymers to market, moving away from these processing methods is of
critical importance since using strong acids on an industrial scale is a safety issue and

processing in inert conditions is impractical.
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Processing ladder polymers in non-acid solvents is also of critical importance in the
context of characterization. Currently, the structural characterization of BBL and other ladder
polymers is extremely limited because many modern techniques, like size-exclusion
chromatography, are not compatible with the strong acids used to solubilize ladder polymers. A
few example polymers that could be synthesized with solubilizing alkyl chains, possibly using
the sulfolane/PPA solvent system that I described in Chapter 5, include ladder
pyrazinoquinoxalines (LPPQ-R), ladder pyrrolobenzothiazine (LPBT-R), and perylene-

substituted BBL derivatives (PBL-R) (Figure 6.1).

@Ef& @ds slr} IKII

n/2
LPPQ-R LPBT-R PBL-R

Figure 6.1. Examples of potential ladder polymers featuring alkyl chains. R = long alkyl chain.
Understanding the structure-property relationships of m-conjugated ladder polymers
must be extended to the polymer chain topology. In Chapters 4 and 5 I showed that ladder
architecture does not exclusively lead to the rigid-rod chain topology. I showed that the ladder
pyrrolobenzothiazine and ladder thienobenzothiazine polymers have planar/non-planar
conformational variations when protonated and do not have a rigid-rod ladder topology. Beyond
temperature-dependent optical absorption measurements, light scattering, neutron scattering,
and temperature-dependent Raman spectroscopy experiments could be used to not only
elucidate conformational disorder in the polymer chain, but also to measure other fundamental

parameters such as persistence lengths.
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Appendix A
Appendix A presents supplementary information to accompany Chapter 2: Phenazine-
Substituted Poly(benzimidazobenzophenanthrolinedione): Electronic Structure, Thin Film
Morphology, Electron Transport, and Mechanical Properties of an n-Type Semiconducting

Ladder Polymer

A.1 Additional Experimental Methods
Preparation of BBL-P Thin Films on Glass Substrates.

BBL-P was dissolved in methanesulfonic acid (MSA) at a concentration of 20 — 25 mg/mL and
stirred at 125°C for at least a week to ensure complete dissolution. Soda lime glass substrates or
indium tin oxide (ITO) substrates were cleaned sequentially in detergent, DI water, acetone, and
isopropyl alcohol. The cleaned substrates were treated with air plasma for 10 mins. The BBL-P
polymer solution was spun on substrates at 1000 rpm for 30 seconds, and the wet films were
baked at 120°C for 12 hours. At this stage, the BBL-P thin films were sufficiently dried and
showed a shiny gold surface. The temperature was gradually increase to 200°C with a ramping
rate of 20°C/hour to remove any residual acidic solvents (7, msa = 167°C). The resulting BBL-P
films showed dark brown color with a shiny gold surface and was used for further
characterizations (UV-Vis, CV, and nanoindentation tests).

Fabrication of Freestanding Films.

Films of BBL-P were prepared on initial supporting glass substrates using a similar procedure as
described above where the BBL-P solution (25 mg/mL) was spun at 700 rpm for 45 seconds, and
the films were baked overnight at 120°C. Instead of additional annealing at higher temperature,
the BBL-P thin films were slowly cooled down to room temperature and submerged in DI water.

Upon exposure to water, BBL-P films swelled significantly due to its intrinsic hygroscopic
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nature; thus, films can be peeled from the supporting substrate, floated on water surface, lifted
off, and dried to form freestanding films. These freestanding films were used for further
characterizations (UV-Vis, FTIR, and Raman spectroscopy).

Fabrication and Characterization of OFETs. n-Channel organic field-effect transistors
(OFETs) were fabricated in a bottom-gate/top-contact device architecture with a polymer buffer
layer. The substrate is comprised of heavily n-doped silicon (< 0.005 S/cm; 500 um) with a 300
nm-thick silicon oxide layer. The substrates were cleaned by sequentially sonicating in DI water,
acetone, and isopropyl alcohol. The cleaned substrates were then treated with air plasma for 10
mins. Insulating polystyrene (PS) was dissolved in anhydrous toluene (5 mg/mL) and stirred at
room temperature overnight. The PS solution was spin-coated onto the substrates at 3000 rpm for
60 seconds followed by drying in vacuum oven at 60°C overnight to produce a 17.0 nm (+ 0.12
nm) thick layer. On top of the PS-coated substrates, the BBL-P thin films were deposited by
spin-coating a BBL-P solution in MSA (25 mg/mL) at 5000 rpm for 30 seconds. The acidic
solvent was removed by dipping the films in a mixture of isopropanol (IPA) and ethylene glycol
(EG) (1:1, v:v) several times for 12 hours. Afterwards, the BBL-P films were submerged in
100% IPA for at least 5 hours to wash away excess ethylene glycol. Finally, the BBL-P films
were dried in vacuum oven at 100°C overnight and then annealed at 170°C on a hot plate for 10
min in a nitrogen-filled glovebox. Source and drain electrodes were defined by thermal
evaporation of gold electrodes (60 nm). Channel width (W) and length (L) were 1000 um and
100 um, respectively. The transistors were tested by using a Keithley 4200 semiconductor
characterization system inside a nitrogen atmosphere. The field-effect electron mobility (1) was

extracted by analyzing the current — voltage data with the saturation-region equation:

uwce;
las = =57 (Vs = V&)’




199

where /g is the source-drain current, u is field-effect mobility, Ciis the capacitance of gate
insulator (10.6 nF/cm?), Vs 1s source-gate voltage bias, and V; is threshold voltage.

Characterization of Mechanical Properties by Nanoindentation Test. The elastic modulus
was measured using Hysitron TI 980 Tribolndenter. The nanoindentation test required a
Berkovich tip compressing into the sample while measuring the force and displacement. The
tests were carried out in both constant displacement and constant load mode. Three indents were
made across the film surface at each displacement and load value. The reported elastic modulus
was the average of the moduli in the range of 10 — 20% depth into the total film thickness to
minimize any substrate effects. Dynamic mechanical analysis (DMA) was done by applying an
oscillating load with maximum amplitude of 100 uN at varying frequency from 45Hz to 200 Hz.
Samples were made by spin-coating BBL-P onto a glass substrate using procedure described
earlier. The total thickness of the BBL-P sample was determined to be 650 nm using a

profilometer.
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A.2 Supplementary Figures
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Figure A.1. (a) TGA of BBL-P (at 10°C/min under N,) taken after 48 hours drying (orange), 96
hours drying (blue) at 200°C under vacuum, and drying to 400°C in the TGA, cooling to 50°C,

and ramping up to 880°C (red). (b) DSC heating and cooling scans of BBL-P with a heating and
cooling rate of 10°C/min under N, gas flow.
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Figure A.2. Proton NMR spectrum of (a) BBL-P and (b) BBL in GaCls/nitromethane-d3, and (c)

possible structural isomers of the BBL-P monomeric repeat unit.
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HOMO

Figure A.3. Pictorial representation of the DFT-calculated ground state frontier molecular
orbitals of BBL oriented in a trans-cis-trans geometry. Calculations were performed at the
®B97XD/6-31G(d,p) level of theory.
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Figure A.4. (a) Simulated absorption spectrum of the gas phase BBL-P oligomer calculated at
the time-dependent (TD) ®B97XD/6-31G(d,p) level of theory calculated with 12 excited states
(Amax = 527 nm), (b) The pictorial representation of hole and electron orbital distributions for the
lowest energy transition (n-n’) at 527 nm, and (c) The anionic BBL-P oligomer showing polaron
orbital distribution calculated at the same ®B97XD/6-31G(d,p) level of theory.
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Figure A.5. (a) AFM height image of BBL-P thin film (2 pm x 2 pm) and (b) AFM phase image
of BBL-P thin film (2 pym x 2 um).
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Figure A.6. Transfer curve of BBL-P transistors with reverse and forward scans. The inset
shows a zoomed-in region with gate voltage varying between 60 V and 120 V.
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Figure A.7. (a-e¢) AFM topography images of BBL-P films after nanoindentation tests at various
indent depths (60 nm (a), 90 nm (b), 110 nm (c), 130 nm (d), and 150 nm (e)), (f) Indent depth as

a function of time, and (g) Load-displacement response curve of BBL-P films (thickness = 650
nm) at various indent depths.
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A.3 Supplementary Tables

Table A.1. Summary of Diffraction Peak Positions (g), d-Spacings, and Crystalline Coherence
Length (L.) in the In-Plane (IP) and Out-of-Plane (OOP) Directions of BBL-P.

Parameter Value

Gy (A 0.78

g, (A 1.90

dioo (A) 8.03

doro (A) 3.31

LC (100) IP (nm) 1.07
LC (010) OOP (nm) 1.04

Table A.2. Charge Transport Properties of BBL-P Ladder Polymer Characterized by Organic
Field-Effect Transistor (OFET) with Channel Length/Channel Width of 100 pm/1000 pm.

Parameter Value
UFET ave (sz/VS)(a) (9.60 + 1.58) x 107
UFET.max (cM*/Vs) 1.21x10™
Ton/ Lo ™ (7.7 +3.4) x 107
A 451+ 1.72

@ Average values are obtained from 17 individual devices.
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Appendix B
Appendix B presents supplementary Information to Chapter 3.1: Cyanated and Noncyanated

Conjugated Ladder Copolymers and Model Compound of
Poly(benzimidazobenzophenanthroline): Synthesis, Electronic Structure, and Thin Film

Morphology.

B.1 Additional Experimental Methods

Single Crystal X-Ray Analysis.

Single crystals of NTE-2CN were grown from slow diffusion of ethanol into chloroform, which
produced colorless needles. A colorless needle, measuring 0.26 x 0.05 x 0.05 mm® was mounted
on a loop with oil. Data was collected at -173'C on a Bruker APEX II single crystal X-ray
diffractometer, Mo-radiation, equipped with a Miracol X-ray optical collimator. Crystal-to-
detector distance was 40 mm and exposure time was 15 seconds per frame for all sets. The scan
width was 0.5. Data collection was 96.7% complete to 25° in 9. A total of 36582 reflections
were collected covering the indices, -18<=h<=18, -21<=k<=21, -10<=1<=10. 2018 reflections
were symmetry independent and the Ry, = 0.0342 indicated that the data was excellent. Indexing
and unit cell refinement indicated a C-centered monoclinic lattice. The space group was found to
be C 2/c (No. 15). The data was integrated and scaled using SAINT, SADABS within the
APEX2 software package by Bruker.! Solution by direct methods (SHELXT>® or SIR97"°)
produced a complete heavy atom phasing model consistent with the proposed structure. The
structure was completed by difference Fourier synthesis with SHELXL.®” Scattering factors are
from Waasmair and Kirfel.® Hydrogen atoms were placed in geometrically idealised positions

and constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00
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Angstrom. Isotropic thermal parameters Uy were fixed such that they were 1.2U, of their parent
atom Ueq for CH's and 1.5U¢q of their parent atom U, in case of methyl groups. All non-
hydrogen atoms were refined anisotropically by full-matrix least-square. Within the solvent free
structure, half of molecule is related to the other by an inversion center in the center of the
molecule. The side chains are disordered to avoid overlapping.

X-Ray Photoelectron Spectroscopy.

All XPS spectra were taken on a Kratos Axis-Ultra DLD spectrometer. This instrument has a
monochromatized Al Ko X-ray and a low energy electron flood gun for charge neutralization. X-
ray spot size for these acquisitions was on the order of 700 x 300 um. Pressure in the analytical
chamber during spectral acquisition was less than 5x10” Torr. Pass energy for survey and
detailed spectra (composition) was 80 eV. Pass energy for the high-resolution spectra was 20 eV.
The take-off angle (the angle between the sample normal and the input axis of the energy
analyzer) was 0°(0 degree take-off angle ~ 100 A sampling depth). The Kratos Vision2 software
program was used to determine peak areas and to calculate the elemental compositions from
peak areas. CasaXPS was used to peak fit the high-resolution spectra. For the high-resolution
spectra, a Shirley background was used and all binding energies were referenced to the C Is C-C
bonds at 285.0 eV.

Preparation of Polymer Thin Films on Glass Substrates.

The polymers was dissolved in methanesulfonic acid (MSA) at a concentration of 10 — 15
mg/mL and stirred at 125°C for several days to ensure complete dissolution. Soda lime glass
substrates or indium tin oxide (ITO) substrates were cleaned sequentially in detergent, DI water,
acetone, and isopropyl alcohol (IPA). The polymer solutions were spun on substrates at 1000

rpm for 30 seconds, and the wet films were submerged in ethylene glycol (EG) for one hour,
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followed by EG:IPA 80:20 for one hour, EG:IPA 50:50 for one hour, then finally IPA for 12
hours. The polymer films were then dried at 90°C for 12 hours, which exhibited a shiny copper
colored surface.

Fabrication of Freestanding Films.

Films of the polymers were prepared on initial supporting glass substrates where the polymer
solutions (25 mg/mL) were drop-cast onto glass substrates, and the films were baked overnight at
120°C. The polymer thin films were slowly cooled down to room temperature and submerged in
DI water. Upon exposure to water, the polymer films can be peeled from the supporting
substrate, floated on water surface, lifted off, and dried to form freestanding films. These

freestanding films were used for further characterizations (FTIR and Raman spectroscopy).
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B.2 Supplementary Figures
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Figure B.1. Proton NMR of NTCDA-2Br (2) in DMSO-d6.
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Figure B.3. Proton NMR of NTE-2CN (4) in CDCl; The inserts show the peak splitting.
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Figure B.9. TGA scans of the BBL-x2CN random copolymers under N, with a scan rate of
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Figure B.10. DFT-calculated (a) FTIR spectrum of PCN, and the (b) FTIR and (¢) Raman
spectra of the BBL-502CN oligomer. Calculations were performed at the ®B97XD 6-31G(d,p)

level of theory.
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Figure B.11. Survey scans of the (a) NTE-2CN crystals on silicon substrates, and thin films on
silicon substrates of (b) PCN, (c¢) BBL, (d) BBL-202CN, (e) BBL-352CN, and (f) BBL-502CN.
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Figure B.12. XPS spectra of the C Is peaks and their optimal fits of the (a) NTE-2CN monomer,
(b) PCN model compound, and (c-f) the copolymers. N 1s spectra showing a two-peak fit with
residual standard deviations (RSTD) for PCN (g) and (h-k) the copolymers.
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Figure B.13. DFT calculations of the optimized ground-state molecular geometry of PCN, and
the pictoral representation of the ground-state frontier molecular orbitals. Calculations were
performed at the ®B97XD/6-31G(d,p) level of theory.
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Figure B.14. DFT calculations of the optimized (a) ground-state molecular geometry of the
representative BBL-502 oligomer comprised of 6 repeat units, and (b) the pictoral representation

of the ground-state frontier molecular orbitals. Calculations were performed at the wB97XD/6-
31G(d,p) level of theory.
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B.3 Supplementary Tables

Table B.1. Crystal Data and Structure Refinement for NTE-2CN.
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.154°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

shelx

(24 H22 N2 08

466.43

100(2) K

0.71073 A

Monoclinic

C2/c

a=152471(10) A o=90°.

b = 18.2854(13) A B=98.299(4)°.

c=84312(6) A vy =90°.
2326.0(3) A3

4

1.332 Mg/m?

0.101 mm!

976

0.260 x 0.050 x 0.050 mm?

1.750 to 25.154°.

-18<=h<=18, -21<=k<=21, -10<=I<=10
36582

2018 [R(int) = 0.0342]

96.7 %

Full-matrix least-squares on F?

2018 /288 /250

1.039

R1=0.0597, wR2 =0.1587
R1=0.0672,wR2 =0.1677

0.425 and -0.414 e.A-3
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Table B.2. Atomic Coordinates (x 104) and Equivalent Isotropic Displacement Parameters (A2 X 103)
for NTE-2CN. U(eq) is Defined as One Third of the Trace of the Orthogonalized U’ Tensor.

X y z Uceq)
N(1) 5983(2) 2384(1) 6368(4) 75(1)
C(1) 5344(1) 5252(1) 5297(2) 27(1)
C(2) 6145(1) 4969(1) 6180(2) 33(1)
C@3) 6268(1) 4235(1) 6367(3) 35(1)
C4) 5594(1) 3740(1) 5770(2) 34(1)
C(5) 4789(1) 3982(1) 4994(2) 31(1)
C(6) 5782(2) 2976(1) 6072(3) 49(1)
o(1) 3313(1) 3590(1) 5246(2) 36(1)
02) 4196(1) 2838(1) 4083(3) 40(1)
C(7) 4004(2) 3458(1) 4764(4) 35(1)
C(8) 3507(2) 2280(2) 3886(5) 46(1)
C) 3835(3) 1661(2) 3064(6) 57(1)
0@3) 6561(1) 5959(1) 8010(2) 34(1)
04) 7610(2) 5251(3) 7195(6) 48(1)
C(10) 6787(2) 5452(1) 7251(3) 28(1)
C(11) 8332(3) 5724(3) 7830(7) 65(1)
C(12) 8796(4) 5446(3) 9315(8) 90(2)
0(1A) 3922(4) 3525(4) 2625(7) 40(2)
0(2A) 4062(5) 2904(4) 4962(8) 44(1)
C(7A) 4228(6) 3446(4) 4017(8) 39(2)
C(8A) 3424(7) 2346(6) 4374(17) 45(2)
C(9A) 3864(12) 1724(7) 3770(20) 65(3)
0(3A) 7165(4) 5830(4) 5201(7) 69(2)
04A) 7547(5) 5233(5) 7563(10) 45(1)
C(10A) 7015(4) 5433(4) 6273(8) 50(1)
C(11A) 8241(4) 5643(5) 8492(9) 46(2)

C(12A) 9108(4) 5500(4) 8014(12) 55(2)
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Table B.3. FTIR Absorption Bands and Their Peak Assignments for the Monomer NTE-2CN
and the Model Compound PCN.

NTE-2CN PCN
FTIR FTIR Assionment
Absorption Bands Absorption Bands Ssighme
(cm™) (cm™)
2236 - V(CN), nitrile stretch
1721 1701 v(C=0), carbonyl stretch
i 1590 v(C=N), imine carbon-nitrogen
stretch
Aromatic carbon-carbon
1471, 1406 1541, 1476 skeletal stretches
i 1446 v(C-N), carbon-nitrogen amide
stretch
v(C-N), carbon-nitrogen single
i 1374, 1335 bond stretch
1198, 1153 1206, 1142 Mixed skeletal vibrations
1253, 1018 i v(C-0), carbon-oxygen ester

stretch
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Table B.4. FTIR and Raman Absorption Bands and Their Peak Assignments for the Random
Copolymers.

BBL-x2CN BBL-x2CN
FTIR Raman Assignment
Absorption Bands Absorption Bands &
(cm™) (cm™)
- - V(CN), nitrile stretch
1705 1706 v(C=0), carbonyl stretch
1581 1594 v(C=N), imine carbon-nitrogen
stretch
1564. 1502 1530. 1381 Aromatic carbon-carbon skeletal
’ ’ stretches
1423 ) v(C-N), carbon-nitrogen amide
stretch
1373. 1304 1401 v(C-N), carbon-nitrogen single
’ bond stretch

1235, 994 1271, 1307, 988 Mixed skeletal vibrations




Table B.5. C 1s Binding Energies (B.E.) of the High-resolution Scans in Figure B.12.
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_ N C ls/n-n*

Cls/C-H Cl1s/C=C CI1s/C-N C 1s/C=N/C=0 satellite
Compound B.E. B.E. B.E. B.E. BE
(eV) (eV) (eV) (eV) (V)

NTE-2CN 285.0 285.8 - 289.3 -

PCN 285.0 285.6 287.4 288.9 290.7
BBL 285.0 285.7 286.9 288.6 290.3
BBL-202CN 285.0 285.7 287.0 288.6 290.0
BBL-352CN 285.0 285.8 287.1 288.8 288.9

BBL-502CN 285.0 285.8 287.2 288.9 290.0
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Table B.6. N 1s Binding Energies (B.E.), Full-Width at Half-Maximum (FWHM), and the
Residual Standard Deviation (RSTD) of the 2 Peak and 3 Peak Fits of the High-resolution Scans
in Figures 3.3 and B.12.

N Is N Is N s
C d amide Imine/nitrile 3-peak fit RSTD  RSTD
ompoun B.E. B.E. FWHM 2 peaks 3 peaks
(eV) (eV) (eV)

NTE-2CN - 399.5 - - -
PCN 400.6 398.4 1.2 2.7 1.4
BBL 401.4 398.9 1.0 1.2 -

BBL-202CN 401.1 399.0 1.0 2.9 2.1
BBL-352CN 401.0 399.0 1.1 7.9 1.6

BBL-502CN 401.3 399.3 1.1 4.8 1.5
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Appendix C
Appendix C presents supplementary information to Chapter 3.2: Random Copolymers and

Model  Compound of Ladder  Poly(benzimidazobenzophenanthroline)  Featuring

Dithiinotetracarbonitrile Groups: Synthesis and Electronic Structure

C.1 Additional Experimental Methods

X-ray Photoelectron Spectroscopy Experimental Setup

All XPS spectra were taken on a Kratos Axis-Ultra DLD spectrometer. This instrument has a
monochromatized Al Ko X-ray and a low energy electron flood gun for charge neutralization. X-
ray spot size for these acquisitions was on the order of 700 x 300 um. Pressure in the analytical
chamber during spectral acquisition was less than 5x10” Torr. Pass energy for survey and
detailed spectra (composition) was 80 eV. Pass energy for the high-resolution spectra was 20 eV.
The take-off angle (the angle between the sample normal and the input axis of the energy
analyzer) was 0°(0 degree take-off angle ~ 100 A sampling depth). The Kratos Vision2 software
program was used to determine peak areas and to calculate the elemental compositions from
peak areas. CasaXPS was used to peak fit the high-resolution spectra. For the high-resolution
spectra, a Shirley background was used and all binding energies were referenced to the C 1s C-C
bonds at 285.0 eV.

Preparation of Polymer Thin Films on Glass Substrates.

The polymers was dissolved in methanesulfonic acid (MSA) at a concentration of 20 — 25
mg/mL and stirred at 125°C for at least a week to ensure complete dissolution. Soda lime glass
substrates or indium tin oxide (ITO) substrates were cleaned sequentially in detergent, DI water,
acetone, and isopropyl alcohol. The cleaned substrates were treated with air plasma for 10 mins.

The polymer solutions were spun on substrates at 1000 rpm for 30 seconds, and the wet films
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were baked at 120°C for 12 hours. At this stage, the thin films were sufficiently dried and
showed a shiny gold surface. The resulting thin films showed dark brown color with a shiny gold
surface and were used for further characterizations (XPS, UV-Vis).

Fabrication of Freestanding Films.

Films of the polymers were prepared on initial supporting glass substrates where the polymer
solution (10 mg/mL — 15 mg/mL) in MSA was drop cast onto glass substrates, and the films
were baked at 170°C for 10 minutes. The polymer thin films were slowly cooled down to room
temperature and submerged in DI water. Upon exposure to water, the polymer films can be
peeled from the supporting substrate, floated on water surface, lifted off, and dried under vacuum
to form freestanding films. These freestanding films were used for further characterizations

(FTIR and Raman spectroscopy).
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C.2 Supplementary Figures
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Figure C.1. Proton NMR of the NTA-TCN monomer dissolved in D,O+NaOH.
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Figure C.3. Proton NMR of PTCNMe dissolved in DMSO-d6. The methyl groups are
overlapping with the satellite peaks of DMSO-d6.
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Figure C.4. Thermogravimetric analysis (TGA) scans of the BBL-xTCN random copolymers
and model compound under N at a heating rate of 10°C/min. The dashed line marks 5% weight

loss.



238

PTCNM JpTcNme
1 DFT FTIT? (a) DFT Raman (b)
3--
2] &
£. 2
c
L — L L A L
3000 2500 2000 1500 1000 500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™) Wavenumbers (cm™)
BBL-50TCN {BBL-50TCN
JoFT FTIR (c) {DFT Raman (d)
> >
2 2 ]
c c
2 27
£ £ 7

3000 2500 2000 1500 1000 500 3000 2500 2000 1500 41000 500
Wavenumbers (cm™) Wavenumbers (cm™)

Figure C.5. The DFT-predicted (a,c) FTIR and (b,d) Raman spectra for PTCNMe and BBL-
50TCN. The calculations were performed at the wB97XD/6-31G(d,p) level of theory.
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Figure C.6. XPS survey scans of thin films on silicon substrates of the (a) PTCNMe, (b) BBL,
(c) BBL-20TCN, (d) BBL-352CN, and (e) BBL-50TCN.
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Figure C.7. XPS spectra of optimally fit C 1Is and S 2p emissions for (a,f) PTCNMe, (b) BBL,
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Figure C.8. Electrostatic potential map of PTCNMe showing top and bottom views calculated at
the DFT wB97XD/6-31G(d,p) level of theory.
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Figure C.9. TD-DFT calculations performed at the ®B97XD/6-31G(d,p) level of theory on the
model compound showing (a) the excited state geometry, (b) simulated absorption spectra, and
(c) the pictoral representations of the hole and electron orbital distributions show the lowest
energy transition (n-n*) at 576 nm. The calculations were run for n = 12 excited states.
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Figure C.11. Normalized optical absorption spectra of PTCNMe and the BBL-xTCN random
copolymers (a) in dilute MSA solutions (10°M) and (b) as thin films on glass substrates.
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C.3 Supplementary Tables

Table C.1. FTIR and Raman Absorption Bands and Peak Assignments for PTCNMe.

FTIR Raman
Absorption Band  Absorption Band Assignment
(cm™) (cm™)
- 2458 V(CN), nitrile stretch
1760 1761 v(C=C), alkene stretch
1697 1713 v(C=0), carbony]l stretch
1654 1582 v(C=N), imine carbon-nitrogen stretch
1540, 1415 1555, 1414 Aromatic carbon-carbon skeletal stretches
1325 - v(C-N), carbon-nitrogen single bonds
1177 1256, 1189 Mixed skeletal vibrations
- 1099 C-H bending and wagging
996 1042 v(C-S), carbon-sulfur stretch

Table C.2. FTIR and Raman Absorption Bands for the BBL-xTCN Random Copolymer
Freestanding Films.

FTIR Raman
Absorption Band Absorption Band Assignment

(cm™) (cm™)

1705 1704 v(C=0), carbonyl stretch

1632 1590 v(C=N), imine carbon-nitrogen stretch
1503, 1466 1535, 1382 Aromatic carbon-carbon skeletal stretches

1417 - v(C-N), carbon-nitrogen amide bonds
1380, 1305 - v(C-N), carbon-nitrogen single bonds
1239, 1180 1267, 1020, 990 Mixed skeletal vibrations

- 725 C-H bending and wagging

949 - v(C-S), carbon-sulfur stretch
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Table C.3. C 1s Binding Energies (B.E.) and the Corresponding Full-width at Half-maximum
(FWHM) for the Fitted Peaks for PTCNMe, BBL, and the BBL-xTCN Random Copolymers

Compound @C 1s, @C 1s, @c 1s @c 1s ®FWHM
B.E. (eV) B.E. (eV) B.E. (eV) B.E. (eV) (eV)
PTCNMe 285.0 285.9 287.4 289.1 1.5
BBL 285.0 285.7 286.9 288.6 0.9
20TCN 285.0 285.6 288.6 286.9 1.0
35TCN 285.0 285.7 287.0 288.7 1.1
50TCN 285.0 285.7 286.9 288.6 1.1

@Ppeaks corresponding to 1s bonds. ® FWHM of the individual fitted peaks corresponding to
Figure C.7.
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Table C.4. N 1s, S 2p, and O 1s Binding Energies for PTCNMe and the BBL-xTCN Random
Copolymers Calibrated to the Lowest Energy Carbon Peak at 285.0 eV.

Compound N Is, imine/nitrile N 1s, amide N 1s S 2p
B.E. (eV) B.E. (eV) FWHM (eV) B.E. (eV)
PTCNMe 401.0/399.5 402.8 1.7 164.6
BBL 399.0 401.1 1.0 -
20TCN 399.1 401.1 1.1 164.3
35TCN 399.1 401.3 1.2 163.9

S0TCN 399.0 401.1 1.2 164.4
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Appendix D
Appendix D presents supplementary information to Chapter 4: p-Type Semiconducting Ladder

Poly(pyrrolobenzothiazine)s: Effects of N-Alkyl Side Chains on the Chain Conformation,

Electronic Structure, and Charge Transport Properties.

D.1 Additional Experimental Methods

Fabrication of Thin Films.

Films of LPBT and LPBT-Me were prepared on glass substrates where LPBT and LPBT-Me thin
films were deposited by spin-coating from their respective MSA solutions (25 mg/mL) at 4500 -
5000 rpm for 30 seconds. The acidic solvent was removed by dipping the films in a mixture of
isopropanol (IPA) and ethylene glycol (EG) (1:1, v:v) several times for 12 hours. Afterwards,
films were submerged in 100% IPA for several times before subjected to drying in vacuum oven
at 60°C overnight. Finally, the LPBT and LPBT-Me films were annealed at 170°C on a hot plate
for 10 min.

Fabrication of Freestanding Films.

Films of LPBT and LPBT-Me were prepared on initial supporting glass substrates using a similar
procedure as described above where the polymer solution (25 mg/mL) drop-cast onto a hot
substrate and baked overnight at 120°C. Instead of additional annealing at higher temperature,
the thin films were then slowly cooled down to room temperature and submerged in water. Thus,
films can be peeled from the supporting substrate, floated on water, lifted off using a copper
wire, and dried at 120°C to form freestanding films. These freestanding films were used for

further characterizations (FT-IR and Raman Spectroscopies).
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Fabrication and Characterization of OFETs.

p-channel organic field-effect transistors (OFETs) were fabricated in a bottom-gate top-contact
device architecture with a polymer buffer layer. The substrate is comprised of heavily p-doped
silicon (< 0.005 S/cm; 500 cm) with a 300 nm-thick silicon oxide layer. The substrates were
cleaned by sequentially sonicating in DI water, acetone, and isopropyl alcohol. The cleaned
substrates were then treated with air plasma for 10 min. Insulating polystyrene (PS) was
dissolved in anhydrous toluene (5 mg/mL) and stirred at room temperature overnight. The PS
solution was spin-coated onto the substrates at 3000 rpm for 60 seconds to produce a 17.0 nm (£
0.12 nm) thick layer, followed by drying in vacuum at 60°C overnight. On top of the PS-coated
substrates, the LPBT and LPBT-Me thin films were deposited by spin-coating from their
respective MSA solutions (25 mg/mL) at 4500 - 5000 rpm for 30 seconds. The acidic solvent
was removed by dipping the films in a mixture of isopropanol (IPA) and ethylene glycol (EG)
(1:1, v:v) several times for 12 hours. Afterwards, films were submerged in 100% IPA for several
times before subjected to drying in vacuum oven at 60 C overnight. Finally, the LPBT and
LPBT-Me films were annealed at 170°C on a hot plate for 10 min in a nitrogen-filled
glovebox. Source and drain electrodes were defined by thermal evaporation of gold electrodes
(50 nm). Channel width (W) and length (L) were 1000 um and 100 um, respectively. The
transistors were tested by using two Keithley 2400 Sourcemeters inside a nitrogen atmosphere.
The field-effect electron mobility was extracted by analyzing the current — voltage data with the
saturation-region equation:

uWwc;
lys = 2L l(VG - VT)Z

where Ips is the source-drain current, x is field-effect mobility, Ciis the capacitance of gate

insulator (10.6 nF/cm?), Vs is source-gate voltage bias, and Vr is threshold voltage.
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(b) LPBT-Me. DFT-calculated Raman spectra for (¢) LPBT and (d) LPBT-Me. The peak

assignments and corresponding vibrational modes are in Tables D.1 and D.2.
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Figure D.2. Proton NMR spectra of (a) LPBT and (b) LPBT-Me in GaCls/nitromethane-d3.
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Figure D.3. (a) TGA (at 10°C/min under N;) of LPBT and LPBT-Me under nitrogen with 5%
weight loss of 475°C and 508°C for LPBT and LPBT-Me, respectively, and (b) DSC heating and
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flow.
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Figure D.5. Additional CV scans of the LPBT and LPBT-Me thin films measured in 0.1 M
BusNPF; electrolyte solution using Ag/AgNOs as the reference electrode. The scan rate was 100
mV/s and the arrow indicates the direction of charging.
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Figure D.6. HOMO and LUMO orbital distributions calculated using DFT at the ®B97XD/6-
31G(d,p) level of theory for (a) LPBT and (b) LPBT-Me for oligomers bearing +1 and +6
charges. The oligomers were protonated at the same imine nitrogens.
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Table D.1. Fourier-Transform Infrared Spectroscopy (FT-IR) and Raman Absorption Bands of
LPBT Free Standing Films and Their Peak Assignments.

FT-IR Raman
Absorption Band ~ Absorption Band Assignment

(cm™) (cm™)
1698 1611, 1482 v(C=C), carbon-carbon stretches
1600 1545 v(C=N), imine carbon-nitrogen stretch

1459,1360 1349 Pyrrole stretch, mixed aromatic stretches
1225 - v(C-N), carbon-nitrogen stretch
- 1235 Mixed skeletal vibrations

1124 - v(C-N), amine carbon-nitrogen stretch
1085 1032, 743 v(C-S), carbon-sulfur stretch

Table D.2. Fourier-Transform Infrared Spectroscopy (FT-IR) and Raman Absorption Bands of
LPBT-Me Free Standing Film and Their Peak Assignments.

FT-IR Raman
Absorption Band  Absorption Band Assignment
(cm™) (cm™)
1613 1619, 1488 v(C=C), carbon-carbon stretch
1577 1542 v(C=N), imine carbon-nitrogen stretch
1452 1428 Pyrrole stretch, mixed aromatic stretches
1239 - v(C-N), carbon-nitrogen stretch
- 1362 v(C=C), v(C-N), pyrrole stretches
- 1253 Mixed skeletal vibrations
- 1138 CHj; rocking
1046 1026, 737 v(C-S), carbon-sulfur stretch
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Appendix E presents a supplementary information to accompany Chapter 5: Ladder
Poly(Thienobenzothiazine): Synthesis, Electronic Structure, Optical Properties, and p-Doped

Electrical Conductivity of a Narrow Bandgap p-Type Ladder Polymer

E.1 Additional Experimental Methods

Fabrication of Thin Films.
Films of LTBT were prepared on glass substrates where LTBT thin films were deposited by

spin-coating from their respective MSA solutions (13 mg/mL) at 4500 - 5000 rpm for 30
seconds. The acidic solvent was removed by soaking the films in isopropanol (IPA) for 12 hours.
Afterwards, films were dried in vacuum oven at 60°C overnight. Finally, the LTBT films were

annealed at 170°C on a hot plate for 10 min.

Fabrication of Freestanding Films.

Freestanding films of LTBT were prepared on initial supporting glass substrates using a similar
procedure as described above where the polymer solution (15 mg/mL) drop-cast onto a hot
substrate and baked overnight at 120°C. Instead of additional annealing at higher temperature,
the thin films were then slowly cooled down to room temperature and submerged in water. Thus,
films can be peeled from the supporting substrate, floated on water, lifted off using a copper
wire, and dried at 120°C to form freestanding films. These freestanding films were used for

further characterizations (FTIR and Raman Spectroscopies).

Experimental Details of X-Ray Crystallography.
A red needle, measuring 0.60 x 0.04 x 0.005 mm’ was mounted on a loop with oil. Crystal
diffraction data was collected at -173°C on a Bruker APEX II single crystal X-ray diffractometer,

Mo-radiation, equipped with a Miracol X-ray optical collimator. Crystal-to-detector distance was



40 mm and exposure time was 30 seconds per frame for all sets. The scan width was 0.75".257
Data collection was 100.0% complete to 25° in 9. A total of 10370 reflections were collected
covering the indices, h = -21 to 21, k = -25 to 25, 1 = -4 to 4. 2698 reflections were symmetry
independent and the Riyx = 0.1668 indicated that the data was of better than average quality
(0.07). Indexing and unit cell refinement indicated an orthorhombic lattice. The space group
was found to be Pna2; (No. 33). The data was integrated and scaled using SAINT, SADABS
within the APEX2 software package by Bruker.' Solution by direct methods (SHELXT*? or
SIR97*°) produced a complete heavy atom phasing model consistent with the proposed
structure. The structure was completed by difference Fourier synthesis with SHELXL.®’
Scattering factors are from Waasmair and Kirfel®. Hydrogen atoms were placed in geometrically
idealised positions and constrained to ride on their parent atoms with C---H distances in the
range 0.95-1.00 Angstrom. Isotropic thermal parameters U,y were fixed such that they were

1.2Uq of their parent atom Ueq for CH's and 1.5Uq of their parent atom U, in case of methyl

groups. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares.
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Figure E.1. Proton NMR of the monomer 3,4-dibromothiophene-2,5-dione in DMSO-d6.
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Figure E.2. Carbon NMR of monomer 3,4-dibromothiophene-2,5-dione in DMSO-d6.
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Figure E.3. Attenuated Total Reflectance Fourier-transform Infrared (ATR-FTIR) spectrum of
the neat monomer, 3,4-dibromothiophene-2,5-dione.



standayrd 1H 1D L —261

[4
Sace® 3
S N=—g’—N i
N -
TFA-d -
Lo
JJL [ S
o i
S i
S e o e B e e e L B e e
10 8 6 4 2 [ppm]

Figure E.4. Proton NMR of TBBT in TFA-d. Insert shows the peak integration for the benzene
moiety.



262

1589f % f \
1564\ 1494 1238 1150

1539

Seca®

N

% Transmission

FTIR TBBT

1750 1500 1250 1000 750
Wavenumbers (cm™)
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Figure E.6. Thermal gravimetric analysis (TGA) scans of (a) TBBT and (c) LTBT under
nitrogen at a scan rate of 10°C/min. Differential scanning calorimetry (DSC) scans of (b) TBBT
and (d) LTBT at a scan rate of 10°C/min under nitrogen.
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Figure E.7. Ground state geometry and molecular orbital distributions of TBBT calculated using
DFT wB97XD/6-31G(d,p) level of theory.
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Figure E.8. Excited state geometry and simulated vertical excitations of the gas phase LTBT
oligomer, and the corresponding hole and electron wavefunctions for the lowest energy transition
(m-n*) at 1170 nm calculated using TD-DFT wB97XD/6-31G(d,p) level of theory for n=12
excited states (Amax = 1170 nm).
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Figure E.9. Cationic LTBT oligomer geometry and polaron orbital distribution calculated at the
DFT wB97XD/6-31G(d,p) level of theory.
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Figure E.11. Thin film absorption spectra of TBBT plotted vs. eV to determine the optical
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Figure E.12. Optical absorption spectra of LTBT in (a) dilute (10 M) MSA solution (Amay =
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Figure E.13. (a - ¢) Atomic force mic AFM) height images of neat LTBT thin films
deposited on glass; (d -f) AFM phase images of neat LTBT films.
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Table E.1. Fourier-Transform Infrared Spectroscopy (FTIR) and Raman Absorption Bands of
LTBT Freestanding Films and Their Peak Assignments.

FTIR Raman
Absorption Band  Absorption Band Assignment

(cm™) (cm™)

1601 1614, 1462 v(C=C/C-C)/( band), carbon-carbon
stretches

1534 1592, 1530 v(C=N), imine carbon-nitrogen stretches

1443, 1300 1487 Thiophene stretches, mixed aromatic

stretches

1226 - v(C-N), carbon-nitrogen stretch

1150 1073 v(C-S), carbon-sulfur stretch

908, 800 1268, 1155 Intraring vibrations

Table E.2. Fourier-Transform Infrared Spectroscopy (FTIR) Absorption Bands of TBBT
Needles and Their Peak Assignments.

FTIR
Absorption Band Assignment
(cm™)

1589, 1564 v(C=C), carbon-carbon stretch

1539 v(C=N), imine carbon-nitrogen stretch
1494, 1456, 1291 Thiophene stretches, mixed aromatic
stretches
1238 v(C-N), carbon-nitrogen stretch
1150 v(C-S), carbon-sulfur stretch

905, 738 Mixed skeletal vibrations
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Table E.3. Crystallographic Data for TBBT.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Cl16 H8 N2 S3

324.42

100(2) K

0.71073 A

Orthorhombic

Pna2l

a=17.19809) A a=90°.
b=20.222(12) A B=90°.
c=3.7822) A Y =90°.
1315.3(13) A3

4

1.638 Mg/m?

0.555 mm-!

664

0.600 x 0.040 x 0.005 mm?

1.554 to0 26.533°.

-21<=h<=21, -25<=k<=25, -4<=I<=4
10370

2698 [R(int) = 0.1668]

100.0 %

Full-matrix least-squares on F?
2698 /1/191

0.976

R1=0.0524, wR2 = 0.1000
R1=0.0990, wR2 =0.1168
-0.08(12)

0.012(2)

0.485 and -0.473 e.A=
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Table E.4. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters

(A2x 103) for TBBT. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
S(2) 4868(1) 7032(1) 7865(6) 23(1)
S(3) 5706(1) 5535(1) 7436(5) 24(1)
S(1) 7167(1) 7077(1) 3171(6) 25(1)
N(1) 6124(3) 8017(3) 4460(15) 24(1)
N(2) 7371(3) 5782(3) 3676(15) 22(1)
C(5) 4020(4) 8870(3) 8030(20) 25(2)
C(4) 4117(4) 8196(3) 8362(19) 23(2)
C(3) 4803(4) 7890(3) 7240(18) 20(2)
C(2) 5782(4) 6874(3) 6129(18) 23(2)
C(10) 6129(4) 6264(3) 5930(18) 20(2)
C(11) 6436(4) 4962(3) 6281(18) 23(2)
C(12) 6291(4) 4303(3) 7160(20) 26(2)
C(13) 6850(4) 3820(3) 6410(20) 27(2)
C(14) 7551(4) 3989(4) 4839(19) 29(2)
C(6) 4608(4) 9241(4) 6472(19) 31(2)
C(7) 5294(4) 8947(3) 5334(19) 26(2)
C(8) 5407(4) 8260(3) 5730(18) 23(2)
C(1) 6271(4) 7395(3) 4733(18) 22(2)
C(9) 6896(4) 6264(3) 4347(18) 23(2)
C(16) 7149(4) 5136(3) 4651(18) 24(2)

C(15) 7693(4) 4638(3) 3949(19) 25(2)
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