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Studies of Charge Transport and Photovoltaic Properties of Semiconducting Polymers

Duyen Ky Tran
Chair of the Supervisory Committee: Professor Samson A. Jenekhe

Department of Chemical Engineering

Semiconducting polymers are finding growing applications in electronics and
optoelectronics, including organic light-emitting diodes (OLEDs) for displays and lighting,
organic field-effect transistors for flexible/foldable electronics, organic photovoltaics to tackle
climate change, organic electrochemical transistors (OECTSs) for biosensing and neuron-like
computing, organic thermoelectrics for harvesting waste heat, and so on. Understanding of the
molecular and supramolecular factors that influence the properties of single- and multi-
component semiconducting polymers is central to further advancement in these and other
applications. However, knowledge of such factors that limit the photovoltaic and charge
transport properties of electron-conducting (n-type) conjugated polymers remains scarce and lags
behind their hole-conducting (p-type) counterparts. This dissertation aims to establish the
structure—morphology—property relationships of n-type semiconducting polymers with respect to
charge transport and photovoltaic properties, elucidate the underlying physics, and provide
quantitative guidelines for the molecular engineering of next-generation semiconducting

polymers and organic electronic devices.



The first objective of the dissertation is to tackle the question: what molecular and
supramolecular factors govern the photovoltaic properties of all-polymer solar cells (all-PSCs),
which are composed of binary blends of n-type and p-type semiconducting polymers? My
studies of various binary polymer blend systems presented in Chapter 2 show that polymer
molecular weight and surface energy of the blend constituents have profound influences on the
blend photophysics, charge transport, and morphology, which in turn dictate the photovoltaic
properties of all-PSCs. Highly efficient all-PSC devices with photon-to-electricity conversion
efficiency > 10% are achieved by scalable strategies that control the blend component molecular
weight and differences in surface energies.

A second objective focused on elucidating the mechanism of electron transport of n-type
semiconducting polymers in view of polymer chain topology and polymer chain length. In these
studies (Chapter 3 and 4), | combined the field-effect transistor as the electron transport probe
with model semi-flexible and model rigid-rod conjugated polymers, and diverse thin-film
morphological characterization tools. | found that significant structural disorder in semi-flexible
polymers imposed an upper limit on the electron mobility at a modest chain length of 45-60
repeat units. In contrast, suppressed structural disorder and favorable energetic landscapes in
rigid-rod polymers enable continuous growth of electron mobility with chain length.

A third objective is to probe the formation mechanism of different polaronic species in n-
type semiconducting polymers upon electrochemical doping (Chapter 5). A ternary mixture of
singlet polarons, singlet bipolarons, and triplet bipolarons is demonstrated for the first time to
coexist in equilibrium in heavily n-doped polymers. Singlet electron-polarons are the primary
charge carriers at a low to moderate doping level, and triplet electron-bipolarons are the

dominating charged states at extremely high doping level.
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Chapter 1. Introduction

1.1. m-Conjugated Semiconducting Polymers

The breakthrough discovery of iodine doped polyacetylene exhibiting metallic
conductivity in 1977 has paved the way for rapid development of n-conjugated semiconducting
polymers. The extensive library of polymer semiconductors accumulated since then, and their
unique properties have enabled the emergence of an era of low-cost thin film organic electronic
devices including organic light-emitting diodes (OLEDs) for commercial displays and lighting,*
organic field-effect transistors (OFETs) for flexible and stretchable electronics,>° organic
photovoltaics (OPVs) as solution to climate change and global warming threats,}**® organic
thermoelectrics (OTES) to convert waste heat into electricity,**° and organic bioelectronics as
sensors and neuromorphic computing.®® ! Understanding of the structure-property relationships
of semiconducting polymers has been essential to the design and synthesis of new materials with
enhanced properties that advance these device applications.*16 4752

n-conjugated polymers have alternating single bonds and double bonds in the backbone!
allowing electrons in the m-orbitals to delocalize across many atomic sites. The overlapping
interactions between these m-orbital electrons result in continuous energy bands rather than
discrete energy levels. Regardless, a finite gap between the highest occupied molecular orbital
(HOMO) level and the lowest unoccupied molecular orbital (LUMO) level, which is called a
bandgap (Eg), is still present (4eV < Eg < 1.0 — 1.2 eV). As a result, m-conjugated polymers
behave intrinsically as insulators or semiconductors with a typical dc conductivity ranging
between 102 S/cm and 10°° S/cm.

Semiconducting polymers and related organic electronic devices are of fundamental and

technological interests due to the unique advantages that the inorganic counterparts fail to offer.



First of all, the optical properties, electrochemical properties, and electronic structure of
semiconducting polymers are highly tunable via rational molecular engineering. For instance, the
donor-acceptor copolymerization motif allows tailoring of the optoelectronic properties by
varying the electron-donating and the electron-accepting strength of the moieties.® 54
Controlling the planarity and rigidity of backbone is another effective strategy to fine-tune the
optical absorption spectra and the bandgap of semiconducting polymers whereby a completely
planar backbone with minimal torsional defect would enable efficient electron delocalization®® %
resulting in enhanced absorption in the near-infrared region and a narrower bandgap. Moreover,
the solution processability that is unique to semiconducting polymers enables large area device
fabrication via roll-to-roll printing or inkjet printing, both of which require minimal energy input
and low capital investment as opposed to the energy- and capital-intensive manufacturing
process of inorganic semiconductors. In addition, remarkable thermal stability (> 400°C) and
excellent mechanical durability also endow semiconducting polymers with great latitudes for a
variety of device applications.

n-conjugated semiconducting polymers are fundamentally unipolar and can be classified
as either hole-conducting (p-type) or electron-conducting (n-type). Although parity in hole
mobility of p-type polymers with electron mobility in n-type polymers is necessary for
developing high-performing organic electronic devices, the development of n-type polymers still
lags behind that of p-type polymers.*” 48 The lack of molecular diversity of electron-deficient
building blocks, challenging syntheses, and poor ambient stability are pressing issues that need
to be addressed in order to improve the electron transport properties and the photovoltaic
properties of semiconducting polymers. Establishing fundamental understandings of the

underlying mechanism that governs the aforementioned properties is equally important. Novel



molecular engineering and device engineering approaches are also of great interest in order to
further advance this interdisciplinary field of organic semiconductors and related opto-electronic

applications.

1.2. Properties of Semiconducting Polymers and Associated Organic

Electronic Devices

1.2.1. Basic Principles and Figure-of-merits of All-Polymer Solar Cells.

Organic photovoltaics (OPVs) have been garnering much attention in recent years and
received significant research efforts to push the power conversion efficiency towards the 20%
commercialization benchmark. Unlike silicon-based photovoltaic technology whose
manufacturing process is highly energy intensive, organic solar cells can be fabricated from
solution-based processing techniques such as spin-coating, spray coating, inkjet printing, or roll-
to-roll printing, all of which require minimal input energy; thereby, substantially lowering the
cost. OPVs are also mechanically robust, ultrathin, and light weight making them an ideal
candidate to be integrated into buildings and wearable electronic devices. Most importantly,
OPVs have the lowest carbon footprint among the current photovoltaic technologies with over an
order of magnitude lower amount of carbon dioxide emitted per kWh produced compared to that
of silicon-based solar cells.”®® These remarkable merits are indicators that the future of
photovoltaics is organic semiconductors based.

All-polymer solar cells (all-PSCs) is a subset of organic photovoltaics where the
photoactive layer is comprised of a phase-separated blend of an electron-donating (donor)
conjugated polymer and an electron-accepting (acceptor) conjugated polymer. AllI-PSCs
combines the aforementioned properties of OPVs with additional advantages including facile

tailoring of the optoelectronic properties,'® superior photochemical stability,*> 6% 62 and



excellent thermal and mechanical durability.*> 8 A typical device architecture of an all-
polymer solar cell is shown in Figure 1-1a whereas its basic working mechanism is illustrated in

Figure 1-1b.

(@)  All-Polymer Solar Cell
(all-PSC)
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Figure 1-1. (a) Schematic of an all-polymer solar cell (all-PSC), (b) Working mechanism of all-
PSCs, and (c) Current density (J) versus applied voltage (V) response curve of all-PSCs.

The photon-to-electricity conversion in all-polymer solar cells can be categorized into five
major processes including (i) light absorption/exciton generation, (ii) exciton diffusion, (iii)
exciton dissociation into holes/electrons, (iv) charge transport/charge recombination, and (v)
charge extraction. Upon light absorption, incident photons with energy greater than or equal to
the - ©* gap will excite either the donor polymer (Pp) or the acceptor polymer (Pa) to generate
excitons which are electrostatically bound electron and hole pairs (Figure 1-1b). Due to the
intrinsically low dielectric constant (¢ ~ 3 — 4) of organic semiconductors, the exciton binding
energy (Es ~ 0.4 — 0.5 eV) is significantly larger than the thermal energy at room temperature
(ks T ~ 0.026 eV); thus, the process of exciton dissociation into free charges is not spontaneous in
polymer solar cells. Within their characteristic lifetime, the excitons will then diffuse to the

interface between the Pp and the Pa where they can be dissociated into charges (holes and



electrons) with the additional driving force provided by the energy level offsets between Pp and
Pa. The holes will be transported within the donor phases whereas the electrons will be
transported within the acceptor phases to their respective electrodes. Due to the random
arrangement of the donor phase and the acceptor phase throughout the photoactive layer, holes
and electrons can also encounter each other and recombine either radiatively or non-radiatively.
Once the charges arrive at the electrodes, they will be extracted to generate electricity.

The performance of a polymer solar cell is characterized by measuring photocurrent
response as a function of sweeping voltage bias (Figure 1-1c) whereby important photovoltaic
parameters are extracted including short-circuit current density (Jsc), open-circuit voltage (Voc),
and fill factor (FF) which cosmbine to produce the power conversion efficiency (PCE):

V,.FF
PCE =]“P°—C (Eq.1-1)

mn

The short-circuit current density is the current density obtained without any voltage bias.
The open-circuit voltage is the voltage obtained when no current is extracted. The fill factor is
the ratio of the maximum efficiency to the product of Jsc and Vo, and the incident light intensity
(Pin) is 200mW/cm?. Simultaneous improvement in the photovoltaic parameters (Jsc, Voc, and FF)
is required to maximize the power conversion efficiency of all-PSCs.
1.2.2. Brief Literature Review of Factors that Govern Photovoltaic Properties of
Semiconducting Polymers

From a device engineering perspective, major bottlenecks hindering further advances in
the photovoltaic performance of all-PSCs include the low photocurrent (Jsc < 20 mA/cm?),tt 12
17,18, 23, 24, 26-28, 32, 40 the poor open-circuit voltage (Voc < 1V),t 121732 and the modest FF (FF <

0.7).t% 12,17, 18, 30, 32, 40 The photocurrent is limited by the lack of broad and complementary



absorbing spectrum hindering efficient sunlight harvesting, the low thin-film absorption
coefficient, inefficient exciton generation rate due to insufficient energetic offset between Pp and
Pa, low charge carrier mobility of both donor and acceptor polymer component, and poor charge
extraction at the electrodes because of non-Ohmic contact,: 12 17, 18,23, 24, 26-28, 32,40 The Jow V.
(< 1V) is mainly due to the large optical bandgap energy 10ss (Eioss = Eg - €Voc > 0.6 eV). 11 12 17:
29 The small fill factor is primarily due to the suboptimal blend morphology, which in turn is
influenced by several factors including polymer molecular weight,% 22 2% 2933 nolymer/polymer
interchain interactions,'> 2% 30 37 40 polymer blend crystallinity,®> 2% 37 43 molecular
orientations,?% 3 5% 70 domain size, and domain purity.”*"® Several device engineering strategies
have been explored to tailor the blend morphology including thermal annealing,?® ™ solvent
vapor annealing,?* room-temperature aging,'* " co-solvents,'® and solvent processing
additives.?® 2% % 76 Advancing all-PSCs from a materials chemistry point of view involves
harvesting more of the solar spectrum,® 23 294142 increasing the charge carrier mobilities of the
donor polymers and the acceptor polymers,?® 36 4% 42 exerting molecular control over the blend
morphology®> 24 30. 37 40. 72 and plend photophysics,*™ *+ 67 as well as understanding the
underlying structure-property-performance relationships.

The performance of all-PSCs is also influenced by the efficacy of the electron transport
layer (ETL) (e.g. LiF, PFN-Br, etc.) and hole transport layer (HTL) (e.g. PEDOT:PSS, MoOx,
WOy, etc.). For instance, suitable energy alignment is required not only between the LUMO
energy level of Pa and the work function of the ETL but also between the HOMO energy level
of Pp and the work function of HTL to enable efficient charge extraction. High electrical
conductivity and low contact resistance between the transport layers and the photoactive layer is

also necessary to suppress shunt resistance and series resistance; thereby, maximizing the



photovoltaic parameters. For the electrodes, while the oxidative stability and suitable work
function of the bottom electrode will enable long-term operation of solar cells, the top electrode
requires high transparency for efficient light transmittance and excellent electrical conductivity.
Thus, molecular engineering to develop novel electron and hole transporting interlayers and
interface engineering to modify electrode’s work function and reduce surface trap densities have

been demonstrated to also improve the photovoltaic properties of all-polymer solar cells.
1.3. Charge Transport Properties of Semiconducting Polymers

1.3.1. Basic Principles and Figure-of-merits of Organic Field-Effect Transistors (OFETS).

The invention of transistors at Bell Labs in 1948, which was awarded the Nobel Prize in
physics in 1956,”" has marked a new era in digital electronics. Transistor is a switching device
consisting of three terminals and a fundamental building block in nearly all modern electronic
devices that require signal processing.”® In particular, field-effect transistors (FETS) consist of
three terminals (source, drain, and gate electrodes), a semiconductor layer bridging the source
and the drain electrodes, and a dielectric layer insulating the gate electrode from the
semiconductor (Figure 1-2). Current flowing from source to drain under the potential difference
between the electrodes in induced by voltage bias at the gate. Organic field-effect transistor
(OFET) is a subset of the FET family where a thin film of organic semiconductors is the active
layer.

The working mechanism of organic field-effect transistors is illustrated in Figure 1-2. In
the off state without any applied gate bias, no current flows across the channel due to the
intrinsically low electrical conductivity of organic semiconductors and the low charge carrier
concentration. For p-channel OFETS, a negative voltage is applied at the gate electrode to induce

holes at the interface between the semiconductor and the dielectric layer (Figure 1-2). The



transistor is now operating in its on state with charges accumulating and moving across the
channel to produce current. Similarly, for n-channel OFETS, a positive voltage bias is applied at
the gate electrode to induce electrons in the semiconductor channel leading to current flowing
between the source and the drain electrodes (Figure 1-2). The operational mechanism of OFETs
can also be examined from an energy level point of view. Holes can be injected from the source
to the highest occupied energy level (HOMO) of the semiconductor and transported to the drain
electrodes in p-channel OFETs whereas electrons are injected to the lowest unoccupied energy

level (LUMO) of the semiconductor in n-channel OFETs (Figure 1-2).
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Figure 1-2. Working mechanism of organic field-effect transistors.

The performance of a polymer field-effect transistor is characterized by current flowing
across the channel between the source and the drain electrodes (Ips) as sweeping drain-source
voltage (Vbs) at various gate-source voltage (Vgs); thereby, producing a family of output curves
as shown in Figure 1-3a. Another way to examine the performance of polymer field-effect
transistor is using the transfer curs as presented in Figure 1-3b. The transfer curve (Figure 1-3b)
is made up from |lps| and |lps|¥? versus modulating Ves at a constant applied Vps. A few
important charge transport parameters can be measured using the polymer field-effect transistor

platform including charge carrier mobility (), threshold voltage (Vr), subthreshold swing (S),



and on/off current ratio (lon/loff). The charge carrier mobility governs how fast the carriers
(electrons or holes) move in the semiconducting polymer layer. The threshold voltage is the
switching point of the transistor whereas the subthreshold swing controls how fast the switching
occurs in the transistor. The on/off current ratio is the difference in magnitude of current between
the off state and the on state. The channel dimensions, width (W) and length (L), as well as the
areal capacitance of the dielectric (Ci) are device parameters that also govern the measured
charge transport properties. The charge transport parameters are related to one another as

follows:

we; V
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Figure 1-3. (a) Output curves of organic field-effect transistors, and (b) Transfer curve of organic
field-effect transistors where electron transport parameters (W, VT, S, lon/loff) can be extracted.

1.3.2. Brief Literature Review of Charge Transport Properties of Semiconducting
Polymers.
The charge transport properties of the semiconducting polymers extracted from the field-

effect transistor platform are governed by numerous factors, one of which is thin film
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morphology. Enhanced charge carrier mobility can be achieved by optimizing the thin film
microstructure to feature tight n-n packing distance to enhance interlayer electronic coupling
facilitating fast interchain charge transport, edge-on vs. face-on molecular orientations to enable
efficient in-plane vs. out-of-plane charge transport, improved short-range and long-range
ordering, and high polymer crystallinity.>*° These desirable macroscopic properties are in turn
controlled at a molecular level through rational design of the polymer structures via side chain
engineering, synthesizing novel conjugated building blocks to enable rigid planar polymer
backbones with minimal torsional and conformational defects, tuning of polymer molecular
weights, and controlling of polymer’s regioregularity.>° The charge transport properties are also
controlled by the electronic structures of the semiconducting polymers whereby a suitable energy
level alignment between either the LUMO and the HOMO with the electrodes would allow
efficient charge injection and charge extraction.>° Furthermore, minimizing the density of traps
is also imperative to enhance the charge transport properties.”® & Charge trapping sites can be
present within the semiconducting polymer due to chemical defects or impurities (bulk traps) and
at the interface between semiconducting polymer and the insulating dielectric layer (interface
traps).&

1.4.  Major Challenges

Recent years have seen remarkable strides in the development of organic semiconductors
materials design and organic electronic devices with notable advances such as a fast-growing
library of semiconducting polymers beyond the archetypal polythiophenes, some understandings
of the relationships between molecular structures, film morphology, and properties of p-type

semiconducting polymers, and enhanced device performance with some commercialization
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efforts. Nevertheless, there remain several challenges that need to be addressed to establish new
fundamental insights and bring about technological advances to the field.

Thermodynamics and kinetics governing the mixing of all-polymer blend are rather
complicated; thereby, arriving at a priori prediction on the photovoltaic properties of all-polymer
solar cells remains highly challenging. Furthermore, available studies in literature present
divergent conclusions on a variety of issues. For instance, investigation to the effects of
increasing the polymer molecular weights on the photovoltaic properties of all-polymer solar
cells was found to enhance the PCEs due to the synergistic improvement of the short-circuit
current (Jsc) and the fill factor (FF) in some studies?: 2% 2% 8L 82 while other reports found
simultaneous drop in both Jsc and FF with increasing polymer molecular weight.?> 3 As a result,
it is rather challenging to arrive at a comprehensive understanding on factors that govern the
photovoltaic properties all-polymer solar cells and to provide impactful molecular design
insights to develop novel semiconducting polymers with desired properties.

In addition, although parity in the hole mobility of p-type polymers with the electron
mobility of n-type polymers is required in all organic electronic device applications, the
synthesis and investigation of the charge transport properties of n-type semiconducting polymers
have generally lagged behind those of p-type semiconducting polymers.” 8 Recent efforts have
led to improved electron mobility in some classes of n-type semiconducting polymers (1 > 3
cm?/Vs).288 However, mechanistic studies to elucidate the underlying physics and factors that
govern the electron transport properties in n-type semiconducting polymers remain scarcely
explored. Thus, studies to explore the fundamental question that is “What are the factors that

govern the electron transport properties of n-type semiconducting polymer?” remain to be
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explored, and more quantitative guidelines to molecular engineer high-mobility n-type
semiconducting polymers are also needed.

Understanding the nature of charge carriers in mw-conjugated polymer is central to the
development of high-performing organic electronic devices. Extensive studies have been done in
p-type semiconducting polymers to understand how mobile charge carriers are formed and
stabilized along the polymer backbone as well as the nature of these charge carriers (polarons vs.
bipolarons).”*3 Yet, there exists a large knowledge gap regarding collective properties of mobile
charge carriers in n-type semiconducting polymers. In particular, the nature of these charge
carriers (electron-polaron vs. electron-bipolaron), their formation mechanism, and factors that
control their stability remain unclear. Thus, studies to investigate the nature of different
polaronic species in n-type conjugated polymers and dynamically probe the transition between

these polaronic states are of broad fundamental and technological interests.
1.5. Research Objectives and Significance

The primary objectives of this research are to establish the structure—-morphology—
property relationships of n-type semiconducting polymers with respect to charge transport and
photovoltaic properties, elucidate the underlying physics, and provide quantitative guidelines for
the molecular engineering of next-generation semiconducting polymers and organic electronic
devices. The objectives of this research focus on addressing several current issues in the field.

(i) Understanding factors that govern the photovoltaic properties of semiconducting
polymers towards high-performing all-polymer solar cells. The photovoltaic properties of
all-PSCs rely on numerous factors from molecular level to macroscopic device level. Careful
consideration of all parameters is required to improve the photovoltaic properties of

semiconducting polymers. For this purpose, detailed case studies on the relationships
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between structures, blend morphology, blend photophysics, blend charge transport
properties, and photovoltaic properties of different donor polymer — acceptor polymer pairs
are presented in Chapter 2. Knowledge gained from these studies provides more
comprehensive understandings on different molecular and supramolecular factors that govern
the photovoltaic properties of all-PSCs. New design guidelines are developed to engineer
better performing semiconducting polymers with desired properties.

(ii) Investigating mechanism of electron transport in n-type semiconducting polymers.
Fundamental understanding of electron transport physics of n-type semiconducting polymers
is crucial to the development of organic electronics. Towards bridging the knowledge gap
between p-type semiconducting polymers and n-type semiconducting polymers, the
mechanism of electron transport in different classes of n-type semiconducting polymers is
examined. The influences of polymer chain topology and polymer chain length on electron
transport properties of n-type m-conjugated polymers are discussed in Chapters 3 and 4. N-
type conjugated polymers with a semi-flexible chain topology are shown to exhibit a A-
shaped chain length dependent electron mobility, and the maximum mobility is obtained at a
critical chain length of 45 — 60 repeat units as a result of severe structural disorder associated
with further increased chain length. In contrast, n-type conjugated ladder polymers with
rigid-rod chain topology combines suppressed structural disorder and favorable electronic
landscapes to enable continuous growth of electron mobility without saturation with respect
to polymer chain length.

(iii) Probing the nature of mobile charge carriers (polarons vs. bipolarons vs. polaron
pairs) in n-type m-conjugated polymer. Elucidating the nature of mobile charge carriers to

determine whether they are electron-polaron, electron-bipolaron, or electron-polaron pairs is
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central to bridging the knowledge gap between p-type conjugated polymers and n-type
conjugated polymers. In chapter 5, the formation mechanism of polarons, bipolarons, and
polaron pairs in an electrochemically doped n-type conjugated polymer is discussed. An
equilibrium between polaron, bipolaron, and polaron pair is demonstrated for the first time in
heavily doped n-type semiconducting polymers, whereas singlet polarons are preferentially
formed in lightly doped polymers. Extremely high doping level leads to annihilation of
singlet polarons and singlet bipolarons such that polaron pairs (triplet bipolarons) become the

dominating charge carriers.
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Chapter 2. Elucidating Factors Governing the Photovoltaic Properties of

Semiconducting Polymers in All-Polymer Solar Cells

The results in this chapter are reprinted with permission from Tran, D. K.; Kolhe, N. B.; Hwang,
Y.-J..; Kuzuhara, D.; Koganezama, T.; Jenekhe, S. A. Effects of a Fluorinated Donor Polymer on
the Morphology, Photophysics, and Performance of All-Polymer Solar Cells Based on
Naphthalene Diimide-Arylene Copolymer Acceptors. ACS Appl. Mater. Interfaces 2020, 12,
16490-1650. (Copyright 2020 American Chemical Society) and from Tran, D. K.;* Robitaille,
A.;* Hai, I. J.; Ding, X.; Kuzuhara, D.; Koganezama, T.; Chiu, Y-C.; Leclerc, M.; Jenekhe, S. A.
Elucidating the Impact of Molecular Weight on Morphology, Charge Transport, Photophysics,
and Performance of All-Polymer Solar Cells. J. Mater. Chem. A 2020, 8, 21070-27083.

(Copyright 2020 Royal Society of Chemistry).

2.1. Effects of a Fluorinated Donor Polymer on the Morphology,
Photophysics, and Performance of All-Polymer Solar Cells Based on
Napthalene Diimide-Arylene Copolymer Acceptors

2.1.1. Introduction

All-polymer solar cells (all-PSCs), in which the active layer is comprised of a binary
blend of an electron-donating (donor) polymer and an electron-accepting (acceptor) polymer,
have garnered significant research efforts over the past several years, leading to great strides in
terms of device performance.!t 17 1894 Although the power conversion efficiency (PCE) of all-
PSCs lags the efficiency of small molecule non-fullerene acceptors (SM-NFAs) based solar
cells,® % all-PSCs have unique advantages over SM-NFA devices, including superior photo- and

electro-chemical stability,** °” enhanced thermal and mechanical robustness,®* 8% 84 and enhanced
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rheological properties which are ideal for large scale film coating.®® % These advantages make
all-PSCs promising candidates for large-scale manufacturing.!* 2% 6 % The key parameters
limiting the device efficiency of all-PSCs have long been identified as the generally low fill
factor (FF)!% 1718249 and the modest open-circuit voltage (Voc).*" 1732 % The low Ve (< 1V) is
mainly due to the large optical bandgap energy 10ss (Eioss = Eg - €Voc > 0.6 eV),11 1729 9 while
the poor FF originates primarily from non-optimal blend morphology and inefficient charge
extraction at the organic/metal interfaces.!™ 1" % Several strategies have been explored for
tailoring the blend morphology of all-PSCs, including thermal annealing,? ™ % solvent vapor
annealing,?* room-temperature aging,'* ® co-solvents,*® solvent processing additives,?3 2% 36. 76
side chain engineering,?® 1% 101 and random copolymerization,*® 30 3% 37 whereby some systems
could achieve near unity internal quantum efficiency (IQE).?4 30.37

A potential strategy to improve the Voc of all-PSCs is incorporation of fluorine atoms into
the molecular structure of either the donor or the acceptor polymer. Fluorination has been
demonstrated to be an effective molecular design strategy to enhance the photovoltaic properties,
especially in SM-NFA solar cells.%: %102 103 Effects of fluorination include lowering the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels,'% enhancing the crystallinity of the blend components and forming a favorable
blend morphology due to F-F intermolecular interactions,3! 195197 altering the dielectric constant
of the materials,3 102 108 109 gyppressing charge recombination and enhancing charge
photogeneration,’®” 1% and increasing charge carrier mobility.!** Despite the impressive
performance of SM-NFA solar cells based on fluorinated donor polymers, application of such
fluorinated donor polymers in all-PSCs is surprisingly rare; in the few known examples, the

fluorinated  donor  polymers,  poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-



17

benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1°,2’-

c:4’,5’-¢’]dithiophene-4,8-dione)], (PBDB-TF or PM6) shown in Figure 2-1a has been paired
with various acceptor polymers having a ladder-type fused ring co-monomer in their repeating
units.3® 3% 46 The pairing of PM6 with such fused-ring acceptor polymers such as PZ1,* PFBDT-
IDTIC,*® and PN1% has resulted in high performance all-PSCs with PCEs of 10 — 11% and Voc
of 0.96 — 1.0V.3% %46 Syrprisingly, effects of a fluorinated donor polymer on the performance
of all-PSCs based on naphthalene diimide (NDI) copolymer acceptors have yet to be explored.
NDI-arylene copolymer acceptors have been widely studied as materials for constructing highly
efficient all-PSCs.* 2% 52,112, 113 |ndeed, our group'* 2 3" and others® 1411¢ have showed that
all-PSCs with PCEs as high as 8-10% can be achieved by pairing various NDI-arylene
copolymers with the non-fluorinated derivative of PM6, i.e. PBDB-T. However, because
numerous factors determine the compatibility, nanoscale morphology, and PCE of all-PSC
devices, a priori prediction of how the fluorination of the donor polymer could influence the

performance of all-PSCs based on NDI-arylene copolymer acceptors is not possible.
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Figure 2-1. (a) Molecular structures of donor polymer, PM6, and acceptor polymers, PNDIS and
PNDIBS. (b) Normalized thin-film optical absorption spectra of the donor and acceptor polymers
processed from different solvents. (c) HOMO/LUMO energy levels of the donor and acceptor
polymers. Reproduced with permission from Ref.** Copyright 2020 American Chemical Society.

In this paper, we report an investigation of the effects of fluorination of the donor
polymer on the blend morphology, blend photophysics, and photovoltaic properties of all-PSCs
based on NDI-arylene copolymer acceptors. We found that pairing the fluorinated donor polymer
PM6 with two different related NDI-arylene copolymers — NDI-biselenophene copolymer
(PNDIBS) and NDI-selenophene copolymer (PNDIS) shown in Figure 2-la — resulted in
dramatically different outcomes and very divergent observations. Contrary to expectations from
the known high performance (> 9% PCE) of PBDB-T:PNDIBS all-PSCs,® blends of the
fluorinated donor polymer PM6 with PNDIBS gave rise to substantially inferior photovoltaic
properties with a maximum PCE of 3.1%. In contrast, blends of PM6 with PNDIS could be used
to develop all-PSCs with a maximum PCE of over 9%. Furthermore, these efficient PM6:PNDIS
blend all-PSCs were found to be relatively insensitive to device processing methods and to active
layer thickness of up to 300 nm. Detailed comparative studies of the PM6:PNDIBS and
PMG6:PNDIS blend systems show that the divergent effects of the fluorinated donor polymer on
the photovoltaic properties originate from the stark differences in blend morphology and blend
photophysics. We show that the PM6:PNDIBS blend system exhibits a lateral bulk phase
separation in which both face-on and edge-on molecular orientations are displayed. In contrast,
the bulk thin films of the PM6:PNDIS blend system are characterized by prominent vertical
phase stratification and some lateral phase segregation in conjunction with predominant face-on
molecular orientation. The photophysics of PM6:PNDIBS blends was characterized by low

charge photogeneration rate, high electron-hole pair recombination rate, and poor charge
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collection probability (P(E,T) = 65.5%). In stark difference, the PM6:PNDIS blend photophysics
featured enhanced charge photogeneration rate, suppressed geminate and bimolecular
recombinations and near unity charge collection probability (P(E,T) = 99.1%). These results
show that in addition to the generally expected enhancement of Vo, fluorination of a polymer
component of all-PSCs can also dramatically influence the blend morphology and blend

photophysics with consequent net negative or positive impact on the photovoltaic efficiency.
2.1.2. Experimental Methods

Materials. The donor polymer, PM6, was purchased from Solarmer Energy Inc (M, = 14.6
kDa, My = 38 kDa, ® = 2.60) (Irwindale, CA, United States) while PNDIS and PNDIBS were
previously synthesized in our lab.* 2° Optical absorption spectra were obtained from a
PerkinElImer Lambda 900 UV-vis/near-IR spectrophotometer. Polymer molecular weight
information was obtained with gel-permeation chromatography (GPC) eluting with chloroform at
room temperature (25°C) for PNDIS (M, = 22.1 kDa, My = 64.9 kDa, = 2.94) whereas the
GPC characterization was done in chlorobenzene at room temperature for PNDIBS (M, = 114.6
kDa, My = 218 kDa, H = 1.90).

Cyclic Voltammetry. 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 electrodes as both counter and working electrode. Ag/Ag* (Ag in 0.01
M AgNO:s solution) was used as a reference electrode. The films of the polymer were coated
onto the Pt wires by dipping the wires into polymer solutions of the polymers (PM6, PNDIS, and
PNDIBS) and drying the coated films at 25 °C. All the CV measurements were carried out in 0.1
M tetrabutylammonium hexafluorophosphate (BusNPFg) electrolyte solution in acetonitrile at a

scan rate of 50 mV/s. The reduction and oxidation potentials were referenced to the Fc/Fc*
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couple by using ferrocene as an internal standard. The LUMO and HOMO energy levels were
estimated using a ferrocene value of —4.8 eV with respect to vacuum level. The LUMO and
HOMO energy levels were determined using the equations ELumo = —(€Ered-onset + 4.8) and
Enxomo = —(eEox-onset + 4.8), respectively.

Fabrication and Characterization of all-PSCs. Solar cells devices were fabricated with an
inverted architecture of ITO/ZnO/PEI/Blend/MoOs/Ag. ITO-coated substrates (15 Q/square,
Shanghai B. Tree Tech, Shanghai, China) were cleaned sequentially in ultrasonic baths with
acetone, deionized water, and isopropyl alcohol for 30 min, dried using nitrogen gas, and
followed by 10 mins of O plasma cleaning. The ZnO precursor solution was spin-coated onto
the ITO and followed by thermal annealing at 250 °C for 30 min to make ~30 nm thick ZnO
layer. A 0.05 wt% solution of polyethylenimine (PEI) in 2-methoxyethanol was spin-coated onto
the ZnO layer and dried at 120 °C for 10 min. The PM6:PNDIS (1:0.6 wt/wt) blends were
prepared in chlorobenzene (CB), mixed and stirred overnight at 85°C in the glovebox. A mixture
of 0.25% (v/v) of 1,8-diiodooctane (D10) and 0.25% (v/v) of 1,8-octanedithiol (ODT) was added
into the PM6:PNDIS blend solutions. Similarly, the PM6:PNDIBS (1:0.4 wt/wt) blends were
prepared in chlorobenzene, mixed and stirred overnight at 85°C in the glovebox. 0.5% (v/v)
diphenyl ether (DPE) was added to the blend solution as a processing additive. For the sake of
comparisons, the PBDB-T:PNDIS and PBDB-T:PNDIBS blends were prepared in the exact
same conditions as the optimized PM6:PNDIS and PM6:PNDIBS blends, respectively. In case of
device fabrication using co-solvents, the PM6:PNDIS (1:0.6 wt/wt) blends were prepared in a
mixture of CB and 2-methyltetrahydrofuran (2-MeTHF) (CB:2-MeTHF) at the optimal ratio of
70:30 (v:v), mixed and stirred overnight at 65°C in the glovebox. No processing additive was

used when devices were processed from CB:2-MeTHF co-solvents. The blend solutions were
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spin-coated at 1000 rpm for 50s, followed by thermal annealing at 110°C for 10 min in the
Argon-filled glovebox. All the active layers had a thickness of 102 £ 3 nm. MoOs (0.5 nm) and
Ag (100 nm) were thermally deposited onto the active layer. An aperture mask with area of 3.14
mm? was applied during measurements to define the illuminated device area. After evaporation
of the electrode, the photovoltaic cells were tested under AM 1.5G solar illumination at 100
mW/cm? in ambient air by using a solar simulator (Model 16S, Solar Light Co., Philadelphia,
PA) with a 200W Xenon Lamp Power Supply (Model XPS 200, Solar Light Co., Philadelphia,
PA) calibrated by NREL certified Si photodiode (Model 1787-04, Hamamatsu Photonics K.K.,
Japan) and a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett Packard, Japan).
After the J-V measurements, the external quantum efficiency (EQE) spectra were measured by
using a solar cell quantum efficiency measurement system (Model QEX10, PV Measurements,
Inc., Boulder, CO) with a 2 mm? (2 mm x 1 mm) size masked incident light source and TF Mini
Super measurement apparatus for multiple devices in a single substrate. The EQE system was
calibrated with a Si photodiode before measurement.

Fabrication and Characterization of SCLC Devices. Current-voltage (J-V) characteristics of
the space-charge limited current (SCLC) devices were measured by using a HP4155A
semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Tokyo). The carrier mobility
was deduced by fitting the J-V curves to the Mott—Gurney equation,

9 v?
] = Z€¢u

g 03
where J is the current density, €o is the permittivity of free space, € is the relative permittivity,

u is the zero-field mobility, V is the applied voltage, L is the thickness of active layer.
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The SCLC device structures for electron-only and hole-only were 1TO/ZnO/PEI/Blend/LiF
(Inm)/Al (100nm) and ITO/PEDOT: PSS/Blend/MoO3z (7.5nm)/Ag (100nm), respectively. Each
active layer of both neat and blend films was processed at the optimized all-PSC device
conditions as described above and spin-coated at 1000 rpm for 50s and followed by thermal
annealing at 110°C for 10 min inside glovebox.

AFM Imaging. Atomic force microscopy (AFM) characterization of the surface morphology
was done on the active layers of the actual polymer solar cells, used in the photovoltaic
measurements, by using a Bruker Dimension scanning probe microscope (SPM) system.

2D-GIWAXS. Grazing incidence X-ray scattering (GIWAXS) experiments were conducted at
the Japan Synchrotron Radiation Facility SPring-8 by using the beamlines BL46XU. Thin film
samples of the neat donor polymer (PM6) and acceptor polymers (PNDIS and PNDIBS) were
spin-coated on the top of glass substrates and annealed at 110 °C for 10 min. The binary blend
films were prepared in the same manner as the actual all-PSC devices on ZnO/PEl-coated ITO
substrates. The X-ray beam was monochromatized by a double-crystal Si(111) monochromator,
and the X-ray energy in this experiment was 12.40 keV (A = 0.1 nm). The angle of incident X-
ray to sample surface was 0.12° with a Huber diffractometer. The scattered profile from the film
sample was detected using an area detector (PILATUS 300K) for 1 s at room temperature, and
the distance between the sample and detector was 175.0 mm. The crystal coherence length (L)
of samples was determined by using the Scherrer equation: L = 2rK/Aq, where K is a shape
factor (typically 0.89) and Aq is the full width at half-maximum (FWHM) of the diffraction peak.
Here, the L¢ (100) was obtained from the FWHM of the (100) diffraction peak in the-plane (gxy)

line cut.

2.1.3. Results and Discussion
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2.1.3.1. Optical Properties and Electronic Structure.

The thin film absorption spectra of the donor polymer PM6 and the acceptor polymers
PNDIS and PNDIBS are presented in Figure 2-1b. Two characteristics peaks at around 362 nm
and 570 — 620 nm representing n-n* transition and intramolecular charge transfer (ICT) band,
respectively, were observed in PM6 in agreement with prior reports.*® 17 PNDIS exhibits two
peaks at about 348 and 618 nm and an absorption onset (Lonset) at around 740 nm corresponding
to an optical bandgap (E;°"") of 1.67 eV. PNDIBS has a clearly red-shifted absorption with mt-n*
and ICT peaks at 394 and 716 nm, respectively, and an Aonset at 885 nm (E¢°" = 1.40 eV). The
red-shifted absorption of PNDIBS compared to PNDIS is due to the longer conjugation length as
well as the effect of the stronger electron-donating nature of the biselenophene moiety on the
ICT absorption band compared to the selenophene moiety in PNDIS. These thin film absorption
spectra are in accord with previous reports,t® 1419 29

The thin film and solution absorption spectra in neat 2-MeTHF and CB:2-MeTHF co-
solvents are shown in Figures 2-1b and A-1b, respectively, since the CB:2-MeTHF co-solvents
will also be used to fabricate all-PSC devices. We note that only the absorption profiles of
PNDIS in the various co-solvents were collected and presented due to the limited solubility of
PM6 and PNDIBS in 2-MeTHF. Although the thin film absorption spectra of PNDIS deposited
from CB, 2-MeTHF, and CB:2-MeTHF were virtually similar (Figure 2-1b), their corresponding
solution absorption spectra (Figure A-1b) showed distinct bathochromic shifts. The ICT band
and the Aonset Of PNDIS in 2-MeTHF as well as in CB:2-MeTHF were red-shifted by about 42 nm
relative to those in CB. Given that the dielectric constant (&) of 2-MeTHF (¢ = 6.97) is larger
than of CB (¢ = 5.62), the observed bathochromic shift of the absorption of PNDIS with

increasing solvent polarity reflects the greater charge separation and ICT character in the
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electronic ground state.>® 8 Alternatively, the solution absorption spectra indicate that 2-
MeTHF is a theta solvent for PNDIS, which means PNDIS chains would prefer to stay in 2-
MeTHF phase and are likely to undergo conformational changes to become less coiled,*'® 120 and
thereby increase the effective conjugated length. In this case, using a mixture of chlorobenzene
and 2-methyltetrahydrofuran as co-solvents for device processing could enable independent
tuning of the aggregation rates of PM6 and PNDIS. In particular, the PNDIS chains in the low
boiling point solvent, 2-MeTHF (T, = 80.2°C), undergo a quick film-forming kinetics to form
relatively pure domains with smaller domain sizes due to the fast evaporation rate of 2-MeTHF
whereas the PM6 chains in the higher boiling point solvent, CB (T, = 132°C), slowly aggregate
to form its own domains. As a result, the aggregation rates of PM6 and PNDIS can be
independently tailored via their differential solubility in the CB:2-MeTHF co-solvent and the
differential boiling point of the solvents. Use of such a co-solvent system thus eliminates the
need for processing additives in solution-based active layer fabrication.

The LUMO and HOMO energy levels of the component polymers shown in Figure 2-1c
were measured using cyclic voltammetry, and the resulting oxidation and reduction cyclic
voltammograms are shown in Figure A-2. The LUMO and HOMO energy levels of the donor
polymer PM6 are found to be -3.48 eV and -5.48 eV, respectively, which are consistent with
previous report.!” The LUMO energy levels of the acceptor polymers, PNDIS and PNDIBS, are
essentially identical at -3.87 eV and -3.89 eV, respectively. The HOMO energy level of PNDIBS
(HOMO = -5.94 eV) is higher lying than that of PNDIS (HOMO = -6.11 eV) mainly due to the
stronger electron-donating nature of the biselenophene unit relative to the selenophene unit,

which are also in good agreement with previous reports.** 2° As Figure 2-1c suggests, the driving
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forces for exciton dissociation (AHOMO and ALUMO) are comparable between PM6:PNDIS
blends and PM6:PNDIBS blends.
2.1.3.2. Photovoltaic Properties.

The photovoltaic properties of the binary PM6:PNDIS and PM6:PNDIBS blends were
investigated by fabricating and characterizing all-PSCs with an inverted device architecture:
ITO/ZnO/PEI/Blend/MoOs/Ag, where polyethyleneimine (PEI) is used as the cathode buffer
layer.?* Thin film absorption spectra and the energy levels of the blend components (PMS,
PNDIS, and PNDIBS) are shown in Figures 2-1b and 2-1c, respectively. The PM6:PNDIS and
PMG6:PNDIBS all-PSC devices were fully optimized by varying the donor : acceptor (D:A) ratio,
choice of solvent additives, and thermal annealing at different temperatures (Tables A-2 and A-
3). The optimal processing conditions for the PM6:PNDIS blends included spin-coating the
chlorobenzene blend solution of 1:0.6 (wt:wt) D:A ratio with a mixture of solvent processing
additives (0.25% (v/v) 1,8-octanedithiol (ODT) and 0.25% (v/v) 1,8-diiodooctane (DIO))
followed by thermal annealing at 110°C for 10 min in an Argon-filled glovebox. The
PMG6:PNDIBS blends were optimized separately by spin-coating the chlorobenzene blend
solution of 1:0.4 (wt:wt) D:A ratio with 0.5% (v/v) diphenyl ether (DPE) solvent processing
additive followed by thermal annealing at 110°C for 10 min in the glovebox. The J-V curves and
the EQE spectra of optimized PM6:PNDIS, PM6:PNDIBS all-PSC devices are presented in
Figure 2-2, and the corresponding photovoltaic parameters are summarized in Table 2-1. The
PBDB-T:PNDIS devices and PBDB-T:PNDIBS devices were fabricated at the exact same
optimal processing conditions for the PMG6:PNDIS devices and PM6:PNDIBS devices,

respectively. The J-V curves and the EQE spectra of PBDB-T:PNDIS and PBDB-T:PNDIBS all-
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PSC devices are shown in Figure A-3, and the photovoltaic parameters are summarized in Table
A-1.

All-PSC devices fabricated from the PM6:PNDIS binary blend at 1:0.6 (wt:wt) D:A ratio
had an average PCE of 7.55% with a Jsc of 11.89 mA/cm?, a Vo of 0.962 V, and a FF of 0.66
(Table A-2). Through screening of processing additives, we found that addition of both 0.25%
(v/v) of DIO and 0.25% (v/v) of ODT to the chlorobenzene solvent resulted in significant
enhancement in the photovoltaic parameters (Jsc, FF, and PCE) (Table A-2). The combination of
0.25% ODT and 0.25% DIO as solvent additives was found to be more effective than using a
single solvent additive mainly due to the suppressed aggregation and the optimal domain sizes as
evidenced by the smoother surface of the blend films from AFM images (Figure A-4a) and the
increased spatial frequency from the power spectral density (Figure A-4b). Although the Voc was
unaffected by the solvent additives (Voc = 0.97 V), the Jsc improved from 11.89 mA/cm? to 13.45
mA/cm? while the FF increased from 0.66 to 0.70. As a result, the optimized PM6:PNDIS all-
PSC devices exhibited a maximum PCE of 9.07% (Table 2-1). This efficiency (9.1%) seen in
PM6:PNDIS blends is the highest observed so far for this acceptor polymer in all-PSC devices.™

14,19

Table 2-1. Photovoltaic Properties of Optimized PM6:PNDIS and PM6:PNDIBS. All Active
Layers were Thermally Annealed at 110°c for 10 min. Reproduced in part with permission from
Ref.* Copyright 2020 American Chemical Society.

Blend Jsc Voc FF PCEave(a) Jsccalc'
(mA/cm?) (V) (%) (mA/cm?)

PM6:PNDIS 13.45 0.967 0.70 9.07 13.25
(13.14£0.13)  (0.96+0.014) (0.68+0.02) (8.63+0.36)

PM6:PNDIBS 6.72 0.925 0.50 3.11 6.52

(6.32+0.18) (0.93+0. 005) (0.50+0.01) (2.93+0.08)
(@) Average of over 12 devices.
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Figure 2-2. (a) J-V curves for the optimized PM6:PNDIS and PM6:PNDIBS devices processed
from chlorobenzene. (b) EQE spectra for the optimized PM6:PNDIS and PM6:PNDIBS devices
processed from chlorobenzene. Reproduced with permission from Ref.** Copyright 2020
American Chemical Society.

The similarly optimized PM6:PNDIBS blend devices have rather poor photovoltaic
properties. The best performing PM6:PNDIBS blend devices had a PCE of 3.11% with a low Jsc
of 6.72 mA/cm?, a Vo of 0.925V, and an FF of 0.50 (Table 2-1). While the marginal drop in Voc
is most likely due to the lower-lying LUMO energy level of PNDIBS compared to PNDIS

(Figure 2-1c), the markedly inferior Jsc and FF can be attributed to the suboptimal morphology of
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the PM6:PNDIBS blends, which likely exaggerated charge recombination and inhibited efficient
charge transport. Unlike the PM6:PNDIS blends, the use of solvent additives in the processing of
PMG6:PNDIBS blends led to only a marginal improvement in the photovoltaic properties (Table
A-3); for example, raising the PCE from 3.11% to 3.36-3.47% by using either 0.5% (v/v) DPE or
DIO. This lack of effectiveness of processing additives suggests that the morphology of
PMG6:PNDIBS blends is trapped in a state inaccessible to fine-tuning by various optimization
conditions.

The photovoltaic properties of the PM6:PNDIS and PMG6:PNDIBS devices are
staggeringly different from those of the all-PSC devices fabricated from the non-fluorinated
donor polymer, PBDB-T. For the sake of comparison, the PBDB-T:PNDIS and PBDB-
T:PNDIBS devices were fabricated at the exact optimized conditions of the PM6:PNDIS and
PMG6:PNDIBS devices, respectively. The photovoltaic parameters are summarized in Table A-1
whereas the J-V curves and the EQE spectra are shown in Figure A-3. The PBDB-T:PNDIS
devices exhibited an average Jsc of 14.8 mA/cm?, an average Vo of 0.827 V, and an average FF
of 0.61, leading to an average PCE of 7.5%. The PBDB-T:PNDIBS all-PSCs showed
comparable device performance relative to the PBDB-T:PNDIS devices. In particular, the Jsc and
Voc Were simultaneously enhanced (Jsc = 15.6 mA/cm?, Vo = 0.85 V) while the FF was slightly
reduced to 0.58; thus, the best performing PBDB-T:PNDIBS had a PCE of 7.9%. We note that
the photovoltaic parameters of PBDB-T:PNDIBS all-PSCs are slightly lower than our previous
report?® due to the differences in processing conditions. Nevertheless, the observed substantial
difference in the photovoltaic properties of the fluorinated donor polymer PM6 compared to

PBDB-T in all-PSCs is fundamentally interesting. The remaining of the manuscript will address
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the underlying reasons that drive the deviations in the device performance of PM6:PNDIS and
PM6:PNDIBS blends.

We also explored an alternative simpler optimization strategy to the device fabrication
process by using a co-solvent system consisting of chlorobenzene and 2-methyltetrahydrofuran
at various ratios (Table A-4). In addition, we used the CB:2-MeTHF solvent system to examine
the effects of the active layer thickness on the photovoltaic properties of the PM6:PNDIS all-
PSC devices. In terms of the overall photovoltaic performance, the CB:2-MeTHF co-solvent
processed optimized PM6:PNDIS devices (Table 2-2) are quite comparable to those processed
with the aid of processing additives (Table 2-1). The J-V curves for PM6:PNDIS devices
processed from CB:2-MeTHF co-solvents at various active layer thicknesses are presented in
Figure 2-3a. All-PSC devices fabricated from the optimized CB:2-MeTHF co-solvents (Table A-
4) showed an average PCE of 8.41% with a high Jsc of 14.13 mA/cm?, a Voc of 0.963 V, and an
FF of 0.62 (Table 2-2). The maximum PCE of 8.71% (Jsc = 14.72 mA/cm?, Voc = 0.96 V, and FF
= 0.61) obtained for a 200-nm active layer is quite comparable to the 9.07% achieved with
processing additives. These results were achieved by utilizing the difference in solubility of the
donor and the acceptor polymer in 2-MeTHF to independently tune the aggregation rates of PM6
and PNDIS in the blend, enabling the self-organization of the polymer blends into optimal
nanoscale morphology without using solvent additives. We conclude that that the PM6:PNDIS
blend system is highly versatile, insensitive to processing methods, and is capable of yielding
highly efficient all-PSC devices.

The dependencies of the photovoltaic parameters (Jsc, Voc, FF, and PCE) on the active
layer thicknesses are shown in Figures 2-3c — 2-3f. The Vo is observed to be relatively constant

at around 0.96 — 0.97V across all thicknesses whereas the FF progressively decreases from 0.63
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to 0.58 as the thickness increased from 100 to 300 nm. The photocurrent density reaches a
maximum value of 14.72 mA/cm? at 200 nm (Figure 2-3c). The maximum PCE peaks at 8.71%
at 200 nm and decreases to 8.20% at 300 nm (Table 2-2 and Figure 2-3f). The minimal changes
of the PCE of PM6:PNDIS all-PSC devices with the active layer thickness clearly indicate that
this blend system is insensitive to both the processing methods and the film thicknesses, which

are highly desirable for future commercial applications of all-PSCs.
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Figure 2-3. The optimized PM6:PNDIS devices processed from CB:2-MeTHF at various active
layer thicknesses: (a) J-V curves; (b) EQE spectra; (c-f) Jsc, Voc, FF, and PCE as a function of the
active layer thickness. Reproduced with permission from Ref.** Copyright 2020 American
Chemical Society.
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Table 2-2. Photovoltaic Properties of Optimized PM6:PNDIS Devices Processed at the
Optimized CB:2-MeTHF Co-solvents Without Using a Processing Solvent Additive at Various
Active Layer Thicknesses. All Active Layers were Thermally Annealed at 110°C for 10 min.
Reproduced in part with permission from Ref.** Copyright 2020 American Chemical Society.

Blend Jsc Voc FF PCEave(a) Jsccalc'
(mA/cm?) V) (%) (mA/cm?)

100 nm 13.10 0.973 0.626 7.98 13.05
(13.04+0.13)  (0.964+0.005)  (0.629+0.004)  (7.90+0.08)

200 nm 14.72 0.964 0.614 8.71 14.08
(14.13+0.77)  (0.963+0.001)  (0.619+0.028)  (8.410.17)

250 nm 14.20 0.965 0.592 8.11 13.96
(14.09+0.25)  (0.965+0.001)  (0.591+0.004)  (8.04+0.10)

300 nm 14.60 0.972 0.578 8.20 14.03
(14.12+0.23)  (0.965+0.004)  (0.574+0.006)  (7.82+0.21)

@ Average of 8 devices.

The effect of fluorination of the donor polymer on optical bandgap energy 10ss (Eioss =
E¢® — eVoc) can be examined by considering the present results on PM6:PNDIBS and
PMG6:PNDIS in comparison to prior results on the non-fluorinated donor polymer PBDB-T.?°
From the E¢° values for PM6:PNDIS (1.67 eV) and PM6:PNDIBS (1.40 eV) blends and the
observed Vqc values (Table 2-2), we obtain Eoss values of 0.70 eV for PM6:PNDIS and 0.475 eV
for PM6:PNDIBS all-PSCs. Although the fluorinated donor polymer leads to a slight reduction
(0.14 eV) from the PBDB-T blend, the observed Ejoss for PM6:PNDIS is still quite large.1?? 123
The PNDIBS all-PSCs based on the non-fluorinated PBDB-T were found to combine Ejoss Of
0.55 eV with a moderate PCE of 7.9%. Thus, although fluorination results in the expected
reduction in Ejss and enhancement of Vo in PM6:PNDIBS, there is simultaneously an
unexpected dramatic reduction in the photovoltaic efficiency from 7.9% to 3.1%. The possible
sources of this unexpected huge effect of fluorination of the donor polymer on the performance
of all-PSCs include blend morphology, blend photophysics, and charge transport, which will be

examined later.
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The EQE spectra of the optimized PM6:PNDIS and PM6:PNDIBS devices processed
from CB as well as those processed from CB:2-MeTHF at various thicknesses are shown in
Figure 2-2b and Figure 2-3b, respectively. The photo-response of PM6:PNDIS devices spanned
from 740 nm to 300 nm and rose to a maximum EQE of 82% in the 540 — 590 nm region (Figure
2-2b). Although it covers a much broader range from 300 nm to 840 nm, the EQE spectrum of
the optimal PM6:PNDIBS devices showed much lower EQE values almost across the entire
spectrum with a maximum of 37% in the 520 — 570 nm region (Figure 2-2b). The broad photo-
response over the entire ranges 300 — 840 nm for PM6:PNDIBS and 300 — 740 nm for
PM6:PNDIS blends indicates efficient photoinduced electron and hole transfer.*?* In the case of
PMG6:PNDIS devices processed from CB:2-MeTHF co-solvent at various active layer thicknesses
(Figure 2-3b), they showed lower maximum EQE values of around 72 — 75% at 540 — 550 nm
compared to those processed from CB. However, CB:2-MeTHF processed devices exhibited
flatter EQE responses over a broad range from 450 nm to 650 nm (Figure 2-3b) and thus resulted
in a slightly higher Jsc as observed in Table 2-2. The variations of the EQE spectra at certain
wavelengths with increasing active layer thickness have been observed in prior reports ranging
from fullerene-based devices to all-polymer solar cells and non-fullerene organic solar cells;'?>
129 these variations can be rationalized by the inhomogeneous blend composition distribution in
thicker films and optical interferences.’**32 The corresponding photocurrent obtained from
integration of the EQE spectra for PM6:PNDIS and PM6:PNDIBS blends were 13.25 mA/cm?
and 6.52 mA/cm?, respectively, which matched well with the values obtained from the J-V
measurement (Table 2-1) within 2-4% error. The calculated Jsc from the EQE spectra of
PM6:PNDIS based devices fabricated from CB:2-MeTHF co-solvents at various thicknesses

were similarly in good agreement with the J-V measurements.
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2.1.3.3. Charge Photogeneration and Charge Recombination.

To elucidate the striking difference between the photovoltaic performance of
PMG6:PNDIS and PM6:PNDBS devices, the photoinduced charge generation rate and charge
collection behavior of the optimized devices were characterized by measuring the photocurrent
current (Jph = Jiluminated - Jdark) @s a function of effective voltage (Vett = Vhias — Vapplied). AS shown
in Figure 2-4a, the optimized PM6:PNDIS devices exhibited a field-independent charge
photogeneration rate beyond 0.5V, which is consistent with previously observed systems that
have FF higher than 0.65.133-13 This result suggests that nearly all generated excitons effectively
diffused to the donor/acceptor interface to form exciplexes®*® and instantaneously dissociated
into free charges that are collected at the two electrodes and thereby effectively suppressing
geminate recombination.!® In contrast, the PMG6:PNDIBS devices exhibited increasing
photocurrent with increasing electric field, suggesting significant electron-hole pair
recombination. As a result, the charge photogeneration rate of PM6:PNDIS (8.58 x 10%" m3s™)
was found to be 1.3-fold higher than that of PM6:PNDIBS (6.40 x 10%” m3s™?). The charge
collection probability (P(E,T)) at short-circuit condition was also calculated to be 99.1% and
65.5% for PM6:PNDIS and PM6:PNDIBS, respectively. The superior and near unity P(E,T)
observed in PM6:PNDIS devices suggest that almost all dissociated charges were collected at the
two electrodes, which is in agreement with the high Jsc and FF.

We also performed charge recombination analysis by characterizing the light-intensity
dependence of Jsc and Voc. The relationship between Jsc and the incident light intensity (Piignt) can
be generally described as Jsc « Piignt*, where a represents the degree of bimolecular
recombination.!33 134 The value of a for the optimized PM6:PNDIBS blends (a = 0.95) deviated

slightly from unity as shown in Figure 2-4b suggesting that some degree of bimolecular
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recombination can be expected in these devices. However, the optimized PM6:PNDIS devices
exhibited an a value of 1.01 indicative of highly suppressed bimolecular recombination, which is
in good accordance with the observed higher Jsc and FF. The relationship between Voc and Piight
which can be generalized as V. « s X In (Pj;45). The proportional coefficient s usually varies
between 1 and 2 representing either a dominating bimolecular recombination (s = 1kT/q) or a
preferable trap-assisted recombination (s = 2kT/q).'*¥® The data in Figure 2-4c show that
PMG6:PNDIS devices follow a trap-assisted recombination (s = 1.48 KkT/q) whereas
PMG6:PNDIBS devices have a s coefficient of 1.21kT/q which suggests that bimolecular

recombination governs its charge recombination Kkinetics.
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Figure 2-4. (a) Jph-Vert curves, (b) Jsc dependency on incident light intensity , and (c) Voc
dependency on incident light intensity for the optimized PM6:PNDIS and PM6:PNDIBS blend
devices. All blends were processed under optimized conditions from chlorobenzene. Reproduced
with permission from Ref.** Copyright 2020 American Chemical Society.

2.1.3.4. Charge Transport Properties.

We investigated the charge transport properties of PM6:PNDIS and PM6:PNDIBS blend
films and neat films of the individual components by the space-charge limited current (SCLC)
method. Single-carrier devices were fabricated in the following device architectures:
ITO/PEDOT:PSS/Blend/MoOs/Ag for hole-only devices and 1TO/ZnO/PEI/Blend/LiF/Al for
electron-only devices. The resulting J-V curves were fitted to the Mott-Gurney equation to
extract the charge carrier mobilities. The J-V curves and their fit lines for neat and blend films
are shown in Figures A-6 and A-7, respectively, while the carrier mobilities are summarized in
Table 2-3.

The neat films of the donor polymer PM6 showed a relatively high hole mobility (un) of
1.2 x 10 cm?/Vs, which is in agreement with prior reports.®® 3% 46 The electron mobility (Ue) of
neat films of PNDIS and PNDIBS was found to be 1.24 x 10 cm?/Vs and 2.13 x 10 cm?/Vs,
respectively, which are also in agreement with reported values.'® * 1% 2% The slightly higher
electron mobility in neat PNDIBS films can be explained by its higher crystallinity compared to
PNDIS as evidenced by GIWAXS and AFM results to be discussed below. In PM6:PNDIBS
blend films, pn and pe were 1.98 x 10 cm?/Vs and 7.28 x 10° cm?/Vs, respectively. Compared
to the PM6:PNDIBS blends, the hole mobility of the PM6:PNDIS blends increased by 1.6-fold to
3.25 x 10* cm?/Vs; however, the electron mobility was lowered to 1.89 x 10° cm?/Vs. The
asymmetric charge transport observed in PM6:PNDIS indicated that further optimization to

improve the device performance is feasible.
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Effects of the co-solvent processing on the bulk charge carrier mobilities of PM6:PNDIS
blends were also examined. The pn was found to increase from 3.25 x 10 cm?/Vs when
processed from CB to 4.11 x 10 cm?/Vs when processed from the CB:2-MeTHF co-solvents.
Similarly, the bulk pe for blends processed from CB:2-MeTHF was significantly increased by
almost an order of magnitude to 1.36 x 10* cm?/Vs. As explained earlier, the solubility
differences of the blend components in the co-solvent system (CB:2-MeTHF) and the boiling
point differences of the two solvents enable independent tuning of the aggregation rates and
thereby, higher domain purity can be achieved as evidenced by the increased surface roughness
observed in AFM images (Figure A-5). Thus, the observed higher hole and electron mobilities
for blends processed from the CB:2-MeTHF co-solvent can be rationalized by the optimal blend
morphology featuring higher domain purity and optimal domain sizes, which is consistent to
previous study demonstrating enhanced charge carrier mobility for blends processed from 2-
MeTHF.X¥" Furthermore, the observed higher hole and electron mobilities for blends processed
via the CB:2-MeTHF co-solvent technique are in good agreement with the efficient photovoltaic
device performance even for thick film active layers.

Table 2-3. Space-Charge Limited Current Electron Mobility (pe) and Hole Mobility (un) of Neat
Films of PM6, PNDIS, and PNDIBS and Blend Films of PM6:PNDIS and PM6:PNDIBS. All
Active Layers were Processed at Optimal Conditions. Reproduced with permission from Ref.*
Copyright 2020 American Chemical Society.

Neat or Blend Films He (CM2/VS)  tn (CM?/VS) M /e
PM6 - 1.20x 10* -
PNDIS 1.24x10* - -
PNDIBS 2.13x10* - -
PMG6:PNDIS (CB) 1.89x10° 3.25x10%* 17.2
PMG6:PNDIBS (CB) 7.28x10° 1.98x10* 272

PM6:PNDIS (CB:2-MeTHF)  1.36x 10* 4.11x10* 3.03
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2.1.3.5. Vertical Phase Stratification.

Interestingly, we found that the electron mobility of PM6:PNDIS blends varied by orders
of magnitude depending on the direction of bias voltage. As shown in Figure 2-5a, the
PMG6:PNDIS electron-only devices exhibited asymmetric J-V behavior under positive and
negative bias, which was not observed in the PM6:PNDIBS devices (Figures 2-5b and 2-5d).
Observation of such asymmetric electron injection behavior has previously been attributed to the
vertical phase stratification of the active layer.'*® In the present case, vertical phase segregation
in the blend means that PNDIS was buried near the ZnO/PEI interface and PM6 accumulated
near the top surfaces, and thus, forming a significant energetic barrier at the Al electrode and
inhibiting electron injection into the active layer (Figure 2-5¢).%3®

Additional characterizations using time-of-flight secondary ion mass spectroscopy (TOF-
SIMs) and contact angle measurements further confirmed a greater degree of vertical phase
separation in the PM6:PNDIS blends. Figure 2-6 shows the vertical composition distribution of
F and CN-, which are representative of the donor polymer (PM6) and the acceptor polymers
(PNDIS and PNDIBS), respectively, from the top air surface to the bottom ZnO/PEI interface.
The profile of CN™ in the PM6:PNDIS blends clearly showed a gradient with increasing
concentration towards the ZnO/PEI interface (Figure 2-6a), whereas the concentration of CN" in
the PM6:PNDIBS blends remained constant across the active layer thickness (Figure 2-6b).
Moreover, the profile of F in the PM6:PNDIS blends exhibited a sharp decline as t/tactive layer
approached unity (Figure 2-6a), which indicated that the donor polymer PM6 was depleted at the
cathode interface. On the other hand, as shown in Figure 2-6b, the concentration of F in the
PMG6:PNDIBS blends stayed nearly unchanged throughout the active layer thickness. These

results strongly suggest that a greater degree of vertical phase separation exists in the
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PMG6:PNDIS blends, where the acceptor polymer concentration gradually increases and
accumulates at the cathode interface. This result is in agreement with the asymmetric J-V
behavior under different voltage bias direction.

The surface energy of the donor polymer and the acceptor polymers and the Flory-
Huggins interaction parameters of the respective blends were investigated and are summarized in
Table A-5 via contact angle measurements on their neat films with diiodomethane and water as
the wetting liquids shown in Figure A-8. As summarized in Table A-5, the surface energy (y) of
the donor polymer PM6 was found to be 37.05 mN/m which is comparable to that of PNDIBS (y
= 37.46 mN/m), suggesting a homogenous blend distribution across the active layer thickness in
very good agreement with the J-V behaviors and the TOF-SIMs analysis. The estimated Flory-

Huggins interaction parameter was also calculated based on the empirical equation

Xaonor.acceptor = K(\[Ydonor — \/Vdonor)zv where K is a constant. A small ydonor, acceptor Value
means a highly miscible blends while a large ydonor, acceptor Value suggests phase separation in
blend films.>®> The ydonor, acceptor Value for the PM6:PNDIBS blends was found to be extremely
low at 0.00113K (Table A-5) suggesting excessively miscible blends, which would be
detrimental to domain purity. As a result, the PM6:PNDIBS devices suffered from poor charge
photogeneration and significant charge recombination. On the other hand, the higher surface
energy of PNDIS (y = 39.08 mN/m) (Table A-5) compared to PM6 indicated that the donor
polymer PM6 would migrate towards the air interface while the acceptor polymer PNDIS would
be preferentially buried at the bottom interface.’®® The ydonor, acceptor Value of the PM6:PNDIS
blends increased over 20-fold compared to that of the PM6:PNDIBS blends, suggesting that
optimal blend miscibility was achieved and thereby, enhancing the domain purity. The results of

these characterization techniques collectively show that there is a greater degree of vertical phase
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separation and better domain purity in the PM6:PNDIS blends, which is beneficial for charge

extraction and suppression of bimolecular charge recombination. This result is in excellent

agreement with the near unity charge collection probability and the negligible charge

recombination, leading to the observed higher Jsc and FF in the PM6:PNDIS all-PSCs. 138 140, 141
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Reproduced with permission from Ref.** Copyright 2020 American Chemical Society.
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thickness. All blends were processed under the optimized conditions from chlorobenzene.
Reproduced with permission from Ref.** Copyright 2020 American Chemical Society.

2.1.3.6. Surface and Bulk Morphology.

The surface morphology of neat and blend films was investigated by atomic force
microscopy (AFM) imaging (Figures 2-7 and A-9). Although neat films of both of the acceptors
showed relatively smooth surfaces (Rq ~ 1.1 nm), neat films of PNDIS showed a rather
amorphous surface with no distinct features while neat films of PNDIBS exhibited homogenous
fibrillar structures indicative of the highly crystalline nature of this polymer (Figure A-9).%°
Despite the clear differences in the surface morphology of neat PNDIS and PNDIBS films, their
blend films (PM6:PNDIS and PMG6:PNDIBS) showed similar morphology with distinctive
needle-like features with comparable surface roughness (Rq ~ 2 nm) and domain size (~ 22 — 25
nm) (Figure 2-7).
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Figure 2-7. AFM height (a, b) and phase (c, d) images (2 um x 2 um) of the surfaces of
PMG6:PNDIS (a, ¢) and PM6:PNDIBS (b, d) blend films processed from optimized conditions in

chlorobenzene. The scale bars are 500 nm. Reproduced with permission from Ref.** Copyright
2020 American Chemical Society.
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To gain more insights into the bulk morphology of the blend films, 2D-grazing incident
wide-angle X-ray scattering (2D-GIWAXS) measurements were carried out on both the neat
films and blend films. The 2D-GIWAXS images and the corresponding line cuts for the neat
donor and acceptor films are presented in Figure A-10, while those of the blend films are shown
in Figure 2-8. The peak positions as well as the d-spacings for both the neat and blend films are
summarized in Table A-6. The neat films of donor polymer PM6 exhibit distinct (100)
diffraction peaks in both the in-plane (IP) and the out-of-plane (OOP) directions at around 0.30
A'and 0.33 A™! (Figures A-10d and A-10e), which corresponds to a d-spacing of 19.04 — 20.94
A, respectively (Table A-6). The (010) peaks were also present in both IP and OOP directions of
neat PM6 films, centering at 1.68 — 1.71 A™! (Figure A-10d and A-10e) with a d-spacing of 3.67
— 3.74 A. The pronounced (100) and (010) diffraction peaks in both the IP and the OOP
directions indicate the coexistence of both face-on and edge-on molecular orientations in neat

PM6 films, which is consistent with previous reports.*°
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Figure 2-8. 2D-GIWAXS patterns of (a) PM6:PNDIS blend film and PM6:PNDIBS blend film.
(b) In-plane (IP) and out-of-plane (OOP) line-cuts GIWAXS patterns for PM6:PNDIS and
PM6:PNDIBS blend films. Reproduced with permission from Ref.** Copyright 2020 American
Chemical Society.

Neat films of PNDIS and PNDIBS had intense (100) diffraction peaks in the IP direction
at gxy of 0.29 and 0.26 A, respectively, corresponding to d-spacings of 21.67 A and 24.17 A
(Table A-6). The larger lamellar distance observed in neat PNDIBS films can be attributed to its
longer 2-octyldodecyl side chains relative to the 2-hexyldecyl side chains in PNDIS. These
lamellar packing distances in both PNDIS and PNDIBS are significantly shorter than expected
from their alkyl chain lengths, clearly indicating interdigitation of the alkyl side chains between
adjacent polymer backbones.!*? Higher order reflections of the lamellar packings were also
present in the neat acceptor polymer films as evidenced by the (200) peaks in the IP direction
(Figure A-10b). Pronounced (010) peaks in the OOP direction were also observed in both PNDIS
and PNDIBS neat films (g, = 1.57 — 1.58 A™") with a n- & stacking distance of 3.98 — 4.00 A
(Table A-6). Compared to PNDIS, PNDIBS exhibited slightly broader and more intense (100)
and (010) peaks in the IP and OOP directions, respectively. While PNDIBS had a rather weak
(100) peak in the OOP direction, PNDIS exhibited a more pronounced (100) diffraction peak at
0.29 A™!. These observations collectively suggested that PNDIBS predominantly adopted face-
on molecular orientation while PNDIS exhibited mixed face-on and edge-on populations.

In the blend films, the (100) peaks in the OOP direction, which mainly originated from
the PM6 donor polymer, became sharper, more intense, and shifted to a lower g, value (g, = 0.31
—0.32 A™") that lied between the g, values of the donor and the acceptor polymers (Table A-6);
thereby suggesting well-mixed blends. Pronounced (100) diffraction peaks in the IP direction

were also observed (gxy = 0.29 A™') in both PM6:PDNIS and PM6:PNDIBS blends. Moreover,
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the lamellar face-on (200) ordering peaks were preserved in PM6:PNDIS blend but disappeared
in PM6:PNDIBS blend (Figure 2-8c). The crystal coherence length (Lc) calculated using Scherrer
equation was found to be 10.5 nm and 8.1 nm for PM6:PNDIS and PM6:PNDIBS blends,
respectively. The higher L. values and the presence of highly ordered lamellar peaks observed in
PMG6:PDNIS blends indicated that PNDIS retained its crystallinity upon blending with the donor
polymer PM6 while the crystallinity of PNDIBS decreased in blend films. Moreover, the L. of
PM6:PNDIS blends (10.5 nm) is comparable to the typical exciton diffusion length'43 144
enabling highly efficient exciton diffusion and charge photogeneration as explained earlier.
Compared to the neat acceptor polymer films, the (010) peaks in the OOP direction shifted to
higher g values of 1.69 A™! for PM6:PNDIBS blends and 1.71 A™! for PM6:PNDIS blends. The
observation of sharp and intense (100) and (010) peaks in the IP and OOP directions,
respectively, in the PM6:PNDIS blends clearly show that the polymer chains exhibit preferential
face-on molecular orientation in the blends, which is favorable for charge transport across the

electrical contacts.
2.1.4. Conclusions

We have investigated how a fluorinated donor polymer (PM®6) influences the
photovoltaic properties, blend morphology, and blend photophysics of all-PSCs based on NDI-
arylene copolymer acceptors. We found that pairing of PM6 respectively with PNDIS and
PNDIBS led to dramatically different photovoltaic, blend morphology, and blend photophysics
results. PM6:PNDIS all-PSCs combined the expected enhancement in Voc (0.967 V) with high
fill factor (0.70) to enable 9.1% PCE due to the vertical phase stratification and predominant
face-on molecular orientations in the blend nanomorphology. In addition, the blend photophysics

of PM6:PNDIS featured high charge photogeneration rate, strongly suppressed geminate and
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bimolecular recombinations, and near unity charge collection probability. However, despite a
favorable low optical bandgap energy loss (0.475 eV) and enhanced Voc (0.925 V) in
PMG6:PNDIBS all-PSCs, compared to similar blends of the non-fluorinated PBDB-T, they
showed poor performance (3.1% PCE) that originated from bulk phase separation with both face-
on and edge-on molecular orientations, poor charge collection probability (66%) and high
electron-hole recombination rate. These results show that in addition to the expected
enhancement of Vo, a fluorinated polymer in all-PSCs can also dramatically influence the blend
morphology and blend photophysics with consequent negative or positive impact on the
photovoltaic performance. The results also demonstrate that PM6:PNDIS all-PSCs are promising
efficient devices that are robust to various processing methods and to active layer thicknesses of

up to 300 nm.
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2.2. Elucidating Impact of Molecular Weight on Morphology, Charge
Transport, Photophysics, and Performance of All-Polymer Solar Cells.

2.2.1. Introduction

Advances in molecular design of materials and device engineering strategies have
enabled substantial progress in raising the efficiency of organic photovoltaics (OPVs) over the
past several years.!*® Among the various OPV technologies, all-polymer solar cells (all-PSCs)
where the photoactive layer is composed of a blend of an electron-donating (donor) conjugated
polymer and an electron-accepting (acceptor) conjugated polymer — the so-called bulk
heterojunction (BHJ) architecture — offer unique advantages, including the facile tuning of
optoelectronic properties of polymers,114® their superior photochemical stability,*> 6% 2 their
excellent durability under thermal and mechanical stresses,* 53-8 and their potential for large
scale manufacture.*® % These features of all-PSCs make them especially appealing candidates for
commercial applications in many areas. Although the power conversion efficiency (PCE) of all-
PSCs has recently exceeded 10-11% in several different binary blend systems, 16 28. 36, 37, 39, 41-43, 46
it lags behind the PCE of small-molecule non-fullerene acceptors (SM-NFAs) based solar cells
where the PCEs has reached over 16%.% %145 From a device engineering perspective, the major
bottlenecks hindering further advances in the photovoltaic performance of all-PSCs include the
low photocurrent density (Jsc)*: 12 17 18. 23,24, 26-28, 32,40 gnq [owy fill factor (FF).11 12 17, 18,30, 32,40
The photocurrent is limited by the low electron mobility of the acceptor polymer component and
the overall lack of greater complementary light-harvesting of the solar light by both blend

components, it 12,17, 18, 23, 24, 26-28, 32, 40 The small fill factor is primarily due to the non-optimal
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blend morphology, which in turn is influenced by polymer molecular weight?%: 22 25 2% 33 gnq
polymer/polymer interchain interactions,> 24 30, 37,40

Advancing all-PSCs from a materials chemistry point of view, includes not only finding
ways to harvest more of the solar spectrum,® 23 29 4L 42 jncrease the carrier mobilities of the
donor and acceptor conjugated polymers,? 3¢ 41 42 and to control and fine-tune the blend
morphology!® 2+ 30.37.40.72 and blend photophysics* #* 57 put also to understand the underlying
structure-property-performance relationships. A fundamental molecular parameter that can
substantially influence the physical properties of the component materials, the thermodynamics
of all-polymer blends, and the efficiency of all-PSCs is polymer molecular weight, 1% 2% 222529, 33,
8182 Although several prior studies have been devoted to the effects of the molecular weights of
the acceptor polymer and donor polymer on the photovoltaic properties of all-polymer solar
cells, the results gave rise to divergent conclusions.?! 22 2% 29.33.81.82 |t was found that increasing
the molecular weight of either the donor polymer or the acceptor polymer led to significantly
enhanced power conversion efficiency (PCE) of all-PSCs due to the synergistic improvement of
the short-circuit current (Jsc) and the fill factor (FF) while the open-circuit voltage (Voc) remained
relatively constant.?! 22 29.81.82 | contrast, other reports have found simultaneous drop in both Jsc
and FF, and thus the power conversion efficiency, with increasing polymer molecular weight.?
33 The decline of Jsc and FF with increasing molecular weight was attributed to non-optimal
blend morphology featuring either coarser domains due to large liquid-liquid phase separations®
or greater molecular miscibility between the blend components,? both of which led to increased
charge recombination and poorer charge photogeneration and charge extraction rates. Among
the limitations of these prior studies of the impact of the number-average molecular weight (Mn)

on the performance of all-PSCs include the relatively narrow range of M, of the polymers
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investigated. Very few of these studies reported M, values measured at high temperature (> 100
°C)%: 3381 and hence the effects of actual molecular weight of the conjugated polymer could not
be delineated from those due to effects of chain aggregation.?? 2> 2% 8 Nearly all prior studies,
except one,>® were focused on the acceptor polymer poly([N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)) (PNDIOD-T2 or N2200) and
various non-high performing donor polymers.2* 2% 8182

Towards the resolution of the current conflicting views on how polymer molecular
weight impacts the photovoltaic properties of all-PSCs,?% 22 25 33, 8L 82 \ye aim to address this
problem by employing an entirely new binary blend system whose components have not
previously been involved in studies of the effects of My, including the well-known high-
performance donor polymer, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5.7’-bis(2-ethylhexyl)benzo[1°,2-c:4°,5’-
¢’]dithiophene-4,8-dione], (PBDB-T) (Figure 2-9a).}4¢ We decided to focus on the direct
heteroarylation polymerization (DHAP)-prepared poly([N,N'-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-biselenophene)) (PNDIBS) (Figure 2-9a) as
the acceptor polymer component in the proposed Mn dependent studies. DHAP has been shown
to be a simple and environmental-friendly pathway to synthesize highly efficient organic
photovoltaic materials with minimal structural defects.” 47150 Compared to previously well-
studied N2200,2> 2> 8L 82 oyr group has shown Stille-derived PNDIBS, which incorporates
biselenophene units instead of bithiophene units, to have a narrower optical bandgap, increased
crystallinity, and enhanced bulk charge transport and photovoltaic properties.?® 3" °7 Thus well-

defined DHAP-derived PNDIBS of sufficiently broad range of My values can be expected to
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advance our understanding of the impact of molecular weight on photovoltaic properties while

enabling development of high performance all-PSCs.
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Figure 2-9. (a) Molecular structures of donor polymer (PBDB-T) and acceptor polymer
(PNDIBS). (b) HOMO/LUMO energy levels of the acceptor polymer of varying number-
averaged molecular weight Mn. (c) Thin-film optical absorption spectra of the PNDIBS acceptor
copolymer at different number-average molecular weights M. Reproduced with permission from
Ref.®® Copyright 2020 Royal Society of Chemistry.

In this paper, we report a comprehensive investigation of the effects of the number-
average molecular weight (M) of the acceptor polymer on the blend charge transport, blend
photophysics, blend morphology, and photovoltaic properties of all-PSCs. The binary blend
devices paired the donor polymer PBDB-T respectively with the DHAP-prepared acceptor
copolymer PNDIBS at six different Mn values from 21 to 127 kDa. We found that the key
photovoltaic parameters of the PBDB-T:PNDIBS blend devices, PCE and Js., both increased
with increasing Mn until reaching peaks at an optimal molecular weight of 55 — 66 kDa and

subsequently decreased with further increases in Mn. The observed peak in photovoltaic
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performance at M, of 55 kDa coincided with an optimal blend morphology composed of a bi-
continuous network of ordered crystalline features of predominantly face-on molecular
orientations and 5.5-6.5 nm domain sizes. The optimal or critical M, value also marked peaks in
charge photogeneration rate and symmetric charge transport. Outside of the optimal M, range,
the blend morphology evolved from finely and tightly packed in the 21 kDa blends to disordered
and amorphous structures with large phase separation, leading to severe charge recombination
and space-charge build-up, which are detrimental to photovoltaic device performance. At the
critical My value of 55 kDa, the all-PSCs had a maximum PCE of 10.2% with an average of
9.3% as a result of the favorable blend charge transport properties, blend photophysics, and
blend morphology. We also found that the My has a significant impact on the sensitivity of the
device efficiency to the active layer thickness. While the PCE of the optimal M, was rather
insensitive to the active layer thickness, the efficiency of all-PSCs at the higher M, was strongly
dependent on the layer thickness and in this case, the thinner photoactive layer afforded the
highest PCE. Overall, this study and results provide a broader and unified understanding of how
the molecular weight of a polymer component of all-polymer solar cells impacts the blend charge
transport, blend photophysics, blend morphology, and photovoltaic properties as well as give

new structure-property relationships for a promising n-type semiconducting copolymer.
2.2.2. Experimental Methods

Materials. Naphthalene-1,4,5,8-tetracarboxylic dianhydride was obtained from TCI America
and used without any further purification. Selenophene, tris(dibenzylideneacetone) dipalladium
(0), pivalic acid, cesium carbonate and other precursors for the preparation of the 2-octyl-1-
dodecylamine were obtained from Sigma-Aldrich and used without further purifications. Extra

dry chlorobenzene was obtained from Accros Organic and de-gassed with Argon for 15 min
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prior to utilization. Other starting materials were purchased from Sigma-Aldrich, TCI America or
Alfa Aesar. The donor polymer PBDB-T was synthesized in our lab.

Synthesis of Materials. The preparation of the 2,6-dibromonaphthalene-1,4,5,8-diimide
monomer was realized following to the literature approach.” The preparation of 2,2'-
biselenophene (Figure B-1), was performed according to the conditions of the literature.®” Then,
a further step was taken to obtain the 5,5'-bistrimethylstannyl-2, 2'-biselenophene (Figure B-2).%"
151 The DHAP and Stille protocols for the polymer synthesis were performed according to the
literature methods.” °" The details are given in the Appendix B.

Fabrication and Characterization of all-PSCs. Solar cells devices were fabricated with an
inverted architecture of ITO/ZnO/PEI/Blend/MoOs/Ag. ITO-coated substrates (15 Q/square,
Shanghai B. Tree Tech, Shanghai, China) were cleaned sequentially in ultrasonic baths with
acetone, deionized water, and isopropyl alcohol for 30 min, dried using nitrogen gas, and
followed by 10 mins of O plasma cleaning. The ZnO precursor solution was spin-coated onto
the ITO and followed by thermal annealing at 250 °C for 30 min to make ~30 nm thick ZnO
layer. A 0.05 wt% solution of polyethylenimine (PEI) in 2-methoxyethanol was spin-coated onto
the ZnO layer and dried at 120 °C for 10 min. The PBDB-T:PNDIBS (1:0.8 wt/wt) blends were
prepared in chlorobenzene, mixed and stirred overnight at 85°C in the glovebox. The blend
solutions were spin-coated at 1000 rpm for 50s, followed by thermal annealing at 110°C for 10
min in the Argon-filled glovebox. All the active layers had a thickness of 105 £ 5 nm. MoOs (0.5
nm) and Ag (100 nm) were thermally deposited onto the active layer. An aperture mask with
area of 3.14 mm? was applied during measurements to define the illuminated device area. After
evaporation of the electrode, the photovoltaic cells were tested under AM 1.5G solar illumination

at 100 mW/cm? in ambient air by using a solar simulator (Model 16S, Solar Light Co.,
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Philadelphia, PA) with a 200W Xenon Lamp Power Supply (Model XPS 200, Solar Light Co.,
Philadelphia, PA) calibrated by NREL certified Si photodiode (Model 1787-04, Hamamatsu
Photonics K.K., Japan) and a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett
Packard, Japan). After the J-V measurements, the external quantum efficiency (EQE) spectra
were measured by using a solar cell quantum efficiency measurement system (Model QEX10,
PV Measurements, Inc., Boulder, CO) with a 2 mm? (2 mm x 1 mm) size masked incident light
source and TF Mini Super measurement apparatus for multiple devices in a single substrate. The
EQE system was calibrated with a Si photodiode before measurement.

Fabrication and Characterization of SCLC devices. Current-voltage (J-V) characteristics of
the SCLC devices were measured by using a HP4155A semiconductor parameter analyzer
(Yokogawa Hewlett-Packard, Tokyo). The carrier mobility was deduced by fitting the J-V curves
to the Mott—Gurney equation where J is the current density, & is the permittivity of free space, ¢
is the relative permittivity, u is the zero-field mobility, V is the voltage, L is the thickness of
active layer.

9 V2
J= _EOE#L_3

8
The SCLC device structures for electron-only and hole-only were 1TO/ZnO/PEI/Blend/LiF
(Inm)/Al (100nm) and ITO/PEDOT: PSS/Blend/MoOs (7.5nm)/Ag (100nm), respectively. Each
active layer of both neat and blend films was processed at the optimized all-PSC devices
condition as described above and spin-coated at 1000 rpm for 50s and followed by thermal
annealing at 110°C for 10 min inside glovebox.

Fabrication and Characterization of OFETs. TFT devices were fabricated on highly doped n-

type Si (100) wafer with a 300 nm thick SiO: treated with self-assembled monolayer of n-
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octadecyltrimethoxysilan (OMTS), according to the reported method.!>? Before use, the OTMS
monolayer was rinsed subsequently with toluene, acetone, and isopropyl alcohol and dried under
a nitrogen stream. Static water contact angles of the OTMS substrates measured by Edmund
Scientific goniometer were higher than 105 degree. The solutions (5 mg/mL) of polymer
semiconductor for transistor devices were prepared by dissolving the polymer in chlorobenzene
at 80°C for 30 min and then spin-cast on the OTMS substrates with controlled thickness at ~40

nm. The as-prepared thin films were thermally annealed at 170°C for 1 hour in N2-filled glove

box. A top-contact gold electrode (70 nm) was subsequently deposited by evaporation through a
shadow mask with a channel length (L) and width (W) defined as 50 and 1000 um, respectively.
The transistor characteristics were measured by Keithley 4200 semiconductor parameter analyzer
(Keithley Instruments Inc., Cleveland, OH, USA) in an N2 filled glove box at room temperature.
The effect of molecular weight on "7 can be inferred from the standard FET relation by

calculating derivative charge mobility using the equation for lgs in the saturation region.

lys = %/’[(Vgs - VT)2
2L

AFM Imaging. Atomic force microscopy (AFM) characterization of the surface morphology
was done on the active layers of the actual polymer solar cells, used in the photovoltaic
measurements, by using a Bruker Dimension scanning probe microscope (SPM) system.
GIWAXS. Grazing incidence X-ray scattering (GIWAXS) experiments were conducted at the
Japan Synchrotron Radiation Facility SPring-8 by using the beamlines BL46XU. Thin film
samples of the neat donor polymer (PBDB-T) and acceptor polymers (PNDIBS) were spin-

coated on the top of glass substrates and annealed at 110 °C for 10 min. The binary blend films

were prepared in the same manner as the actual all-PSC devices on ZnO/PEI-coated ITO
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substrates. The X-ray beam was monochromatized by a double-crystal Si (111) monochromator,
and the X-ray energy in this experiment was 12.40 keV (A = 0.1 nm). The angle of incident X-
ray to sample surface was 0.12° with a Huber diffractometer. The scattered profile from the film
sample was detected using an area detector (PILATUS 300K) for 1 s at room temperature, and
the distance between the sample and detector was 175.0 mm. The crystal coherence length (L)
of samples was determined by using the Scherrer equation: L = 2nK/Aqg, where K is a shape
factor (typically 0.89) and Aq is the full width at half-maximum (FWHM) of the diffraction peak.
Here, the L. (100) was obtained from the FWHM of the (100) diffraction peak in the-plane (gxy)
line cut.

2.2.3. Results and Discussion

2.2.3.1. Synthesis and Characterization.

The monomers, 2,6-dibromonaphthalene-1,4,5,8-diimide and 2,2’-biselenophene, were
synthesized following the conditions reported in the literature, and a detailed protocol is
available in Appendix B.”> % We have previously reported DHAP-based synthesis of the
bithiophene-NDI copolymer, PNDIOD-T2, and observed that a more regioregular polymer was
achieved than the same polymer made by conventional Stille coupling polymerization.” Here,
we wanted to confirm the reproducibility and robustness of the DHAP approach by applying it
under similar conditions to prepare the biselenophene-NDI copolymer, PNDIBS, and by
optimization of the DHAP polymerization time to produce a series of polymers with different
molecular weights (Table B-1). In the case of the Stille-prepared PNDIBS, we used the same
conditions reported earlier.?® ° Scheme S1 presents the general conditions for the
copolymerization of 2,6-dibromonaphthalene-1,4,5,8-diimide and 2,2’-Biselenophene by DHAP

and by Stille, respectively.
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The *H NMR spectra of both the Stille and DHAP PNDIBS samples are shown in Figures
B-3 and B-4. Despite the limited solubility of both polymer samples in 1,1,2,2-tetrachloroethane-
D2, the spectra are clear enough to identify structural differences between the two polymers. The
DHAP-prepared PNDIBS exhibit a 2:3.98 ratio between the NDI and the biselenophene protons
in the aromatic region, which deviates only marginally from the expected ratio of 2:4. On the
other hand, the Stille-prepared PNDIBS sample showed a ratio of 2:4.23 between the NDI and
biselenophene protons, clearly indicating some homocoupling of the tin derivative monomers.
Moreover, the broader peak at 8.6 to 8.75 ppm can be associated to the unbrominated NDI end-
groups. The debromation of the NDI monomer has been previously shown to induce the
homocoupling of the other monomer, notably the tin derivative monomer in our Scheme S1.1%
Thermogravimetric analysis (TGA) showed onset degradation temperature (Tq) of over 400°C
(Figure B-5) suggesting that the DHAP-prepared PNDIBS polymers had excellent thermal
stability. Differential scanning calorimetry (DSC) scans (Figure B-6) showed that the DHAP-
prepared PNDIBS samples had a higher melting temperature (Tm = 357°C) compared to the
previously reported Stille-prepared PNDIBS of comparable molecular weight.?® These results
clearly indicated that NDI-based copolymers prepared via DHAP method can afford higher
regioregularity by minimizing homocoupling defects than the conventional Stille-prepared
polymers. The molecular weight and dispersity of the PNDIBS samples were characterized by
size exclusion chromatography (SEC) using 1,2,4-trichlorobenzene (TCB) eluent at 110 °C
relative to polystyrene standards. The molecular weight data are summarized in Table 2-4. We
note that the solubility of the PNDIBS samples depended on the molecular weight. Specifically,
the higher molecular weight samples (M, > 55kDa) required a higher temperature (T > 80°C) and

longer stirring time to achieve complete dissolution and formation of true solutions.
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The electronic structure of the series of PNDIBS of varying molecular weight was
characterized in terms of cyclic voltammetry (CV) derived HOMO/LUMO energy levels, which
are shown in Figure 2-9b and summarized in Table 2-4. The cyclic voltammograms for the
reduction and oxidation processes in PNDIBS are shown in Figures B-7 and B-8, respectively.
The HOMO and LUMO energy levels of PNDIBS with M, of 21 kDa, 52 kDa, and 55 kDa are
nearly identical at -5.70 — -5.73 eV and -3.83 — -3.84 eV, respectively. The LUMO energy level
of PNDIBS with higher My values was slightly upshifted to -3.75 — -3.80 eV. A similar trend was
also observed in the HOMO energy levels of the higher molecular weight PNDIBS, where the
HOMO downshifted -5.80 — -5.86 eV (Figure 2-9b). These HOMO/LUMO energy levels of
PNDIBS are comparable to literature results.?® °” More interestingly, the large range of My (21-
127 kDa) investigated here has enabled observation of impact of molecular weight on the
electronic structure of the acceptor polymer PNDIBS. It is to be noted that similar effects of My
on electronic structure has been observed for the donor polymer poly(3-hexylthiophene)
(P3HT);1%*1%6  however, previous studies of other NDI-based copolymers found the
LUMO/HOMO energy levels to be virtually independent of the polymer molecular weight.?? 2
Our observed shifts of the LUMO/HOMO energy levels with increasing My suggest that the
higher molecular weight PNDIBS samples have either more intrachain disorder due to backbone
twisting®®® or an increase in density of amorphous regions. >

Thin film absorption spectra of the series of DHAP-prepared PNDIBS of different
number-average molecular weight (M) are presented in Figure 2-9c, and the numerical optical
parameters are summarized in Table 2-4. As expected and in good agreement with previous
reports,18, 57 these absorption spectra have two characteristic peaks at ~400 nm and 710 — 718

nm, which represent the n-n* transition and the intramolecular charge transfer (ICT) bands,
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respectively. We note that the absorption spectra of the DHAP-prepared PNDIBS have a slightly
wider but molecular weight independent optical bandgap (E¢°") of 1.42-1.44 eV (Table 2-4),
which is very similar to that of the Stille-prepared PDNIBS with E¢°" of 1.40 eV (Figure B-9).
Clearly, this suggests that the polymerization method has only marginal impact on the optical
bandgap of this semiconducting polymer. However, subtle and gradual hypsochromic shift of the
ICT band with increasing M, from 21kDa to 66kDa is observed (Table 2-4), and this means that
intramolecular charge transfer between the NDI electron-accepting moiety and the biselenophene
electron-donating moiety is increasingly weakened by backbone distortion and conformational
disorder with increasing polymer chain length.*>® The slight bathochromic shift in the ICT band
observed in higher M, samples (90kDa and 127kDa) signify significant chain aggregation at
increasing Mn. Interestingly, we also observed that the absorption coefficient (omax) increased
monotonically with increasing M, (Figure 2-9¢) from 0.75 x 10° cm™ at 21 kDa to 1.17 x 10° cm"
1at 127 kDa. The absorption coefficients of PNDIBS copolymers are much higher than other
typical NDI-based copolymers due to increased backbone planarity, increased interchain overlap,
and higher crystallinity.® 1* °7 The observed increase of the absorption coefficient omax with
increasing molecular weight can be explained by the increased solid-state packing density as a
result of chain folding at the higher Mn. Although not previously explained, similar effects of
molecular weight on absorption coefficient have been observed in other donor-acceptor

conjugated copolymers.?% 81159
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Table 2-4. Molecular Weight, Electronic Structure, and Optical Properties of Acceptor Polymer
PNDIBS and Donor Polymer PBDB-T. Reproduced with permission from Ref.®® Copyright 2020
Royal Society of Chemistry.

Mn Mw PDI Jimax Olmax st Jonst Eg®@  Epomo  ELumo
(kDa)  (kDa) (nm)  (10°cm™)  (m) (nm)  (eV) (eV) (eV)
21 36 1.7 397 0.75 718 885 1.40 -5.70 -3.84
52 172 3.3 398 1.01 715 873 1.42 -5.73 -3.83
55 132 2.4 397 0.96 713 868 1.42 -5.72 -3.84
66 172 2.6 397 0.97 711 859 1.44 -5.82 -3.80
90 270 3.0 399 1.04 722 872 1.42 -5.80 -3.75
127 292 2.3 397 1.17 710 870 1.42 -5.86 -3.80

(a) Egopt- = 1240/ Xonset

We characterized the electron transport properties of one of the present DHAP-prepared
PNDIBS (21 kDa) by using organic field-effect transistors (OFETs) with bottom-gate top-
contact architecture as detailed in the Experimental Method section. For comparison, we
similarly characterized the field-effect electron mobility of the Stille-prepared PNDIBS. The
transfer curves and output curves are shown in Figure B-10 while the saturation region field-
effect electron mobility (Le™E") is presented in Table B-2. The Stille-prepared PNDIBS films
annealed at 170 °C showed an average peE" of 0.15 cm?/Vs with an on/off current ratio (lon/lof)
of 1 x 10° (Table B-2). If the same PNDIBS films annealed only at room temperature (25 °C) the
field-effect electron mobility drops to 0.04 cm?/Vs, which suggests that thermal annealing at
high temperature enhances electron transport by the increased crystallinity and favorable
intermolecular packing. The DHAP-prepared PNDIBS films annealed at 170 °C had an average
HeET of 0.16 cm?/Vs with an on/off current ratio (lon/lorf) Of 4 x 10° (Table B-2), which is

comparable to that of the Still-prepared PNDIBS. However, the over one order of magnitude
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enhancement in on/off current ratio is notable and an indication of some of the advantages of the
DHAP method in synthesizing defect-free, high regioregularity, and high mobility
semiconducting polymers.

2.2.3.2. Photovoltaic properties of PBDB-T:PNDIBS Blend Devices.

We exploited the series of DHAP-prepared PNDIBS of different number-average
molecular weight M, to investigate the effects of the acceptor polymer My on the photovoltaic
properties of all-PSCs. The photoactive layer of the devices thus comprised binary blend of the
donor polymer PBDB-T and acceptor polymer PNDIBS. The all-PSCs were constructed with an
inverted device architecture: ITO/ZnO/PEI/Blend/MoOz/Ag, where polyethyleneimine (PEI) was
used as a cathode interlayer.'?* The PBDB-T:PNDIBS blend devices were optimized by varying
the donor polymer/acceptor polymer (D:A) ratio, annealing temperature, and use of solvent
processing additives. The optimal processing conditions were found to be spin-coating of the
blend solutions with D:A ratio of 1:0.8 wt/wt, thermal annealing at 110°C for 10 min, and
without use of any solvent processing additive. The J-V responses and the EQE spectra of the
optimized all-PSC devices for each PNDIBS molecular weight are presented in Figure 2-10
whereas the corresponding photovoltaic properties are summarized in Table 2-5. All the
photovoltaic parameters, including Jsc, Voc, FF, and PCE, are presented as a function of the

PNDIBS molecular weight in Figure 2-11.
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Figure 2-10. The acceptor polymer PNDIBS number-averaged molecular weight (Mn)
dependence of photovoltaic properties of optimized PBDB-T:PNDIBS devices: (a) J-V curves;
and (b) EQE spectra. Reproduced with permission from Ref.%® Copyright 2020 Royal Society of
Chemistry.

Table 2-5. Dependence of Photovoltaic Properties of Optimized PBDB-T:PNDIBS Blends on
Acceptor Polymer PNDIBS Molecular Weight M. Reproduced with permission from Ref.%
Copyright 2020 Royal Society of Chemistry.

Blend \]SC VOC FF PCEaverage(a) PCEmax \]S(anlc‘
(mA/cm?) (V) (%) (%) (mA/cm?)
PBDB-T:PNDIBS 15.89 0.85 0.60 8.13 8.65 15.63
(21 kDa) (£0.26)  (£0.003) (£0.02) (0.24)
PBDB-T:PNDIBS 17.34 0.85 0.56 8.37 9.12 16.35
(52 kDa) (£+0.63) (£0.004) (£0.03) (z0.50)
PBDB-T:PNDIBS 17.94 0.85 0.61 9.28 10.2 17 45
(55 kDa) (£0.68)  (£0.005) (x0.01) (£0.37)
PBDB-T:PNDIBS 17.36 0.85 0.60 8.91 9.35 16.50
(66 kDa) (+059)  (£0.006) (£0.03) (z0.25)
PBDB-T:PNDIBS 15.37 0.87 0.51 6.84 718 15.24
(90 kDa) (£043)  (£0.006) (£0.02) (+0.28)
PBDB-T:PNDIBS 16.24 0.86 0.52 7.32 8.12 15.84
(127 kDa) (£022)  (£0.005) (x0.02) (£0.37)

@ Average of over 10 devices

The dependence of Jsc on My, as shown in Figure 2-11a, exhibits a rise to a peak value at
55 kDa followed by a large decline. In particular, the photocurrent Jsc exhibits a peak of 17.94
mA/cm? at My of 55kDa, and subsequently decreases to a minimum value of 15.37 mA/cm? at 90
kDa before slightly rising again to 16.24 mA/cm? at 127 kDa (Table 2-5). As we will discuss
later, further insights to this evolution of the photocurrent as a function of molecular weight can
be gained by observed correlations with the blend charge transport properties, blend
photophysics and blend film morphology. The Vo as a function of M is relatively constant at
0.85 — 0.87 V although a slight increase at the highest M, values could be argued (Figure 2-11b);

this observation is in agreement with the marginal changes in the LUMO energy level of
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PNDIBS as a function of molecular weight. The FF fluctuated around 0.60 — 0.64 for My
between 21 kDa to 66 kDa before decreasing to 0.51 — 0.53 at higher M, of 90-127 kDa (Figure
2-11c). These dependencies of the photovoltaic parameters Jsc, Voc, and FF on My thus combined
to produce the observed dependence of PCE on M, shown in Figure 2-11d. The PCE rises with
Mn to @ maximum PCE of 10.2% at 55 kDa and significantly declines with further increases in
M. Clearly, the M, dependence of the PCE closely resembles the dependence of Jsc on molecular
weight given the dominant role of the changes in photocurrent. Overall, we conclude from these
observations that there exists an optimal or critical molecular weight of the acceptor polymer
that optimizes the efficiency and photovoltaic properties of all-PSCs; the optimal value is in the

range of 55-66 kDa in the case of the present PBDB-T:PNDIBS blend devices.
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Figure 2-11. The relationships of photovoltaic parameters (Jsc, Voc, FF, and PCE) with the
number-averaged molecular weight M, of acceptor polymer PNDIBS in PBDB-T:PNDIBS all-
PSC devices: (a) Jsc VS. Mn, (b) Voc VS. Mn, (¢) FF vs. My, and (d) PCE vs. Mn. The error bars
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were generated from over 10 devices at each Mn. Reproduced in part with permission from Ref.%
Copyright 2020 Royal Society of Chemistry.

We note that the photovoltaic properties of a binary blend of donor polymer PBDB-T and
a similarly DHAP-prepared PNDI20D-T2 acceptor polymer of much higher Mn (Mn = 76kDa)
(PCE = 7.3%)"° are inferior to those of the PBDB-T:PNDIBS blends of lower PNDIBS M. This
observation suggests the benefits of moving from bithiophene-NDI copolymers to
biselenophene-NDI copolymers.

The EQE spectra of the optimized devices for all M, values investigated are shown in
Figure 2-10b. The photocurrent response of all devices spanned the 885 nm to 300 nm range,
which matched well with the complementary absorption spectra of the donor and the acceptor
polymers in the PBDB-T:PNDIBS blends. Thus, it is clear that the photocurrent generated in the
460 — 670 nm region comes from the photoinduced electron transfer from the donor polymer,
whereas the photocurrent produced in the 350 — 460 nm and 680 — 880 nm regions originate
from the photoinduced hole transfer from the acceptor polymer.t2* The maximum EQE value is
found around 570 — 580 nm for each M, varying from 73.7% for the 90kDa devices to 83.3% for
the 55kDa, which mirrored the observed trend in Jsc (Figure 2-11a). Moreover, the optimized all-
PSC devices fabricated from the optimal PNDIBS molecular weight of 52kDa — 66kDa had
superior quantum efficiency response throughout the whole spectral range, which is in good
agreement with the observed enhanced Jsc at these M, values. The photocurrent Jsc values
obtained by integrating the EQE spectra were found to be within 2-6% mismatch with the values
obtained directly from the J-V measurements (Table 2-5).

We found the photovoltaic properties of the all-PSCs at each molecular weight have
different sensitivity towards the photoactive layer thickness. Thus, we chose all-PSC devices

based on PNDIBS of 66 kDa and 90 kDa M, values to probe the photoactive layer thickness
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dependence of the photovoltaic properties (Figure B-11). The average PCE of the PNDIBS-
66kDa devices is relatively constant at ~9.0% as the active layer thickness decreased from 100
nm to 80nm; the PCE decreased to ~8.0% as the thickness was further reduced to 70 nm. which
was indicative of its weak dependence on the film thickness. In contrast, the efficiency of the
PNDIBS-90kDa devices progressively increased from 5.4 to 7.3% as the active layer decreased
from 110 nm to 70 nm. The much-improved photovoltaic properties of the 90 kDa devices at
thinner active layers can be attributed to the strongly suppressed charge recombination and the
reduced space-charge accumulation/formation. This observation suggests that blends of the
higher molecular weight PNDIBS have potential applications in developing semi-transparent
inverted all-polymer solar cells.
2.2.3.3. Charge Photogeneration and Charge Recombination of PBDB-T:PNDIBS Blend
Devices.

To investigate the effects of molecular weight of the acceptor polymer PNDIBS on the

charge recombination kinetics, we characterized the Jsc and Voc as a function of the incident light

dVoc

intensity (Piight). The dependence of Vo on the light intensity can be generalized as TSI
light

skq—T, where k is the Boltzmann constant, T is absolute temperature, and q is elementary charge.

The value of the proportionality coefficient, s, is a measure of whether bimolecular
recombination (s = 1) or trap-assisted recombination (s = 2) is dominant in the charge
recombination dynamics.!3% 134160 The s value determined from the plot of Voc versus In (Piight)
for all-PSC devices of different PNDIBS molecular weights (Figure 2-12a) varied from 1.02 in

Mn of 21 kDa to 1.15 in My of 127 kDa. Clearly, the near unity s coefficient measured at all the
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M, values means that bimolecular recombination is the dominant charge recombination

mechanism in these all-PSC blends.

B 21kDa, s =1.02kT/q
52 kDa, s = 1.06kT/q
55 kDa, s = 1.05kT/q
66 kDa, s = 1.11kT/q
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127 kDa, s = 1.15kT/q
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Figure 2-12. Dependence of photovoltaic parameters on incident light intensity for the optimized
PBDB-T:PNDIBS devices of various acceptor polymer molecular weight Ma: () Voc VS. Plight;
(b) Jsc VvS. Piight (C) Jph Vs Verr for optimized PBDB-T:PNDIBS devices of various acceptor
polymer molecular weight M. Reproduced in part with permission from Ref.®® Copyright 2020
Royal Society of Chemistry.

The relationship between Jsc and Piight can be modelled as Js. o« Py;4p.”, where linearity
(o = 1) indicates that all charge carriers are collected at electrodes prior to recombination
whereas significant deviation from linearity implies otherwise.!33 134 161 From the exponential

coefficient « values extracted from Figure 2-12b, we observed a significant deviation from unity
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for all devices at all of the M, values (« = 0.897 — 0.907). These results suggest the existence of
severe bimolecular recombination in all-PSC devices from all PNDIBS molecular weights
investigated. The slightly higher « value observed at 55kDa and 66kDa (o = 0.907) might reflect
weaker bimolecular recombination as suggested by the slight improvement in FF (0.60 — 0.61).
Moreover, the much lower exponential coefficient especially in the 90kDa devices (o = 0.897)
coupled with the unbalanced charge transport to be discussed below suggest that the performance
of these all-PSC devices is hindered not only by bimolecular recombination but also by space-
charge effects;'®* we note that this observation is consistent with our observed enhanced
efficiency in devices with thinner active layers discussed above. The high degree of bimolecular
recombination in these blends is further confirmed by examining the trend of FF with respect to
the incident light intensity. As shown in Figure B-12a, the fill factor of the PBDB-T:PNDIBS
devices at all My values increased with decreasing light intensity. This improvement in FF at low
light intensity can be rationalized by the strongly suppressed bimolecular recombination due to
decreased charge carrier density. Overall, these results demonstrate that the nature of charge
recombination kinetics in these PBDB-T:PNDIBS devices is independent of the molecular
weight of PNDIBS and that the all-PSCs are dominated by bimolecular recombination, which
appears to lead to the relatively low FF values (0.52 — 0.61) when compared to other reported
high-performing all-PSCs.

We investigated the molecular weight dependence of the charge generation kinetics of the
present all-PSC devices by evaluating the maximum photoinduced charge photogeneration rate
(Gmax) and charge extraction rate (P(E,T)) via the relationship between the photocurrent (Jpn =
Jiight — Jaark, Where Jiight is the current density under illumination, and Jeark is the dark current

density) and the effective voltage (Vest = Vo - Va, where Vo is the built-in voltage, and Va is the



65

applied voltage). The plot of Jpn versus Vet is given in Figure 2-12¢ whereas the P(E,T) and Gmax
values are summarized in Table B-3. All the devices at all Mx values, with the exception of the
90kDa devices, showed saturated photocurrents at a relatively low effective voltage of 0.8V
(Figure 2-12c). This observation suggest that apart from the 90kDa devices which exhibit a poor
charge extraction probability of 89.3%, all photogenerated excitons in the all-PSCs at all other
M values were essentially dissociated into free charge carriers that were effectively collected at
the electrodes as evidenced by the high P(E,T) under short-circuit condition (93.7% — 94.5%)
(Table B-3). The Mn dependence of the maximum charge photogeneration rate (Gmax) was found
to parallel the trend observed in the above photovoltaic properties and the blend charge transport
properties discussed below. Specifically, the Gmax rose from 1.06 x 102 m3s? in the 21kDa
devices, peaked at 1.21 x 102 m=3s? in the 55kDa devices, and then declined to 1.09 x 102 m3s?
in the 90-127kDa devices (Table B-3). Since the thin film absorption coefficient was marginally
affected by the polymer molecular weight, we conclude that the observed difference in the
charge photogeneration rate as a function of M, can be attributed primarily to the variation in
morphology at the various molecular weights as will be discussed in detail below.

To further confirm the formation of space-charge region (SCR) in the 90kDa and 127kDa
blend devices, the relationship of Jon and Vet as a function of incident light intensity was
characterized, and results for the optimized PBDB-T:PNDIBS devices of different M, values are
showed in Figure 2-13. The characteristic space-charge limited photocurrent is expected to have
a square-root dependency on the effective voltage.’®? As shown in Figures 2-13a-d, the SCR
remained within Ver of lower than 0.3V; thus, indicating that the formation of space-charge is
relatively weak. On the other hand, the SCR in 90kDa and 127kDa devices extended to much

higher Vess of 0.4 — 0.5V (Figures 2-13e-f). Moreover, the square-root region was found to persist
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and shift to lower Ves at lower incident light intensity. These observations suggested that the
space-charge formation in the 90kDa and 127kDa devices was more severe; thereby, explaining
the poor photovoltaic properties and corroborating the increasing PCE at thinner films. The
presence of space-charge effects can also be proved by investigating the dependency of
saturation voltage (Vsa) extracted from Figures 2-13, which is the transition voltage from the
saturation region to the square-root region, on the incident light intensity'®? as shown in Figure
B-12b. The Vsa of the optimized PBDB-T:PNDIBS devices fabricated from the lower molecular
weight acceptor polymers (21kDa, 52kDa, 55kDa, and 66kDa) exhibited nearly independency on
Piight Where the slopes were found to be around 0.03 — 0.16; thus, suggesting weak space-charge
formation. The relationship of Vsa and Piight of the 90kDa and 127kDa devices showed a slope of
0.45 and 0.34, respectively, which is in good agreement with the theoretical prediction of space-
charge region (slope = 0.5).%5? These analyses collectively confirm that there is significant space-
charge formation in the 90kDa and 127kDa devices, which explain the decreased photovoltaic

properties compared to the lower Mn based devices as observed earlier.
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Figure 2-13. Jon VS. Vet for optimized PBDB-T:PNDIBS devices at various PNDIBS molecular
weight and at different incident light intensity: (a) 21kDa, (b) 52kDa, (c) 55kDa, (d) 66kDa, (e)
90kDa, and (f) 127kDa. Reproduced with permission from Ref.®® Copyright 2020 Royal Society
of Chemistry.

2.2.3.4. Charge Transport Properties of PBDB-T:PNDIBS Blend Films.

We characterized the PNDIBS molecular weight (M,) dependence of bulk charge
transport in the all-PSC devices by measuring the space-charge limited current (SCLC) charge
carrier mobilities of PBDB-T:PNDIBS blend films processed at the same optimal conditions as
used to fabricate the all-PSC devices. The J-V curves and SCLC fitting lines for hole-only
devices and electron-only devices are shown in Figures B-13 and B-14, respectively. The My
dependence of the electron mobility (Ue), the hole mobility (un), and the ratio pn/pe for the
PBDB-T:PNDIBS blend films are shown in Figure 2-14. Both pe and pn exhibit very similar
trends, increasing to their peak values at 55 kDa and subsequently decreasing as the molecular
weight increased to 127kDa (Figure 2-14). Specifically, the electron mobility of the blend films
increased 3.4-fold from the 21 kDa value to a maximum of 1.96 x 10 cm?/Vs at 55kDa and then
dropped to 3.60 x 10° cm?/Vs at 127 kDa (Table 2-6). On the other hand, the corresponding hole
mobility of the blend films increased 1.7-fold from 1.91 x 10 cm?/Vs at 21 kDa to the peak
value of 3.21 x 10* cm?%Vs at 55 kDa and then decreased to 1.14 x 10 cm?/Vs at 127 kDa
(Table 2-6). These measured values of both hole and electron mobilities are comparable with
previous reports for all-PSC devices containing the present donor and acceptor polymers.?
Further analysis reveals that the blend charge transport becomes more symmetric with the pin/pe
ratio approaching unity (un/He = 1.12 — 1.64) around the optimal molecular weight range of 55-
66 kDa (Figure 2-14). The poor electron and hole mobilities accompanied by the highly

asymmetric charge transport observed in the 90 kDa and127 kDa PBDB-T:PNDIBS blends is
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consistent with space-charge effects and their observed inferior photovoltaic device performance.
It is also clear that the higher carrier mobilities and more symmetric charge transport observed at
the optimal molecular weight range (M, = 55-66 kDa) are in good agreement with the higher Js

and FF values observed in the photovoltaic properties discussed earlier.
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Figure 2-14. PNDIBS molecular weight (M) dependence of the space-charge limited current
(SCLC) charge carrier mobilities of PBDB-T:PNDIBS blend films processed at the same optimal
conditions used to fabricate the all-PSC devices. Reproduced in part with permission from Ref.%°
Copyright 2020 Royal Society of Chemistry.

Table 2-6. Dependence of SCLC Charge Carrier Mobilities of Optimized PBDB-T:PNDIBS
Blend Films on Acceptor Polymer PNDIBS Molecular Weight. Reproduced with permission
from Ref.%® Copyright 2020 Royal Society of Chemistry.

Blend (cmg;Vs) (cml;;Vs) /e
PBDB-T:PNDIBS (21kDa) 5.80x 10° 1.91 x 10* 3.30
PBDB-T:PNDIBS (52kDa) 1.18 x 10* 3.06 x 10* 2.59
PBDB-T:PNDIBS (55kDa) 1.96 x10* 3.21x 10* 1.64
PBDB-T:PNDIBS (66kDa) 1.51x10* 1.81x10* 1.12
PBDB-T:PNDIBS (90kDa) 4.05x 10®° 1.25x10* 3.08
PBDB-T:PNDIBS (127kDa) 3.60 x 10° 1.14x 10* 3.15
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2.2.3.5. Surface and Bulk Morphology of PBDB-T:PNDIBS Blend Films.

The PNDIBS molecular weight M, dependence of the surface morphology of the PBDB-
T:PNDIBS blend films was investigated by atomic force microscopy (AFM) imaging (Figure 2-
15). The PBDB-T:PNDIBS blend films of increasing PNDIBS molecular weight evolved from
tightly spaced fibrils with small domain sizes of around 24 nm in the 21 kDa to a well-connected
network of needle-like features having extended domains of about 30 — 40 nm (52, 55, and 66
kDa) to featureless structures with larger domains of approximately 50 nm (90 and 127 kDa)
(Figure 2-15). Combining these observations with the earlier charge photogeneration analysis, it
can be concluded that the PBDB-T:PNDIBS blends that exhibit intermediate domain sizes of
around 30 — 40nm are more suitable for exciton dissociation and charge generation. Although the
much finer phase separation seen in the 21kDa blends could facilitate efficient exciton diffusion
and dissociation, the generated charges are more likely to encounter one another and recombine
prior to being extracted and thereby limit the overall photogeneration rate. On the other hand, the
larger- scale phase separation in the 90 kDa and 127 kDa blends could inhibit exciton diffusion
to the donor/acceptor blend interface and thus hamper the charge photogeneration rate as well.
These changes of the blend surface morphology suggest two transition points from the less
aggregating (21 kDa) to crystalline and well-ordered domains (52 — 66 kDa) and subsequently to
the more amorphous and highly disordered structures (90 — 127 kDa). The blend morphology
evolution with molecular weight parallel observations in the M, dependencies of photovoltaic
and charge transport properties, where the highest efficiencies (PCEs) and largest charge carrier
mobilities occurred only in blends that exhibit intermediate domain sizes and well-ordered

crystalline regions.
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Figure 2-15. AFM height images (2um x 2um) of PBDB-T:PNDIBS blend films at various
acceptor polymer PNDIBS molecular weight. All active layers were processed at the optimal
conditions. Reproduced in part with permission from Ref.®® Copyright 2020 Royal Society of
Chemistry.

Two-dimensional (2D) grazing incident wide-angle X-ray scattering (2D-GIWAXS)

measurements were carried out on the optimized PBDB-T:PNDIBS blend films of various
PNDIBS molecular weights Mn. The 2D-GIWAXS images and the 1D line cuts for the PBDB-
T:PNDIBS blend films are presented in Figure 2-16 and those for the neat PBDB-T films are
given in Figure B-15. All blend films exhibited pronounced (100) diffraction peaks in the in-
plane (IP) direction at gxy = 0.25 — 0.27 A" (Table B-4) which are similar to the values observed
in the neat acceptor polymer thin films.?® The higher order diffraction peaks (h00) which are
characteristic of highly ordered PNDIBS had disappeared, which suggest that the polymer chain
packing is less ordered upon blending with the donor polymer PBDB-T. In the out-of-plane
(OOP) direction, a distinct (010) diffraction peak is observed at g, = 1.61 — 1.66 A (Table B-4)
for all blend films except for the 66kDa blend film. Surprisingly, the (010) peak of the 66kDa
blend film shifted to a much lower g, of 1.52 A%, The presence of the sharp and intense (100)

peak and (010) peak in the IP and OOP directions (Figure 2-16), respectively, strongly indicate
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that the most crystallites in all of the PBDB-T:PNDIBS blends preferentially adopt the face-on
orientation. Moreover, compared to the blend films of other molecular weights, the 55kDa and
66kDa blend films exhibited extremely broad and weak (100) diffraction peaks in the OOP
direction. These results suggest that among all of the blend films, the highest population of face-
on oriented crystallites can be expected in the 55kDa and 66kDa blend films, which can explain
their observed better charge transport (Me, Mn, and pn/pe) and their improved photovoltaic
parameters (Jsc, FF, and PCE).

Table 2-7. Summary of d-spacing, n- & Distance, and Crystalline Coherence Length (Lc) Derived
from In-Plane (IP) and Out-of-Plane (OOP) Line Cuts in 2-D GIWAXS of Blend Thin Films.
Reproduced with permission from Ref.%® Copyright 2020 Royal Society of Chemistry.
Polymer d-spacing -7 L. (nm)
(A) distance (100) IP
(A)

PBDB-T 22.0 3.73 5.2
PBDB-T:PNDIBS (21kDa) 23.5 3.85 7.8
PBDB-T:PNDIBS (52kDa) 23.5 3.79 6.9
PBDB-T:PNDIBS (55kDa) 23.5 3.85 6.5
PBDB-T:PNDIBS (66kDa) 24.7 4.14 5.5
PBDB-T:PNDIBS (90kDa) 24.1 3.85 6.2
PBDB-T:PNDIBS (127kDa) 24.7 3.90 6.5
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Figure 2-16. PNDIBS molecular weight dependence of 2D-GIWAXS data for PBDB-
T:PNDIBS blend active layers processed at the optimal conditions: (a) 2D-GIWAXS patterns;
(b, c) 1D line cuts of GIWAXS patterns in the in-plane (IP) (b) and the out-of-plane (OOP)
direction (c). Reproduced with permission from Ref.®® Copyright 2020 Royal Society of
Chemistry.

The crystalline coherence length (Lc) estimated from the Scherrer’s equation for all
PBDB-T:PNDIBS blend films was found to decrease from 7.8 nm in the PNDIBS-21kDa blend
(Table 2-7) to a minimum value of 5.5 nm in PNDIBS-66kDa blend (Table 2-7) and then rises to
6.5 nm in the PNDIBS-127kDa blend (Table 2-7 and Figure 2-17). Adding the M, dependent
photovoltaic efficiency to Figure 2-17 shows that the PCE and blend L. trends are related,
suggesting that there are perhaps three distinct blend morphology regions that impact the
performance of these all-PSCs devices. In the optimal M, region of ~ 55-66kDa, the blend film
exhibits a phase-separated bi-continuous morphology with intermediate nanocrystalline domains
(Lc ~ 5.5-6.5 nm) that enable good mixing of the donor and acceptor polymer counterparts,
which in turn increases the donor/acceptor interfacial area and hence facilitates large exciton
dissociation, charge photogeneration, and charge transport for overall enhanced PCE, Js., and FF.
On the lower M, side, the morphology is characterized by relatively large crystalline domains (L
~ 7-8 nm), which while enabling good charge transport lacks sufficient donor/acceptor interfacial
area and charge photogeneration essential to achieve optimal performance. At higher M, (90-
127kDa), although the crystalline coherence length remains moderate (Lc ~ 6.2 — 6.5 nm), the
morphology is dominated by large scale disordered microstructure evidenced by the featureless
AFM images which lacked microfibrils (Figure 2-15). Consequently, blend devices at these
higher M, values suffered from severe bimolecular recombination and space-charge effects
mainly due to the poor charge transport properties and lower charge extraction rate, which

explain the decrease in the photovoltaic properties (PCE, Jsc, and FF).
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Figure 2-17. Dependencies of the power conversion efficiency (PCE) of PBDB-T:PNDIBS all-
polymer solar cells and the blend crystal coherence length (L) on the acceptor polymer PNDIBS
M. Reproduced in part with permission from Ref.%® Copyright 2020 Royal Society of Chemistry.

2.2.4. Conclusions

We have synthesized six well-defined number-average molecular weight (Mn) values (21-
127 kDa) of the n-type semiconducting biselenophene-naphthalenediimide copolymer (PNDIBS)
via direct heteroarylation polymerization (DHAP) and used them to investigate the influence of
polymer molecular weight on the morphology, photophysics, charge transport, and photovoltaic
properties of all-polymer solar cells (all-PSCs). Both short-circuit current (Jsc) and power
conversion efficiency (PCE) of the PBDB-T:PNDIBS blend devices were found to increase with
increasing My until they peaked at an optimal M, of 55 kDa and thereafter decreased with further
increases in Mn. The maximum and average PCE of 10.2% and 9.3%, respectively, observed at
the optimal M, value of 55 kDa coincided with optimal blend charge transport properties, blend
photophysics, and blend morphology at this critical molecular weight. At the optimal My, the
blend morphology was characterized by a bi-continuous network of 5.5-6.5 nm crystalline

domains with predominantly face-on molecular orientations whereas on the higher My side a
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relatively disordered microstructure with larger scale phase separation was evident from 2D-
GIWAXS and AFM imaging while a more finely packed crystalline microstructure was observed
at 21 kDa. In particular, the observed decrease of photovoltaic parameters at higher M, could be
explained by the larger scale phase separation, decrease in electron mobility, severe bimolecular
recombination, and formation of space-charge region. The sensitivity of the all-PSC device
efficiency to the active layer thickness was found to depend on the acceptor polymer molecular
weight. The PCE of devices at around the optimal M, was relatively constant with active layer
thickness whereas at the higher My the efficiency varied significantly with layer thickness,
suggesting the potential of using the high molecular weight PNDIBS for semi-transparent all-
PSC applications. Overall, the results of this study demonstrate the importance of tuning the
molecular weight of the polymer components to optimize the morphology, charge transport,
photophysics and efficiency of all-polymer solar cells. The results also provide new insights on

structure-property relationships for the n-type semiconducting copolymer PNDIBS.
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Chapter 3. Unified Understanding of Molecular Weight Dependence of
Electron Transport in Naphthalene Diimide-Based n-Type Semiconducting

Polymers

The results in this chapter are reprinted with permission from Tran, D. K.; Robitaille, A.; Hali, 1.
J.; Kuzuhara, D.; Koganezama, T.; Chiu, Y-C.; Leclerc, M.; Jenekhe, S. A. Unified
Understanding of Molecular Weight Dependence of Electron Transport in Naphthalene Diimide-
Based n-Type Semiconducting Polymers. Chem. Mater. 2022, 34, 9644-9655. Copyright 2022
American Chemical Society.

3.1. Introduction

Semiconducting polymers with good charge transport properties have paved the way for
the rise of low-cost thin film organic electronic devices, including organic field-effect transistors
(OFETSs),>1% organic light-emitting diodes (OLEDs) for commercial displays and lighting,*
organic solar cells (OSCs),!*%® organic thermoelectrics (OTEs),***° and bioelectronics.>® !
Understanding of the structure-property relationships in semiconducting polymers has been
essential to the design and synthesis of new materials with enhanced properties that advance
these device applications.*% 472 The charge carrier mobility (p) of semiconducting polymers in
particular is a key property, which has been studied and substantially improved over the past 2
decades, leading to some polymers that now outperform polycrystalline silicon (u > 10
cm?/Vs)."®

Previous studies have demonstrated that high hole mobility can be achieved by increasing
the polymer molecular weight (Figure C-1a)*%%17 in p-type semiconducting polymers such as

regioregular poly(3-hexylthiophene) (P3HT) (Figure 3-1a), poly(dodecylquarterthiophene)
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(PQT) (Figure 3-l1a), poly(2,5-bis(3-alkylthiophen-2-yl)thieno-[3,2b]thiophene) (PBTTT)
(Figure 3-1a). Recent studies of a broad range of polymer chain lengths in these p-type

157,168, 169 a5 well as other p-type polymers with polycyclic cores such

semiconducting polymers
as indacenodithiophene (IDTBT)!'® "t and fluorene (F8BT)'’? have showed that the hole
mobility reaches a saturated value at a critical degree of polymerization (DPc) and then levels off
rather than continuous increase with increasing DP. In particular, the hole mobility was found to
depend on intercrystallite connectivity for DP < DP. and local lattice disorder for DP > DP.*>"
168-170 As a result, the hole mobility rises steeply to its maximum value once sufficient

intercrystallite connectivity is established and levels off since the local lattice disorder remains

relatively constant (Figure C-1a).
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Figure 3-1. (a) Molecular structures of semicrystalline p-type semiconducting polymers (P3HT,
PBTTT, and PQT) and weakly ordered n-type semiconducting polymers (PThNDIThF4,
PNDI20OD-T2, and PNDIBS). (b) Degree of polymerization dependence of thermal properties of
PNDIBS. Reproduced with permission from Ref.!”® Copyright 2022 American Chemical
Society.
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The synthesis and investigation of the charge transport properties of n-type
semiconducting polymers have generally lagged behind those of p-type conjugated polymers.” 8
Nevertheless, high electron mobility (1 > 3 cm?/Vs) has been achieved in some classes of n-type
semiconducting polymers.8 & 8 174 The most extensively studied n-type semiconducting
polymers have a donor-acceptor architecture!™ ¢ as exemplified by various naphthalene
diimide (NDI)-based copolymers.”® 52 177 Although the influences of the polymer molecular
weight on the blend morphology, blend photophysics, and photovoltaic properties have been
previously examined,?> 2% 33 6981 the dependence of electron mobility on polymer chain length
and the physics governing electron transport in n-type semiconducting polymers remain scarcely
explored.

Previous studies of polymer chain length effects on electron mobility in n-type
conjugated polymers®® 178181 have shown different and even contradictory results (Figure C-1b).
For instance, a study of poly(naphthalene diimide-alt-bithiophene) (PNDI20D-T2) (Figure 3-1a)
showed that shorter polymer chain lengths facilitate improved electron mobility (Figure C-1b)
due to enhanced crystallinity.1’® However, this study did not specify whether the molecular
weight was number-average or weight-average and how the molecular weight was characterized
(solvent and temperature).”® Additionally, the “higher crystallinity leads to higher mobility”
rationalization is in disagreement with current understanding that lower molecular weight
conjugated polymer with high degree of crystallinity exhibit lower carrier mobility due to
defined grain boundaries acting as charge trapping sites.*6® 18 A different study of the same
PNDI20D-T2 polymer has similarly reported that the polymer with lower molecular weight had
enhanced electron mobility compared to the higher molecular weight ones (Figure C-1b).*8° We

note that this study has overlooked the impacts of polydispersity index (PDI), which increased
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with increasing polymer molecular weight, where the PDI of the highest M, sample (PDI = 3.0)
was twice of that of the lowest M, sample (PDI = 1.40);*° thus, the observed increasing mobility
with decreasing molecular weight might have been influenced by the lower PDI values. A recent
study has tried to delineate the effects of PDI and M, on the electron mobility of PNDI20OD-T2
by ensuring a relatively narrow molecular weight distributions (PDI ~ 1.2 — 1.4) and found that
the electron mobility increases with increasing polymer molecular weight (Figure C-1b) due to
the enhanced tie-chain fraction.!8! However, the PNDI20OD-T2 films were processed by drop-
casting and subjected to solvent vapor annealing;*®! thus, even though maximal chain alignment
can be achieved, the observed electron mobility even at the highest molecular weight is much
lower than previously reported values (Figure C-1b).1818 On the other hand, another study
reported that the electron mobility reached a peak at an optimal chain length (Figure C-1b),
which was attributed to an optimal degree of crystallinity.}’® Furthermore, comprehensive
understanding of molecular weight dependence of bulk electron transport in NDI-based n-type
semiconducting polymers remains to be explored. In summary, results of prior studies of effects
of polymer chain length on electron mobility of n-type semiconducting polymers have been
contradictory, and the offered explanations have been unsatisfactory.

In this paper, we report studies of the effects of polymer chain length DP on electron
transport and thin-film microstructure of poly(naphthalene diimide-alt-biselenophene) (PNDIBS)
(Figure 3-1a), a model system for n-type semiconducting polymers with donor-acceptor
architecture. The series of PNDIBS samples, prepared via direct hetero(arylation) polymerization
(DHAP) method, had a sufficiently broad range of DP from 19 to 117. The field-effect electron
mobility (HoreT) Was measured by using organic-field effect transistors (OFETS), and the bulk

electron mobility (pscLc) was measured via the space-charge limited current (SCLC) technique.
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We show that both porer and pscic of PNDIBS exhibit a peak at the same range of critical
degree of polymerization (DP;) of 45 — 60 repeat units. To facilitate connection of the
macroscopic electron transport to the thin-film microstructure of PNDIBS, we combined atomic
force microscopy (AFM) imaging and 2D-grazing incidence wide-angle X-ray scattering (2D-
GIWAXS) analyses to probe the thin film multiscale polymer packings as a function of chain
length DP. We found that when DP is less than DP¢, the rate-limiting step for efficient electron
transport is intercrystallite transport due to insufficient electrical connectivity between ordered
domains. In contrast, when DP is greater than DPc, the rate-limiting step becomes intrachain,
interchain, and intracrystallite transport due to backbone twisting, chain entanglements, and
randomly distributed local fields acting as electron traps. Further analyses of paracrystallinity
disorder, which is the local lattice disorder within a crystallite, along the polymer stacking in the
lamellar and n-r stacking directions revealed the physical sources of local lattice disorder to be
backbone twisting, chain folding and entanglement, and random side chain conformational
disorder. Available literature data on other NDI-based copolymers were found to also correspond
to this unified picture of electron transport physics of this class of n-type semiconducting

polymers.
3.2. Experimental Methods

Materials. The synthesis and characterization of the series of PNDIBS samples of five
different molecular weights, prepared by using the DHAP method, have previously been reported
by our groups.®°

Characterizations. The number-average (Mn) and weight-average (Mw) molecular weights
were determined by size exclusion chromatography (SEC) using a high temperature Varian

Polymer Laboratories GPC220 equipped with an RI detector and a PL BV400 HT Bridge
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Viscometer. The column set consists of 2 PL gel Mixed C (300 x 7.5 mm) columns and a PL gel
Mixed C guard column. The flow rate was fixed at 1mL/min using 1,2,4-trichlorobenzene (TCB)
(with 0.0125% w/v Butylated hydroxytoluene (BHT) as an antioxidant) as the eluent. The
temperature of the system was set at 110 °C. The samples (2 mg) were dissolved in 2 mL of TCB
in 5 mL chromatography vials then stirred and heated to 110 °C for 1 hour for a complete
dissolution. Then, the polymer solution is filtered through a 0.45 um cellulose fiber film into a 5
mL chromatography vial to ensure a homogenous polymeric solution. The reported molecular
weight data are based on polystyrene standards (Easi-Vials PS-M from Varian Polymer
Laboratories) dissolved in TCB. The differential scanning calorimetry (DSC) analysis was
performed on a TA Instrument Q100 under N2 flow by scanning from -10 to 400°C at heating
and cooling rates of 10°C/min.

Fabrication and Characterization of OFETs at TAIWAN TECH. OFET devices were
fabricated on highly doped n-type Si(100) wafers with a 300-nm thick SiO layer treated with a
n-octadecyltrimethoxysilane (OTMS) self-assembled monolayer according to the reported
method.'®? Before use, the OTMS monolayer was rinsed sequentially with toluene, acetone, and
isopropy! alcohol and dried under a N> stream. Static water contact angles of the OTMS
substrates were higher than 105° when measured by using an Edmund Scientific goniometer. The
solutions (5 mg/mL) of polymer semiconductor for transistor devices were prepared by
dissolving the polymer in chlorobenzene at 80°C for 30 min and then spin-casted onto the
OTMS-modified Si/SiO substrates with controlled thickness at ~40 nm. The as-prepared thin

films were thermally annealed at 170°C for 1 hour in a N,-filled glove box. A top-contact gold

electrode (70 nm) was subsequently deposited by evaporation through a shadow mask with a

channel length (L) and width (W) defined as 50 and 1000 pum, respectively. The transistor
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characteristics were measured by using a Keithley 4200 semiconductor parameter analyzer
(Keithley Instruments Inc., Cleveland, OH, USA) in a N filled glove box at room temperature.
The saturation region field-effect electron mobility, porer, was calculated from the standard FET

relationship:

tas = (%572) s = Vi (Fq.31)

Fabrication and Characterization of OFETs at the University of Washington. OFET
devices were fabricated on heavily n-doped silicon (<0.005Qcm; 500um) with a 300nm-thick
silicon dioxide layer. The surface of the cleaned substrate was treated with air plasma before
immersing in octadecyltrichlorosilane (OTS-18):Toluene (1:500, v:v) overnight to form a self-
assembled monolayer (SAM). Afterwards, the treated substrates were washed and sonicated in
toluene to remove excess physiosorbed OTS-18, and then they were thermally annealed at 100°C
for 10 min in ambient air. Solutions of PNDIBS (5 — 7 mg/mL) were prepared by dissolving the
polymer in chlorobenzene and stirred at 85°C for at least 1 hour inside a N2-filled glovebox. The
PNDIBS solutions were spin-coated onto the OTS18-modified Si/SiO. substrates, and the

resulting PNDIBS films were thermally annealed at 170°C for 1 hour in a N-filled glove box.

Source and drain electrodes were defined by thermal evaporation of gold electrodes (60 nm).
Channel length (L) and width (W) were 100um and 1000um, respectively. The transistor
characteristics were measured by using a Keithley 4200 SCS semiconductor parameter analyzer
(Keithley Instruments Inc., Cleveland, OH, USA) in a N»-filled glove box at room temperature.
The saturation region field-effect electron mobility, uoret, was calculated from the standard FET
relationship (Equation 1).

Fabrication and Characterization of SCLC Devices. Current-voltage (J-V) characteristics of

the SCLC devices were measured by using a HP4155A semiconductor parameter analyzer
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(Yokogawa Hewlett-Packard, Tokyo). The carrier mobility was deduced by fitting the J-V curves
to the Mott—Gurney equation where J is the current density, & is the permittivity of free space, ¢
is the relative permittivity, uscic is the zero-field mobility, V is the voltage, L is the thickness of
semiconducting polymer layer:

9 &
J = geoth Iz (Eq.3.2)

L

The SCLC device structure was ITO/ZnO/PEI/PNDIBS/LiIF (1nm)/Al (100nm). ZnO and
polyethyleneimine (PEI) solutions were prepared as previously reported.’?! 82 The ZnO
precursor solution was spin-coated onto ITO substrates and annealed at 200°C for 30 min in
ambient air. Afterwards, the PEI solution was spin-coated onto the dried ZnO layer and
thermally annealed at 120°C for 10 min. The ITO/ZnO/PEI coated substrates were then
transferred to an Argon-filled glovebox to deposit the polymer semiconductor layer. The
PNDIBS film was spin-coated at 1000 rpm for 50s and followed by thermal annealing at 110°C
for 10 min inside an Argon-filled glovebox.

AFM Imaging. Atomic force microscopy (AFM) characterization of the surface morphology
of the PNDIBS films was done using a Bruker Dimension scanning probe microscope (SPM)
system. Films of PNDIBS of different number-average molecular weight values were spin-
coated at 1000 rpm for 50 s and followed by thermal annealing at 110°C for 10 min inside an
Argon-filled glovebox.

GIWAXS. Grazing incidence X-ray scattering (GIWAXS) experiments were conducted at the
Japan Synchrotron Radiation Facility SPring-8 by using the beamlines BL46XU. Thin film
samples of PNDIBS were spin-coated on the top of glass substrates and annealed at 110 °C for

10 min. The X-ray beam was monochromatized by a double-crystal Si(111) monochromator, and

the X-ray energy in this experiment was 12.40 keV (A = 0.1 nm). The angle of incident X-ray to
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sample surface was 0.12° with a Huber diffractometer. The scattered profile from the film
sample was detected using an area detector (PILATUS 300K) for 1 s at room temperature, and
the distance between the sample and detector was 175.0 mm. The crystal coherence length (L)
of samples was determined by using the Scherrer equation: L. = 2nK/Aqg, where K is a shape
factor (typically 0.9) and Aq is the full width at half-maximum (FWHM) of the diffraction peak.
Here, the Lc (100) and L. (010) were obtained respectively from the FWHM of the (100)
diffraction peak in the in-plane (qxy) line-cut and the FWHM of the (010) diffraction peak in the
out-of-plane () line-cut.

3.3. Results and Discussion

3.3.1. Optical and Thermal Properties.

Thin-film optical absorption spectra of PNDIBS of various number-average molecular
weight (M) values have been previously reported by our group.?® % Two absorption bands
centered at 397 — 399 nm and at 711 — 718 nm were observed (Figure C-2a), which are assigned
to the m-n* transition and intramolecular charge transfer (ICT).®° The main effect of M, is a small
progressive blue shift of the ICT band from 718 nm to 711 nm with increasing My, with the
exception of the 90kDa sample, indicating that the intramolecular charge transfer interaction
between the NDI moiety and the biselenophene moiety is weakened due to backbone distortion.®°
The slight bathochromic shift in the ICT band of the 90kDa films suggests significant chain
aggregation which might be caused by the slightly higher PDI value (Table 3-1) compared to the
other polymer samples.

The polymer chain length dependence of the thermal properties of PNDIBS, as
characterized by differential scanning calorimetry (DSC) scans (Figures C-2b and C-2c),

including melting temperature (Tm), crystallization temperature (T¢), enthalpy of fusion (AHys),



84

and the entropy of fusion (ASy), are summarized in Table 3-1 and presented in Figure 3-1b. The
Tm progressively increased from 345.5°C at DP ~ 19 to 364.8°C at DP ~ 117, which can be
rationalized by increased chain folding and chain entanglements at the higher DP.178 180 |n
contrast, the crystallization temperature T, remained relatively constant at around 347.5°C —
348.5°C for DP varying between 19 and 117 (Table 3-1). The independence of Tc on DP can be
explained by supercooling effects as exemplified by the temperature offset between the T and
Tc (2K — 16K) and the vertical lines after nucleation in the cooling traces (Figure C-2c). In this
case, the polymers crystallize rapidly even at a slow cooling rate of 10°C/min; thus, the T
appeared independent of the DP. The enthalpy of fusion AHs reached its peak value of 3.43 J/g at
DP ~ 60 and subsequently decreased as DP increased further. The entropy of fusion AS¢ followed
a similar DP dependence as AHs, reaching a maximum at DP ~ 60 (Table 3-1). Since the change
in entropy of fusion can be expressed as:

ASt = Smete = Serystar = k(InQmere — IMQerystar) (Eq.3.3)
where k is the Boltzmann constant and Q; is the total possible microscopic configurations of the
polymer chains in state i, the observed maximum ASt at DP ~ 60 implies that Scrysta and Q¢yysar
are minimized and thus suggests highly ordered crystallites that enable efficient intrachain and
interchain packings.

Table 3-1. Molecular Weight, Optical Properties, and Thermal Properties of PNDIBS.
Reproduced with permission from Ref.1”® Copyright 2022 American Chemical Society.

Mn Tm Tc AHf ASf
PDI DP®
(kDa) (°C) (°C) (/g)® (10°° J/gK)®©
21 1.7 19.4 345.5 3475 2.09 3.4
55 2.4 50.8 357.2 348.5 2.49 4.0

66 2.6 60.9 362.8 348.2 3.43 5.4
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90 3.0 83.1 363.1 348.1 2.35 3.7
127 2.3 117.2  364.8 348.5 2.64 4.1

® DP = Mn/M, where M is the molecular weight of a repeat unit.

®AHy calculated from the differential scanning calorimetry (DSC) traces of the 2" cooling
cycle.

©)ASt calculated from AS; = AH; /T,, assuming AG; = 0 for equilibrium.

3.3.2. Field-Effect Electron Transport.

We characterized the field-effect electron transport properties of several PNDIBS samples
with different DP values by using n-channel organic field-effect transistor (OFET) devices
fabricated and characterized independently at the University of Science and Technology
(TAIWAN TECH) and the University of Washington (UW). The TAIWAN TECH devices were
fabricated using a bottom-gate/top-contact architecture with channel dimensions of
50um/1000um (L/W), while the UW devices were fabricated using a bottom-gate/top-contact
architecture with channel dimensions of 100pum/1000um (L/W) . The output curves and transfers
curves for the TAIWAN TECH devices are given in Figures C-3 and C-4, respectively while
those of the UW devices are presented in Figures C-5 and C-6. The OFET parameters for all
devices are shown in Table 3-2. The saturated field-effect electron mobility (poreT) as a function
of DP is presented in Figure 3-2a. The on/off current ratio (lon/loff) Of the devices was generally
very high (> 10* — 10°) for all the DP values. The average electron mobility porer obtained from
the TAIWAN TECH devices increased from 0.16 cm?/Vs at DP ~ 19 to a peak of 0.26 cm?/Vs at
DP ~ 50 and subsequently decreased to 0.08 cm?/Vs at DP ~ 117. A similar trend in the poret as
a function of DP was also observed for the UW devices where porer rose from 0.034 cm?/Vs at
DP ~ 19 to a maximum of 0.20 cm?/Vs at DP ~ 60 and dropped to 0.07 cm?/Vs at DP ~ 117. The
slight difference in the absolute porer values obtained by the two institutions likely originated

from the subtle differences in device fabrication procedures. Nevertheless, these results suggest
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that there exists a critical degree of polymerization (DP¢) range between 50 — 60 repeat units
where the field-effect electron mobility is maximized. The observation of a rise in electron
mobility of PNDIBS with chain length to a peak value followed by decline past the DP. regime
is interesting and to be contrasted with known chain length dependence of the hole transport
properties of classic semi-crystalline p-type semiconducting polymers, where the hole mobility
does not decline from its peak value (Figure C-1a).1%" 168172

Table 3-2. Electron Transport Properties of PNDIBS. Reproduced with permission from Ref.1’3
Copyright 2022 American Chemical Society.
M H u vi® u Vi ©
n DP SCLC FET Lo/ loge ® t FET Lo/ g © t
(kDa) (10 cm?/Vs)® (cm?/Vs)® V) (cm?Vs)© V)

21 194 1.68+0.42 0.034 + 0.006 >10° 11.7  0.16+0.003 >10° 27.6
55 50.8 3.89+0.97 0.15+0.03 >10° 146 0.26+0.05 >10° 29.0
66 60.9 4.91+0.63 0.20 £ 0.06 >10° 155 0.23+0.05 >10° 31.2
90 83.1 1.22+1.50 0.10+£0.03 >10* 5.9 0.20+0.01 >10° 27.5
127 117.2 091 +£0.31 0.07+£0.01 >10* 4.3 0.08+0.02 >10° 23.9

@ Average values were obtained from four different devices.

®Average values were obtained from at least six different devices which were fabricated and
characterized at the UW.

©Average values were obtained from six different devices which were fabricated and
characterized at TAIWAN TECH.
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Figure 3-2. (a) Dependence of field-effect electron mobility (LoreT) on degree of polymerization
of PNDIBS for devices fabricated independently at TAIWANTECH and at the UW. Error bars
represent +/- standard deviation. (b) Dependence of bulk electron mobility (pUscLc) on degree of
polymerization of PNDIBS. Error bars represent +/- standard deviation. (¢) Normalized (J/pmax)
field-effect electron mobility (filled symbols) and bulk electron mobility (unfilled symbols) as a
function of the degree of polymerization of n-type semiconducting polymers including our
present work and literature data.>* *’® Reproduced with permission from Ref.1”® Copyright 2022
American Chemical Society.

3.3.3. Bulk Electron Transport.

Towards a broader understanding of the chain length dependence of electron transport in
PNDIBS, we next focused on using the space-charge limited current (SCLC) method to
characterize the bulk electron transport in the films. Unlike OFET-derived electron mobility
Morer, Which is sensitive to only a few nanometers of the semiconductor near the dielectric
interface, the SCLC electron mobility (pscLc) characterizes the bulk electron mobility over a few
hundred nanometers of the semiconductor layer sandwiched between the electrodes. Details of
the fabrication and characterization procedures for the electron-only SCLC devices,
ITO/ZnO/PEI/PNDIBS/LIF/AI, are outlined in the Experimental Methods. The SCLC J-V curves
and the Mott-Gurney equation fit lines are given in Figure C-7, and the average SCLC electron

mobility values are summarized in Table 3-2. The dependence of the bulk electron mobility
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MscLc on the degree of polymerization is shown in Figure 3-2b. The average electron mobility
increases monotonically from 1.68 x 10 cm?/Vs to a peak at 4.91 x 10 cm?/Vs as the polymer
chain elongates from around 20 repeat units to around 50-60 repeat units beyond which the pscLc
value steeply decreases to 0.91 x 10 cm?/Vs (Table 3-2). This result indicates that there is also a
critical polymer chain length region between 50-60 repeat units where the bulk electron mobility
is maximized. The fact that both the field-effect electron mobility and the bulk electron mobility
are maximized at the same DP. range between 50 — 60 repeat units for PNDIBS is very
significant since this has not been previously identified in the literature.

To arrive at a more complete understanding of the physics of electron transport in n-type
semiconducting polymers, we collected the few available literature data on polymer molecular
weight dependence of electron mobility,3* 1® where the conjugated polymers were processed
from common solvent (chlorobenzene or chloroform) and deposition methods (i.e. spin-coating),
and the polymer molecular weights were characterized at high temperature (T > 80°C). The
normalized electron mobility (W/Umax) @s a function of the degree of polymerization DP for the
present PNDIBS along with the literature data for various naphthalene diimide (NDI)-based
conjugated polymers are shown in Figure 3-2c. It is clear from the data in Figure 3-2c that the
maximum electron mobility is observed in a narrow range of critical degree of polymerization of
about 45 — 60 repeat units for all the polymers, suggesting generality of the observed dependence
of electron transport on polymer molecular weight beyond PNDIBS.

The observed peak in the dependence of electron mobility on DP of n-type
semiconducting polymers is in sharp contrast with the known chain length dependence of hole
mobility of p-type semiconducting polymers, where the hole mobility saturates and levels off

once interdomain connectivity is established (Figure C-l1a). What this difference in DP
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dependence suggests is that factors limiting efficient electron transport in n-type semiconducting
polymers are different from those limiting hole transport in p-type semiconducting polymers.*>"
168-172 Furthermore, we note that the different NDI-based n-type semiconducting polymers,
whose electron transport data in Figure 3-2c show similar trend, have a donor-acceptor
architecture with very different donor moieties; this implies that the physics governing multiscale
electron transport is universal across at least this class of n-type semiconducting polymers. Thus,
to elucidate the underlying mechanisms governing the chain length dependence of electron
transport properties in the class of NDI-based n-type semiconducting polymers, we sought to
understand the morphology of PNDIBS thin films by using AFM and GIWAXS characterization
results presented below.

3.3.4. Surface Morphology.

AFM height images of PNDIBS thin films are shown in Figure C-8, and the calculated
two-dimensional Fast Fourier transformed (2D-FFT) images are presented in Figure C-9. Thin
films of PNDIBS within the DP. range exhibited highly ordered and elongated fibrillar structures
(Figures C-8b-c) whereas films of PNDIBS outside the DP. range were featureless (Figures C-
8a, d, and e). Moreover, the root-mean-square surface roughness (Rq) of films within the DP.
range was found to be the smallest (Rq = 0.68 — 0.72 nm) suggesting a homogenous and well-
connected network of crystalline domains. Further examination of the orientational alignment of
the fibrils by means of 2D-FFT images showed that samples where DP is higher than DPc
exhibited a uniform radial distribution (Figures C-9d-e), indicating that the fibrils are randomly
oriented with no preferential directionality across the film surfaces.'® 8 |n contrast, samples
where DP < DP. showed anisotropic 2D-FFT images (Figures C-9a-c), which suggests strong

fiber alignment along certain directions over several micrometers'® 18 and thus very surprising
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since the films were prepared by spin coating and not by any processing technique that could
induce preferential orientation (e.g. blade coating, solution shearing, or inkjet printing). The
presence of strong fibrillar directionality in the thin-film microstructure of PNDIBS in the DP¢
range is expected to be beneficial to the multiscale electron transport properties as further
discussed below.

3.3.5. Bulk Thin Film Morphology.

Two-dimensional grazing incidence wide-angle X-ray scattering (2D-GIWAXS)
measurements were carried out on thin films of PNDIBS of various molecular weights. The 2D-
GIWAXS images and the 1D line cuts for PNDIBS films are presented in Figure 3-3. The peak
positions are summarized in Table C-1 whereas the lamellar spacings, the n-r stacking distance,

the crystalline coherence length (L), and the paracrystallinity disorder (g) are presented in Table
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and the out-of-plane (OOP) direction (c). Reproduced with permission from Ref.}”® Copyright
2022 American Chemical Society.

Film of PNDIBS of various molecular weights had an intense (100) diffraction peak in
the in-plane (IP) direction at gxy = 0.25 — 0.27 A™! (Table C-1) which corresponds to varying
lamellar d-spacing of 23.5 — 25.3 A (Table 3-3). These lamellar packing distances in PNDIBS
films are significantly shorter than expected from their alkyl chain lengths, which is indicative of
strong inter-digitation of the alkyl side chains between adjacent polymer backbones.**? Except
for the lowest molecular weight sample (Mn = 21kDa), films of the higher molecular weight
PNDIBS also exhibited higher order diffraction peaks (h00) in the in-plane direction (Figure 3-
3b). In the out-of-plane (OOP) direction, the PNDIBS-21kDa thin films showed a distinct (100)
peak and a very broad (010) peak at g, of 0.26 A" and 1.64 A™!, respectively, suggesting that the
low molecular weight PNDIBS adopts both edge-on and face-on molecular orientations. Films of
all the higher molecular weight PNDIBS samples exhibited sharp and intense (010) diffraction
peak at g; = 1.55 — 1.59 A" (Table C-1) accompanied by a broad and weak (100) peak in the
OOP direction, which suggests that most of the crystallites were oriented face-on with respect to
the substrates. The n-n stacking distances in the PNDIBS thin films of various M, values are
found to be 3.83 — 4.06 A (Table 3-3), which are comparable to previous reports of n-n stacking

distances in majority of NDI-based semiconducting copolymers.'42



92

Table 3-3. Summary of Lamellar d-Spacing Distance, n-n Stacking Distance, Crystalline
Coherence Length (L¢) in the In-Plane (IP) and Out-of-Plane (OOP) Directions, and the
Paracrystallinity Disorder in the Lamellar (giam) and the n-Stacking Directions (g-) of PNDIBS
Films at Various Number-Average Molecular Weight (M») values. Reproduced with permission
from Ref.1"3 Copyright 2022 American Chemical Society.

Mn d-spacing m- mdistance Lc(nm)  Lc (nm) giam (%)  gx (%)
(kDa) oF (A) (A) (100) IP  (010) OOP  (100) IP  (010) OOP
21 19.4 235 3.83 14.0 0.54 15.7 30.9

55 50.8 24.7 3.94 11.4 1.24 17.5 21.4

66 60.9 247 3.96 10.7 1.26 18.2 21.2

90 831 253 4.06 9.6 1.36 19.4 20.6

127 117.2 247 4.00 9.3 1.30 19.5 20.9

An interesting visualization of how the thin-film microstructure evolves as a function of
the polymer chain length is obtained in Figure 3-4 by displaying the dependence of the lamellar
d-spacing and n-m stacking distance versus degree of polymerization DP (Figure 3-4a). Three
distinct regions, including DP < DP¢, DP = DP¢, and DP > DP¢, can be identified, each of which
represents a specific polymer packing motif as illustrated in Figure 3-4b. In region | (DP < DP),
the shortest d-spacing and m-n stacking distances indicate that these short polymer chains are
packed efficiently featuring high backbone planarity and improved intermolecular w-orbital
overlapping.'®* In region Il (DP = DPc), both the lamellar distance and the n-r stacking distance
increase, which can be seen as consequences of some degree of backbone twisting. In region 11l
(DP > DPy), further increases in the lamellar distance and the m-stacking distance are observed,
suggesting significant chain folding, chain entanglements, and random rotational conformation
of the flexible alkyl side chains. We note that the slightly higher lamellar and z-n stacking

distance observed in the 90kDa sample compared to the 127kDa sample could be due to
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increased chain aggregation as evidenced by the previously discussed bathochromic shift in the
optical absorption. Nevertheless, the proposed microstructural pictures (Figure 3-4b) are well
corroborated by the optical and thermal properties as well as the paracrystallinity disorder as
discussed below. We also note that our proposed evolution of thin film microstructures as a
function of polymer chain length is in good accordance with a study on diketopyrrolopyrrole
(DPP)-based semiconducting polymers.*® Clearly, the observed evolution of intramolecular and
intermolecular packings as a function of chain length can significantly influence the multiscale

electron transport in PNDIBS films as further discussed below.
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Figure 3-4. (a) Effects of degree of polymerization on the intermolecular packing distances in
the lamellar direction (d-spacings) and in the z-direction (n-n spacings), and (b) Schematics of
the solid-state packings as a function of polymer chain length. Reproduced with permission from
Ref.1”3 Copyright 2022 American Chemical Society.

The crystalline coherence length (L¢) estimated from the full-width at half-maxima of
both the (100) diffraction peak in the IP direction and the (010) diffraction peak in the OOP

direction are presented in Table 3-3 while the chain length dependence of L. values are shown in
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Figure 3-5a. The IP direction L (100) value is found to monotonically decrease with increasing
degree of polymerization from 14.0 nm at DP ~19 to 9.3 nm at DP ~ 117, which means that the
crystallite sizes and the crystallinity progressively decrease as the polymer chain grows. In
addition, the OOP direction L. (010) value increases with increasing chain length (Figure 3-5a)
from 0.54 nm (DP ~ 19) to 1.24 - 1.26 nm (DP ~ 60) and to 1.30 — 1.36 nm (DP > 80). The
observed progressive increase in values of L. (010) suggests slightly enhanced long-range
ordering as the polymer chain grows.*e®

The paracrystallinity disorder was also estimated using the single-peak fit approximation
method®®" 87 in both the lamellar direction (giam) and the m-stacking direction (g-) to quantify the
degree of intracrystallite disorder. The numerical values of giam and g are summarized in Table
3-3 while the relationships between the degree of polymerization and g values are shown in
Figure 3-5b. With the exception of the lowest molecular weight sample (DP ~ 19) where g is
likely to be overestimated due to the extremely broad (010) diffraction peak in the OOP direction
(Figure 3-3c), the g. values of the other samples remain constant at around 21%. This result
implies that the local disorder within a crystallite along the zt-stacking direction is independent of
polymer chain length. On the other hand, the giam values are found to gradually increase with
increasing degree of polymerization from around 16% (DP ~ 19) to 18% (DP ~ 60) and to 20%
(DP > 80). This observation suggests that the physical source of local lattice disorder of n-type
semiconducting polymers, which has remained unclear thus far,'® lies in chain folding, kinks,
and random side chain entanglements which can be worsened at longer polymer chain lengths.
The increasing disorders in the lamellar direction could significantly disrupt efficient stackings

and render the polymer more amorphous, which further corroborates the proposed
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microstructural pictures (Figure 3-4b) and is in good agreement with the observed trend in the IP

direction L¢ (100) values.
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Figure 3-5. (a) Effects of polymer chain length on crystalline coherence length (Lc), and (b)
Effects of polymer chain length on paracrystallinity disorder (g). Reproduced with permission
from Ref.}”® Copyright 2022 American Chemical Society.

3.3.6. Understanding Electron Transport in n-Type Semiconducting Polymers.

The key experimental observations on the electron transport properties and the thin-film
morphology of PNDIBS can be summarized as follows: (i) Both the field-effect electron mobility
and bulk electron mobility are found to be concurrently maximized at a critical range of polymer
chain length DP. of 45 — 60 repeat units. This important structure-property relationship finding
for NDI-based semiconducting polymers is likely to be broadly applicable to other classes of n-
type D-A copolymers; (ii) Preferential alignment of fibrils over several micrometers across the
film surface is observed for DP < DP; (iii) Three distinct microstructure regimes, DP < DPc,
DP = DP, and DP > DP., were found to characterize the evolution of the lamellar distance and

the m-m stacking distance as a function of polymer chain length; (iv) Polymer crystallinity
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decreases monotonically with increasing polymer chain length; and (v) Paracrystallinity disorder
in the =-stacking direction is independent of the polymer chain length, whereas the
paracrystallinity disorder in the lamellar direction scales approximately linearly with the polymer
chain length.

Increasing the polymer molecular weight in order to maximize the crystallinity is one of
the long-standing material design rules for achieving efficient charge transport in conjugated
polymers.® 16> 189 However, our results in conjunction with available literature data show that
there is rather a weak correlation between crystallite size and electron mobility in NDI-based n-
type semiconducting polymers (Figure C-10). This finding suggests that there are other factors,
beyond material crystallinity and maximal polymer chain length, that hinder efficient
macroscopic electron transport in NDI-based n-type semiconducting polymers.

Based on the above results on polymer chain length dependent electron transport
properties and thin film microstructure results from AFM imaging and 2D-GIWAXS analyses,
we propose a schematic to visualize the multiscale packing of polymers as a function of chain
length (Figure 3-6). We use the schematic in Figure 3-6 to guide the delineation of various
factors that limit electron transport in PDNIBS and other n-type semiconducting polymers. The
overall macroscopic electron mobility can be expressed as the sum of a series of mobilities!®
spanning over multiscale®®® 192 from intrachain (Winwachain) and interchain (Minterchain) 10

intracrystallite (Wintracrystaniite) and intercrystallite (Wintercrystatiite):

1 1 1 1
_ 4 + n (Eq.3.4)

1
u Uintrachain  Hinterchain  Hintracrystallite Uintercrystallite
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Intercrystallite-limited Optimal transport _ Intracha_in, iptgrchain,
transport & intracrystallite-limited transport

Figure 3-6. Schematic of proposed picture of how polymer chain length influences macroscopic
charge transport in n-type semiconducting polymers. Reproduced with permission from Ref.1"3
Copyright 2022 American Chemical Society.

In the case of DP < DPg, the polymer chains are the least coiled, ensuring maximum
backbone planarity and thus enabling efficient intrachain mobility. Moreover, polymer chains in
this regime also exhibit shorter intermolecular packing distances in the n-stacking direction, as
described earlier, leading to improved interchain electronic coupling and increased electron
hopping rate and thus overall enhanced interchain mobility. However, the short polymer chain
length severely limits electron transport between crystallites due to insufficient intercrystallite
connectivity; thus, inhibiting the intercrystallite mobility. As a result, the DP < DP. regime is

characterized by intercrystallite-limited electron transport (Figure 3-6):

1 1
—~ , for DP < DP. (Eq.3.5)

U Uintercrystallite

In the case of DP > DPc, the intercrystallite transport is no longer the rate-limting step
since sufficient electrical connectivity can be provided by the much longer polymer chains. The
above 2D-GIWAXS results revealed that although the paracrystallinity disorder in the n-n

direction remained relatively constant, the paracrystallinity disorder along the lamellar direction
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increased dramatically in the longer polymer chains due to intrachain folding, interchain
entanglements, and random conformational disorder of the flexible alkyl side chains; thereby,
reducing intracrystallite ordering. Severe chain folding and chain entanglements also result in
inefficient intermolecular packing featuring larger n-n stacking distances, and consequently
diminished short-range ordering and hindered intrachain charge delocalization and interchain
hopping rate. Furthermore, the lack of a preferential fibrillar directionality suggests that the long
polymer chains are likely to be randomly oriented across the film surface. Consequently, intrinsic
dipole moments of the polymer chains can act as random local fields that trap electrons and
significantly reduce the mobility.'* Thus, the DP > DP. regime can be categorized as intrachain,

interchain, and intracrystallite-limited electron transport (Figure 3-6):

1 1 1 1
—~ + + , for D > DP, (Eq.3.6)

K Uintrachain  Hinterchain .uintracrystallite

In the critical chain length range, DP = DP¢, sufficient intercrystallite connectivity,
efficient intrachain electron delocalization, fast interchain hopping rate, combined with strong
fiber alignment across several micrometers of film surface facilitate maximal electron transport
(Figure 3-6). Thus, in this critical degree of polymerization range the electron mobility is best
described by Eq. 3.4.

The reason why the dependence of charge transport on polymer molecular weight in n-
type polymers intrinsically differs from that of p-type polymers is likely to originate from the
polymer architectures. The trend of hole mobility as a function of DP in p-type polymers has
been reported mostly for either semicrystalline homopolymers (P3HT, PBTTT, and PQT)*>" 163-
167,194 or donor-acceptor polymers with polycyclic cores (indacenodithiophene and fluorene).’®-
172 These p-type polymers bear linear alkyl side chains which allow for better interdigitation,

efficient packing, and more resistance to entanglement as evidenced by the relatively constant
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structural disorder,®" 168170 172 jmplying that once sufficient intercrystallite connectivity is
achieved, the hole mobility in p-type polymers remains relatively constant. We speculate that if
bulky and branch side chains were incorporated into p-type polymers instead of linear chains,
increased structural disorder would be inevitable. In that case, the chain length dependence of
hole mobility would likely be similar to the observed trend in our present study that is, pn would
rise to a maximum value representing intercrystallite-limited transport regime and subsequently
decrease, signifying intrachain-, interchain-, and intracrystallite-limited transport regime. Indeed,
a recent study of DPP-based semiconducting polymers bearing 4-hexyldodecyl side chains
shows that the hole mobility is optimized at an intermediate molecular weight.*®® On the other
hand, a common design motif for not only NDI-based polymers but also other high-performing
n-type polymers is donor-acceptor architecture with large branched alkyl side chains for
sufficient solubility. The long alkyl chains are susceptible to entanglement, and significant
backbone torsional disorder can be expected between the donor moiety and the acceptor moiety
causing chain folding/kinks. As a result, maximum electron mobility can only be observed
within the DP. regime where intrachain mobility, interchain mobility, intracrystallite mobility,
and intercrystallite mobility are simultaneously optimized.

Additional future studies of other classes of n-type semiconducting polymers with donor-
acceptor architectures are needed to strengthen this picture of electron transport in n-type
semiconducting polymers. Nevertheless, we believe that the present results and analyses provide
a foundation for understanding of electron transport in PNDIBS and other n-type semiconducting
polymers. A new guide to materials design towards high electron mobility n-type conjugated
polymers that emerges from this unified understanding is that rather than aiming to maximize

molecular weight and crystallinity per se, the goal should be to achieve a polymer molecular
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weight in the critical range (DP = DPc), which globally optimizes contributions from intrachain,

interchain, intracrystallite, and intercrystallite transport.
3.4. Conclusions

In conclusion, we have used the donor-acceptor copolymer PNDIBS as a model system to
investigate the polymer chain length dependence of electron transport in naphthalene diimide-
based n-type semiconducting polymers. We found that both the field-effect electron mobility and
the bulk electron mobility measured by the SCLC technique are maximized within the same
range of critical polymer chain length (DPc) of 45 — 60 repeat units of PNDIBS and other NDI-
based n-type semiconducting polymers. A parallel characterization of the thin-film
microstructure evolution with PNDIBS degree of polymerization by AFM and GIWAXS
analyses has enabled a mechanistic understanding of the observed electron mobility dependence
on DP. Thus, outside of the critical polymer chain length range, the decreased electron transport
is shown to arise from intercrystallite limitations for DP < DP. whereas intrachain, interchain,
and intra-crystallite transport constrained electron mobility for DP > DP..

The present results also suggest that unlike long-standing understanding of the critical
role of maximal crystallinity on the hole mobility of poly(3-hexylthiophene) and other p-type
semiconducting polymers, electron transport in n-type semiconducting polymers is only weakly
correlated with crystallinity. The distinct behaviors of the paracrystallinity disorder along the
lamellar and the n-m stacking directions have facilitated unmasking of the physical sources of
local lattice disorder in this series of PNDIBS to be random side chain conformational disorder,
chain folding, and chain entanglements. Finally, we highlight a guide to materials design towards
high electron mobility n-type conjugated polymers that emerges from our present results: It is

that rather than aiming to maximize molecular weight and crystallinity per se, the goal should be
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to target a polymer molecular weight in the critical range (DPc), since this can globally optimize

contributions from intrachain, interchain, intracrystallite, and intercrystallite transport.
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Chapter 4. Chain Length Dependence of Electron Transport in an n-Type
Conjugated Polymer with a Rigid-Rod Chain Topology

4.1. Introduction

Semiconducting polymers combine good charge transport properties with mechanical
flexibility, solution processability, and molecular tailorability of electronic properties have
enabled a wide range of organic electronic device applications, including organic light-emitting
diodes (OLEDs),* organic field-effect transistors (OFETS),>*° organic photovoltaics (OPVs),!t16:
37,4499 grganic thermoelectric (OTE),*-*® and organic electrochemical transistors (OECTS).%% 1%
Advances in device performance in the past several years has been driven primarily by
improving understanding of the structure-property relationships of the materials and improving
electron mobility of n-type semiconducting polymers towards parity with hole mobility of p-type
semiconducting polymers. Nevertheless, knowledge and understanding of the structure-property
relationships and underlying electron transport physics of n-type semiconducting polymers still
lag behind those of p-type conjugated polymers.

Previous studies have shown that polymer chain length is a critical molecular factor that
significantly influence the charge transport properties of both p-type and n-type semiconducting
polymers. In particular, the chain length dependent hole mobility in p-type conjugated polymers
(e.g. P3HT, IDTBT, F8BT) is characterized by two regimes: a region of continuous increase of
charge carrier mobility with increasing degree of polymerization (DP) until a peak in hole
mobility is reached, further increase in DP results in a constant mobility due to structural
disorder along the charge transport direction (Figure D-1a).15" 163-170. 172 \we recently investigated

and elucidated the chain length dependent electron transport in naphthalene-diimide (NDI) based
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n-type conjugated polymers.t”® The electron mobility was found to increase with increase DP,
reach a peak at a critical DP¢, and then significantly decreased with further growth of chain
length.)”® A critical DP is required (Figure D-1b) to concurrently establish sufficient
intercrystallite connectivity and suppress structural disorder such that contributions from
intrachain mobility, interchain mobility, intracrystallite mobility, and intercrystallite mobility are
globally optimized.'”® It is important to emphasize that both the hole mobility in p-type
semiconducting polymers and electron mobility in n-type semiconducting polymers are limited
by an upper limit (Figure D-1) imposed by structural disorder that originates from the semi-

flexible nature of their polymer backbones as well as their flexible alkyl side chains.
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Figure 4-1. (a) Molecular structure of ladder poly(benzimidazobenzophenanthroline) (BBL); (b)
Schematic of BBL n-channel organic field-effect transistor (OFET) using a bottom-gate/top-
contact device architecture; (c-d) Representative output curves (c) and transfer curves (d) of n-
channel BBL OFET devices.
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In this paper, we report investigation of the electron transport physics, including the
polymer chain length dependence of field-effect electron mobility, of an n-type semiconducting
polymer that has a rigid-rod chain topology. We used the m-conjugated ladder polymer,
poly(benzimidazobenzophenanthroline) (BBL) (Figure 4-1a) as the model rigid-rod polymer
system. BBL has a known large persistence length (p = 153 nm),*®® zero conformational
disorder, efficient intrachain electron delocalization, and excellent photochemical/thermal
stability owing to the unique double-stranded structure and the ribbon-like topology.> ¥ We
show that the field-effect electron mobility of BBL grows linearly with increasing polymer chain
length while the threshold voltage decays exponentially as a function of polymer chain length.
Both relationships are unique to the class of rigid-rod conjugated ladder polymers, and the
underlying charge transport physics has been elucidated in terms of chain length dependent
structural disorder and energetic disorder. The thin film microstructure as a function of polymer
chain length was characterized by a combination of atomic force microscopy (AFM),
transmission electron microscopy (TEM), and 2D grazing incidence wide-angle X-ray scattering
(GIWAXS), revealing improved long-range ordering along the m-stacking direction, tighter
interdomain spacing, and overall lower structural disorder with increasing chain length. Our
variable temperature electron transport measurements combined with Griinewald’s numerical
analysis of the trap density of states (DOS) showed a lowered activation energy, narrower trap
depth, and reduced trap concentration as the polymer chain length increases. Finally, our findings
have elucidated the mechanism of electron transport in n-type conjugated ladder polymers with
rigid-rod chain topology and contributed new insights to the design of next-generation

semiconducting polymers.
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4.2. Experimental Methods

Materials. Ladder poly(benzimidazobenzophenanthroline) (BBL) of different intrinsic
viscosities were synthesized by our group following previously reported procedure.!®
Methanesulfonic acid (MSA) and polystyrene (MW = 280 kg/mol) were purchased from Sigma-
Aldrich. Gold pellets (99.999%) were purchased from Kurt J. Lesker.

Characterization of Intrinsic Viscosity and Molecular Weight. The intrinsic viscosity ([#]) of
the BBL ladder polymers was determined using a Cannon-Ubbelohde dilution viscometers
suspended in a water bath at 30.0°C. The polymer solutions in methanesulfonic acid (MSA) were
adjusted such that the elution time of the polymer solution was 1.1 — 1.8 times that of the pure
solvent (1.1<#xreiative<1.8). The intrinsic viscosity was determined by extrapolation of the inherent

Viscosity (#inherent) and the reduced viscosity (reduced) Of five polymer solutions to infinite dilution

according to the relations:

‘rl ! 14}
Nreduced = % = [T]] +k [T]]ZC +k [TI]3C2 + - (Eq.4—1)

In Nrel —
c

Ninherent =

[n] — (% — k’) (n]%c + (% —k'+ k”) [n3c? + - (Eq.4 —2)

Nsp = (Eq.4—3)

rel

Since BBL ladder polymers behave as long and rigid rods, the intrinsic viscosity [#] can be

written as;1%

2

= (8 (552 s

assuming M, = 26.51 dalton/A and d = hydrodynamic diameter = 12A. The polymer

molecular weights (M) are obtained by solving the nonlinear equation 4-4, and the degree of



106

polymerization is calculated by normalizing the polymer molecular weight to the monomer
molecular weight (Mo = 334 g/mol). The [#] values were found to be 2.2 dL/g, 4.3 dL/g, 11.6
dL/g, and 13.7 dL/g corresponding respectively to My values of 29.9kDa, 44.4kDa, 78.5kDa, and
86.3kDa (Table 4-1).1% The degree of polymerization (DP) of the series of BBL ladder polymer
was calculated to be 90, 133, 235, and 258 (Table 4-1).

Fabrication and Characterization of n-Channel BBL Field-Effect Transistors. N-channel
organic field-effect transistors (OFETSs) were fabricated in a bottom-gate top-contact device
architecture with a polymer buffer layer (Figure 4-1b). The substrate is comprised of heavily n-
doped silicon (< 0.005 S/cm; 500 cm) with a 300 nm-thick silicon oxide layer. The substrates
were cleaned by sequentially sonicating in acetone, DI water, 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 BBL
polymers of different intrinsic viscosities were dissolved in methanesulfonic acid (MSA; 6 — 15
mg/mL) and stirred at elevated temperature (> 85°C) for a few days to ensure complete
dissolution. The PS solution was spin-coated onto the substrates at 3000 rpm for 60 seconds to
produce a 17.0 nm (x 0.12 nm) thick layer, followed by drying in vacuum at 60°C overnight. On
top of the PS-coated substrates, the BBL thin films were deposited by spin-coating the BBL
solutions at 4500 — 5000 rpm for 30 seconds. The acidic solvent was immediately removed by
immersing the polymer films into isopropanol (IPA) several times over 12 hours. The polymer
films were then dried in vacuum at 60°C overnight and then annealed at 170°C on a hot plate for
10 minutes 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 1000um and

100um, respectively. The transistors were tested by using a Keithley 4200 semiconductor
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characterization system inside a nitrogen atmosphere. The field-effect electron mobility was
extracted by analyzing the current — voltage data with the saturation-region equation:

uWwc;
las = —7— (Ve = Vr)* (Eq.5)

where Ips is the source-drain current, u is field-effect mobility, Ciis the capacitance of gate
insulator (10.6 nF/cm?), Vgs is source-gate voltage bias, and Vr is threshold voltage.

Atomic Force Microscopy (AFM) Imaging. AFM characterization of the surface morphology
of the BBL films was carried out in quantum nanomechanical (QNM) mode using a Bruker
Dimension scanning probe microscope (SPM) system. Films of BBL of different molecular
weight values were prepared as described earlier.

Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction (SAED).
The BBL polymers of various intrinsic viscosities were dissolved in methanesulfonic acid (0.5 —
2 mg/mL) and stirred at 85°C for a few days. The polymer solutions were spin-coated at 1500
rpm for 30 seconds onto clean glass substrates. The films were submerged immediately into
deionized water to simultaneously remove the acidic solvent and lift off from the supporting
substrates. The floating BBL thin films were transferred onto carbon coated copper grid and
dried under vacuum at room temperature overnight. TEM images were collected using a FEI
Tecnai G2 F20 SuperTwin system (200kV) supplied with a Gatan Ulttrascan CCD digital
camera.

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS). 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 5s exposure time. Data were processed using
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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/AqQ, where K is a shape factor (typically 0.9) and Aq 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 (q.) line-cut.

Variable Temperature Electron Transport Measurements. Temperature-dependent electron
transport measurements of BBL n-channel organic field-effect transistor devices were performed
in a PPMS system (Quantum Design, 1.75 K/9T). The OFET devices were fabricated as outlined
above. Channel width (W) and length (L) were 1000um and 50um, respectively. After the top
contacts were thermally evaporated, the complete devices were moved from the No-filled
glovebox to ambient atmosphere and wire-bonded/glued to Rotator Universal Sample Boards
(Quantum Design, P103C). Once the devices were secured on the sample board, they were
attached to a multi-functional probe (Quantum Design) and loaded into the PPMS system. The
system was purged and sealed with helium gas at least 2 times to remove any oxygen and water
impurities prior to varying the temperature. Initial electrical measurements were performed at
300 K to ensure the transistors operate properly without any short-circuit or open-voltage
problems before sweeping the temperature. Subsequent measurements were performed at every
10 K interval with a rate of 1 — 2 K/min to allow sufficient time for thermal equilibrium. Voltage
biases are only applied during the measurements when the desired temperature was reached to

avoid any potential bias stresses.
4.3. Results and Discussion

4.3.1. Electron Transport Properties.
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The chain length dependent electron transport properties of BBL were measured by using
organic field-effect transistors (OFETS) as the experimental platform. The OFET devices were
fabricated by using a bottom-gate/top-contact architecture (Figure 4-1b) with channel dimensions
of 100pum/1000um (length/width). Insulating polystyrene (PS) was used as a low-k polymer
buffer layer to passivate electron traps on the SiO2 surface, which has been showed to yield the
highest electron mobility in BBL n-channel FETs.2% 20! The output curves and transfer curves
for the n-channel OFET devices at each DP value are shown in Figures 4-1c, 4-1d, and D-3. The
electron transport parameters, including the average saturation region field-effect electron
mobility (Mave) and threshold voltage (Vr) are summarized in Table 4-1, and the relationships
between these parameters and the polymer chain length are presented in Figures 4-2. The field-
effect electron mobility (pe) was found to increase from (0.48 + 0.07)x102 cm?/Vs at a DP of 90
to (2.74 + 0.24)x102 cm?/Vs when DP was 258 (Table 4-1). The observed average pe values of
the highest DP sample are in good agreement with our previous result using samples of
comparable intrinsic viscosity.® The field-effect electron mobility of shows a linear dependence
on the degree of polymerization (Figure 4-2a), which means that the room-temperature field-

effect electron mobility of this rigid-rod polymer grows with the polymer chain.

o fr r r 30 14

3.01 e Data 1
g)\ o 5 J— FitLine
°C 2.0 | 2
C 15 <
(\'(‘3 54 E >|—
2 10- 1 20+
§0.5- | ® Data

— Fit line
0.0l . @1 51—, . ()
1 100 200 300 1 100 200 300

Degree of Polymerization, DP Degree of Polymerization, DP



110

Figure 4-2. Dependence of field-effect electron mobility (pe) on degree of polymerization (DP)
of BBL,; (d) Dependence of threshold voltage (V1) on DP of. Note that each data point in both (a)
and (b) is an average of 20 — 50 devices.

Table 4-1. Electron Transport Properties of BBL Ladder Polymer.

Eg}_/g) ?{l(VISa) DP tlféia)cmZ/VS) 2/\;(;) ol
22 29.9 90  048+007 252423 10°
43 44.4 133 1584008 212426 10°- 10°
11.6 78.5 235  248+036  193+25 10°
13.7 86.3 258 274+024  169+10 10°

@y1ave, average field-effect electron mobility (+/- one standard deviation); ®Vr,
average threshold voltage (+/- one standard deviation);©lon/lofr, on/off current
ratio. Average values and standard deviations at each degree of polymerization
were calculated from at least 19 different devices.

The threshold voltage (VT) was found to also depend on the degree of polymerization
exhibiting an exponential decay (Figure 4-2b). In particular, the average Vr value of 25.2 + 2.3 V
at DP = 90 decreased 16.9 + 1.0 V at DP = 258 (Table 4-1). An exponential decay fit, VT = A
exp(-DP/DPg) + B, to the threshold voltage versus DP data (Figure 4-2b) resulted in a pre-
exponential coefficient A = 22.5 V, an exponential decay coefficient DPo = 115, and a constant B
= 14.7 V. This result suggests that when the polymer chain has grown sufficiently long beyond
the decay coefficient (DP > 115), the room-temperature Vr for BBL n-channel field-effect
transistors fabricated using the same device architecture can be as low as 14.7 V. The observed
decay of Vr as a function of DP values suggests that the density of trap states should strongly
depend on the polymer chain length such that the longer the polymer chain length, the lower the
number of traps present. The origins of these trap states and how they depend on the polymer

chain length will be described in the following sections.
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We also want to emphasize that the observed exponential decay dependence of threshold
voltage on polymer chain length has not been previously observed in either semi-flexible p-type
or n-type semiconducting polymers (Figure D-4),33 157.163-170, 172, 178-180, 185 Thys our findings that
both the electron mobility as well as the threshold voltage can be simultaneously controlled by
one material’s physical property, the polymer chain length, are highly valuable. They suggest
that high-current, low-voltage organic electronic devices with fast switching behavior could be
potentially developed based on rigid-rod ladder polymers.

The observed linear increase of electron mobility with polymer chain length in the rigid-
rod ladder polymer, BBL, is to be contrasted with the chain length dependence of electron
transport properties of semi-flexible n-type semiconducting polymers®? 173178 and hole transport
properties of semi-flexible p-type semiconducting polymers.15” 163-170. 172, 185 | particular, the
charge carrier mobilities of semi-flexible polymers, be it hole or electron, are limited by an upper
bound (Figure D-1) imposed by the structural disorder arising from the semi-flexible backbone
and their long alkyl side chains. On the other hand, our results demonstrate that the charge carrier
mobility of rigid-rod ladder polymers increases linearly as a function of polymer chain length,
suggesting that electron mobility exceeding 1-10 cm?\Vs could potentially be accessible if
sufficiently high molecular-weight polymers can be synthesized. To further understand the
physics underlying the chain length dependent electron transport properties of the class of rigid-
rod ladder polymers, we have quantitatively examined both structural disorder by using a
variety of morphology characterizations techniques and electronic disorder by investigating
variable temperature electron mobility and performing spectral analysis on the trap density of

states.



112

4.3.3. Chain Length Dependent Thin Film Microstructure and Structural Disorder.

A complement of characterization techniques including atomic force microscopy (AFM),
transmission electron microscopy (TEM), and two-dimensional grazing-incidence X-ray
scattering (2D-GIWAXS) were employed to probe the evolution of thin film microstructure as
well as examine the relationship between structural disorder and polymer chain length in BBL
thin films. AFM height and phase images of BBL thin films of different DP values are presented
in Figures 4-3a — d, and the power spectral density (PSD) profiles of the AFM phase images are
shown in Figure D-5. Films of lower DP samples (Figures 4-3a and 4-3b) were featureless
suggesting a relatively low crystallinity, whereas films of higher DP samples (Figures 4-3c and
4-3d) exhibited hints of short yet well-connected fibrillar features indicating enhanced degree of
crystallinity, which would be beneficial for electron transport. Analyses of the PSD profiles of
the AFM phase images revealed a gradual decrease in spatial periodicity from ~ 157 nm to ~ 78
nm as the DP increased from 90 to 258 repeat units. In other words, the crystallites in films of
high molecular weight polymers are not only situated much closer to one another but are also
within the persistence length of BBL (p = 153 nm);% thereby, enabling highly efficient
intercrystallite electron transport and corroborating the observed linear increase in electron
mobility with polymer chain length.

TEM images of BBL thin films of various DP values are shown in Figures 4-3e and 4-3h.
Nanoplatelets oriented randomly throughout the films are observed which is in good agreement
with our previous result.?®> The main effect of increasing DP on the bulk morphology of BBL
thin films is the enlargement of these sheet-like features as DP increases. Based on the TEM and
AFM results, a schematic depicting the 2D thin film microstructures of BBL thin films as a

function of DP is proposed in Figure 4-2i. At low DP value, randomly dispersed clusters of
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relatively small crystalline domains are situated far away from each other and beyond the
contour length of BBL chains (Figure 4-2i); insufficient intercrystallite connectivity results and
thus hindering macroscopic electron transport. As the polymer chains increase, the crystalline
domains grow larger and position themselves within the persistence length of BBL polymer,
providing a well-percolated network of polymer chains and facilitating efficient intercrystallite

electron transport.

W

Vil
/7

Increasing Polymer Chain Length

Figure 4-3. (a-d) AFM height images of BBL thin films at different degree of polymerization
(DP): (a) DP =90, (b) DP = 133, (c) DP = 235, (d) DP = 258; (e-h) TEM images of BBL thin
films at different DP values: () DP = 90, (f) DP = 133, (g) DP = 235, (h) DP = 258; (i)
Schematics of BBL thin film microstructures as a function of polymer chain length based on
AFM and TEM analyses.

We performed two-dimensional grazing incidence wide X-ray scattering (2D GIWAXS)

measurements on BBL thin films of different molecular weights to gain insights into the thin
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film microstructures at higher spatial resolution. The 2D diffraction patterns and 1D line cuts in
both in-plane (IP) and out-of-plane (OOP) directions are shown in Figures D-6a and D-6b. The
diffraction peak positions (gxy and g;) are summarized in Table D-1, whereas interplanar
spacings along (100) OOP and (010) IP directions, the crystalline coherence length (L), and the
paracrystallinity disorder (g) are presented in Table 4-2.

Pronounced (100) diffraction peaks in the out-of-plane (OOP) direction at g, = 0.78 —
0.79 Al accompanied by a broad (010) diffraction peak at g, = 1.74 — 1.76 A were observed in
BBL films of various polymer chain length. The lamellar spacing distance was calculated to be
around 8 A for all polymer molecular weights (Table 4-2), which is significantly shorter than that
of semi-flexible conjugated polymers bearing long alkyl side chains. In the in-plane (IP)
direction, all thin films showed a sharp and pronounced (010) diffraction peak at gxy = 1.87 —
1.88 A, corresponding to a -7 stacking distance of 3.34 — 3.36 A. Both the lamellar and n-n
stacking distances of BBL were found to be independent of polymer chain length, which might
be due to the side-chain free architecture and is thus different from that of semi-flexible
conjugated polymers bearing long alkyl side chains.'”® Furthermore, the presence of the
pronounced (010) IP and (100) OOP diffraction peaks indicated that most BBL crystallites
preferentially stack edge-on with respect to the substrates. Analysis of the pole figure (Figure D-
6d) revealed that the volume fraction of edge-on oriented crystallites increased from ~ 73% to ~
78% with increasing polymer chain length (Figure D-7), promoting better in-plane electron
transport across the electrodes in OFET device configurations. This result is in agreement with

the improved electron mobility seen in higher molecular weight samples.
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Table 4-2. Summary of Interplanar Spacing (d), Crystalline Coherence Length (Lc), Number of
Stacked Layers Within a Crystallite (N), and Paracrystallinity Disorder (g) in Both Lamellar and
n-Stacking Directions of BBL Thin Films at Different Degree of Polymerization (DP) Values.

o diaooyoor dio)1p  Lec ooyoor  Le, 010)ip  Nooyoor  No10) 1P Jiam, (100000P Oz, (010) IP
A) A) (nm) (nm) (layers)  (layers) (%) (%)

90 7.98 3.35 0.90 2.43 2.1 8.2 35.7 14.1

133 7.98 3.35 0.90 2.61 2.1 8.8 35.9 13.6

235 8.03 3.34 0.96 2.64 2.2 8.9 34.7 13.5

258 8.07 3.36 1.00 2.77 2.2 9.3 34.0 13.2

The crystalline coherence length (L¢) estimated from the full-width at half-maxima of
both the (100) diffraction peak in the OOP direction and the (010) diffraction peak in the IP
direction are showed in Table 4-2 while the dependence of L. on the degree of polymerization is
presented in Figure 4-4a. The L¢ value of the (100) OOP direction was found to marginally
enhance from 0.90 nm at DP = 90 to 1.00 nm at DP = 258, which suggests that each crystallite
consists of about 2 monolayers of polymer chains in the lamellar direction regardless of the
polymer chain length (Table 4-2). On the other hand, the L. value in the (010) IP direction was
found to depend more on the degree of polymerization where the L. value increased
monotonically from 2.43 nm at DP = 90 to 2.77 nm at DP = 258 (Figure 4-4a) indicating larger
crystallite sizes and better long-rang ordering in high molecular weight samples. In fact, the
observed L. values along with the d-spacings revealed that approximately 8 — 9 monolayers of
polymer chains are packed tightly in the n-direction within a single crystallite (Table 4-2), which
is significantly improved compared to that of semi-flexible naphthalene diimide (NDI) based n-

type semiconducting polymers (~ 3 — 4 monolayers).}”® 2% The larger crystallite sizes and



116

excellent long-range ordering especially in the charge transport direction is in good agreement

with the observed linear increase in electron mobility with increasing polymer chain length.
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Figure 4-4. (a) Dependence of crystalline coherence length (Lc) in both lamellar, (100) OOP, and
7w, (010) IP, directions on degree of polymerization; (b) Dependence of paracrystallinity disorder
(9) in both lamellar (giam) and n-stacking (g-) directions on degree of polymerization.

The paracrystallinity disorder was also estimated using the single-peak fit approximation
method®®": 187: 203 in oth the lamellar direction (giam) and the m-stacking direction (gx) to quantify
the degree of lattice distortion or structural disorder. The numerical values of giam and g, are
summarized in Table 4-2 while the relationships between the degree of polymerization and g

values are shown in Figure 4-4b. The structural disorder in the n-stacking direction was found to
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slightly decrease from 14.1% to 13.2% with increasing DP from 90 to 258, all of which were
within the range of other high-mobility 2D semi-paracrystalline organic materials (g ~ 12% —
15).2% Moreover, the g values of BBL are lower than those of semi-flexible conjugated
polymers (Figure 4-4a), which could be explained by the enhanced n-m intermolecular interaction
between the highly planar backbone of this ladder polymer. The strong attraction forces would
ensure highly ordered chain registry, suppress deviations in the =-stacking distances, and
promote long-range ordering. In contrast, the frequent chain folding and kinks along the
backbone common in semi-flexible conjugated polymers hamper intermolecular interactions
resulting in large deviations in the lamellar packing distance and cumulative structural disorder.

In the lamellar direction, the lattice disorder was found to slightly decrease from 35.7% to
34.0% when DP increases from 90 to 258. The large lattice disorder of BBL along the lamellar
axis indeed corroborates with a recently proposed model for hydration of side-chain free
polymers where ions and water molecules are easily injected and housed between the polymer
chains in the lamellar direction.’®® Moreover, the inverse proportionality of giam on DP seen in
BBL is to be contrast to the direct proportionality of giam on DP in semi-flexible NDI-based
semiconducting polymers, which has been previously demonstrated to originate from side chain
entanglements and backbone twisting.*”

Interestingly, however, the magnitude of the lattice distortion in the lamellar direction of
the rigid-rod ladder polymer BBL (giam ~ 34 — 36%) is nearly 2-fold higher than that of semi-
flexible conjugated polymers (giam ~ 16 — 20%) even at the same degree of polymerization
(Figure 4-5a).1”® We speculate that the large difference in giam between these two topologically
distinct classes of polymers likely originates from the presence/absence of side chains as

illustrated in Figures 4-5b and 4-5c. For semi-flexible polymers, although the side chains are
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susceptible to entanglement especially in the high molecular weight polymers and could impede
the polymer backbone from crystallizing efficiently,'’3 293 204 they can be leveraged as anchoring

points to lock the polymer chains in place®®

as proposed in Figure 4-5b; thus, reducing large
variations in the lamellar packing distance, suppressing lattice distortion, enabling larger
crystallites, and promoting long-range ordering in the lamellar direction. On the other hand, the
lack of side chains in BBL causes the polymer chains to easily slip away from each other
introducing substantial lattice disorder along the lamellar axes (Figure 4-5c) and preventing large
crystal growth. Additionally, the electrostatic repulsions between the protonated imine bonds
(—C = NH*)?%. 207 on each polymer chains (Figure 4-5¢) would prevent tight interplanar
packings during the initial film formation when processing from acidic solutions; thereby,
worsening the lattice disorder and severely limiting long-range ordering. Therefore, future
studies should explore additional strategies to minimize lattice distortion along the (100)
direction such that crystals of rigid-rod ladder polymers can achieve long-range ordering in all
three crystallographic axes, i.e. lamellar, n-stacking, and backbone. For instance, incorporation
of alkyl side chains onto the polymer backbone as anchor points or installing functional
substituents capable of H-bonding or other non-covalent intermolecular interactions are potential
molecular engineering strategies to enhance lamellar long-range ordering of conjugated ladder
polymers. From a device engineering perspective, kinetically controlled rate of the film

deprotonation after spin-coating from acidic solutions could be a key to promote the growth of

large and highly ordered crystals.
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Figure 4-5. (a) Trade-off between paracrystallinity in the lamellar direction (giam) and
paracrystallinity =-stacking direction (g.) in rigid-rod polymers (BBL) and semi-flexible
polymers (PNDIBS and PNDI20D-T2); (b and c) Schematic of the proposed mechanism for low

giam and high g in semi-flexible conjugated polymers (b) and mechanism for high giam and low
g= in rigid-rod conjugated ladder polymers (c).

In summary, our thin film microstructure characterization results have demonstrated that
even though the interplanar spacings along the (100) and (010) axes are rather insensitive to
polymer chain length, the crystallite sizes, crystallite spacings, volume fraction of edge-on
oriented crystallites, and paracrystallinity disorder all exhibit significant chain length
dependence. As the polymer chains elongate, the crystallites not only situate closer to each other
but also grow larger in both lamellar and =-stacking directions with improved lattice ordering
and preferential edge-on orientation with respect to the substrates. These microstructural features

are optimal for efficient in-plane charge transport across the electrodes in the field-effect
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transistor configuration; thus, explaining the observed linear dependence of electron mobility on
degree of polymerization of rigid-rod ladder polymers.
4.3.4. Chain Length Dependent Electronic Disorder of BBL Thin Films.

We performed variable temperature electron transport measurements to investigate the
electronic disorder in BBL thin films and thus to provide additional insights on the origins of
chain length dependent electron mobility and threshold voltage in this model rigid-rod
conjugated polymer. Detailed procedures for the variable temperature measurements are
described in the Experimental Section. Briefly, after the devices were loaded into the Physical
Property Measurement System (PPMS), an initial transfer curve was taken at 300K to ensure that
the transistors functioned properly. The cooling/heating rate is controlled at 1 — 2 K/min with a
temperature interval of 10 K to allow sufficient time for thermal equilibrium. We note that gate
and drain voltage biases are only applied when the desired temperature is reached and ready for
measurements to avoid any unnecessary voltage bias stresses. The temperature dependent
transfer curves at different DP values are shown in Figures D-8. Little to no hysteresis between
the forward and reverse scans was observed in all the devices within the measured temperature
range (Figure D-8) indicating that any observed changes in the electron mobility are solely due
to temperature rather than device degradation.

The saturated electron mobility of all the OFET devices was found to decrease with

decreasing temperature following an Arrhenius relationship (Figure 4-6a) as shown in the

following formula: p o exp (;—E;) where Ea is the apparent activation energy, ks is the
B

Boltzmann constant, and T is the absolute temperature (K). This result is indicative of a

thermally activated charge transport process in BBL thin films. The activation energy for

electron transport (Ez) obtained from the monoexponential relationship between pe and 1/T is
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presented as a function of degree of polymerization in Figure 4-6b. The Ea values were found to
dramatically decrease with increasing polymer chain length decreasing from 302 meV for DP =
90 to 139 meV for DP = 258. The observed monotonic decrease of Ea with increasing DP
indicates a lower degree of energetic disorder in the higher DP samples, and this observation
agrees with the measured higher electron mobility and lower threshold voltage at the higher DP.
Nevertheless, the observed Ea values of BBL thin films are unexpectedly higher than reported
values for other high-performing conjugated polymers (Ea ~ 40 — 120 meV)*" 2%8 considering
the torsional-free and highly rigid-rod backbone of BBL. We attribute the high activation energy
seen in these BBL OFETS to a combination of mechanical strain and thermal strain induced by a
large mismatch in coefficient of thermal expansion («) between SiOz (a = 4.1 ppm/K),?®
polystyrene (o = 72 ppm/K),?% and the rigid-rod polymer (a ~ -6 — 10 ppm/K).?1%?12 | ocal
distortions in positions of polymer chains arisen from the coefficient of thermal expansion
mismatch would result in large lattice disorder and induce modifications to the band structures at
the dielectric-semiconductor interface.?*® These effects would lead to the formation of additional
trap states?® that might not be present in the initial devices; thereby, skewing the activation
energy to be much higher.

As an alternative, we employed Griinewald’s method to determine the trap density of
states (DOS) spectra which can provide insights into the trap depth (E,) and total concentration
of trap states (Nwap) and help to deconvolute the impacts of coefficient of thermal expansion
mismatch on the activation energy. This numerical method has been widely adopted by the
community to probe the trap DOS of various organic semiconductors.® 213-218 The resulting trap
DOS spectra plotted as a function of energy with respect to the LUMO energy level of BBL

devices at different DP values are presented in Figure D-9. The data were fitted to an exponential
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distribution to model shallow trap states situated within a few kgT away from the LUMO energy
level (< 0.1 eV) and a Gaussian distribution to represent deep trap states (E > 0.1 eV) where
appropriate. The parameters used to model these distributions are summarized in Table D-2
whereas the chain length dependent trap depth (Eo) and total concentration of shallow trap states
(Nshaiow) are shown in Figure 4-5c.
— 325 yt4— . .
107] s OXD(ESST) ()] o0l o (b)
n\s\‘\%gaha < rel \ |

3 175-’ \ -

103 @ DP=90 _ uf ¢
DP = 133 1501
O DP=235 $
125/

U, (cm2/Vs)

0O DP =258 "
30 31 32 33 34 35 36 1 100 200 300
1000/T (K™ Degree of Polymerization, DP

£N d) e et
. :\\ ©),,z @ Bk g
482

l Increasing DP

—
€
e o
o o 5 5 s o 5 B - B o 5 i 5 =
3 Lol S SRR R o
S ) > concentrations.
= e
uf 264 [ J .
E
n
Pz

»° Lower trap
concentrations.

T 100 200 300
Degree of Polymerization, DP

Figure 4-6. (a) Temperature dependent electron mobility (pe) of BBL ladder polymers at

different degree of polymerization. Data are fitted to an Arrhenius relationship: p, «

Ea
€xp (_ kgT
the absolute temperature; (b) Chain length dependent activation energy (E.) of BBL ladder
polymers; (c) Chain length dependent trap depth (Eo) extracted from an exponential trap
distribution and volumetric density of traps (Nwap); (d) Schematic of proposed picture of the
origin of charge trapping sites in BBL ladder polymers and how polymer chain length influences
the concentration of traps.

), where E, is the apparent activation energy, kg is the Boltzmann constant, and T is

The trap DOS spectra of BBL devices of all DP values showed an exponential
distribution as a function of energy within a few kgT away from the LUMO energy level (ELumo

- E < 0.1 eV). The exponential trap distribution is in fact characteristic of polycrystalline organic
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semiconductors and has been shown to originate from thermal fluctuations or structural defects.®
In particular, the trap DOS spectrum of BBL devices at DP = 90 had an extremely broad
exponential tail of 49.6 meV suggesting a large distribution of trap states located closed to the
band edge. As the polymer chain length increased, the width of the exponential distribution was
found to rapidly decrease to 26.1 meV for DP = 133 and subsequently reduce to 25.6 meV for
DP = 235 and eventually to 25.0 meV for DP = 258. The observed narrowing of the trap DOS
spectra with increasing degree of polymerization is equivalent to a strong correlation between
trap depth and polymer chain length as shown in Figure 4-6¢ and agrees well with the observed
relationship between Ea and DP demonstrated earlier. Therefore, we believe that the true
activation energy for electron transport in BBL thin films should be on the same order of
magnitude as the trap depth E, and smaller than the aforementioned E. due to the elimination of
temperature induced thermal strain and mechanical strain in the Griinewald’s method.

Our further analysis of the trap DOS spectra of the low molecular weight BBL devices
(DP = 90) showed a broad peak (Figure D-9a) which can be fitted to a Gaussian distribution
featuring a peak center at E; = 150 meV and a peak width ¢ of 8.1 meV (Table D-2). This
Gaussian peak represents discrete electronic states within the bandgap of the semiconducting
polymer which can be highly detrimental to the macroscopic charge transport process.®% 214 The
Gaussian distribution of trap sites was found to not only shift farther away from the band edge
(E1 = 192 meV) but also reduce in amplitude and became narrower (¢ = 4.3 meV) in higher
molecular weight BBL devices (DP = 133) (Figure D-9b), correlating with the improved electron
mobility and lower threshold voltage. We note that the disappearance of the peak in DP = 235
and DP = 258 devices (Figures D-9c and D-9d) can be interpreted as either that no discrete sub-

gap electronic states are present in these devices, or that these deep traps have shifted sufficiently



124

far away from the band edge and thus have minimal impacts on the electron transport properties.
Our findings that show a simultaneous reduced trap depth and gradual shift of intermediate/deep
traps away from the band edge with increasing DP are indicative of a lower degree of electronic
disorder with increasing polymer chain length, which is in good agreement with the enhanced
electron mobility as a function of DP.

Moreover, the total concentration of shallow trap states located a few kgT from the band
edge was calculated by performing an integration of the exponential trap distribution from ELumo
-E=0eVtoELumo - E =-0.1 eV, and the resulting value is presented as a function of polymer
chain length in Figure 4-6¢. The concentration of shallow traps was found to quickly decrease
from 2.88 x 10%° states/cm? in the lowest molecular weight BBL devices (DP = 90) to 1.51 x 10%
states/cm® in the highest molecular weight BBL devices (DP = 258) (Table D-2). The rapid
decay of the trap concentrations as a function of polymer chain length corroborates the
relationship between Vt and DP, since threshold voltage is the gate voltage required to fill all the
trap states before mobile charges can be accumulated in the transistor channel.& The high trap
concentrations seen in low DP samples would result in a larger threshold voltage to turn-on the
devices compared to that of the high DP devices. Our results have again emphasized the
importance of increased polymer chain length to simultaneously decrease trap depth and
suppress charge trapping density such that a synergistic improvement in electron mobility and
threshold voltage can be achieved for the class of conjugated rigid-rod ladder polymers.

We have thus far established the effects of polymer chain length on the energetic disorder
(i.e. large activation energy, broad distribution of traps, and high concentration of traps) and how
charge carrier trapping influences the electron transport properties of the prototype rigid-rod

conjugated polymer, BBL. However, the origin of these charge trapping sites seems unclear.
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Previous reports have pointed out several possible sources of traps in organic semiconductors
including dynamic disorder, static disorder (e.g. structural defects and chemical impurities),
interfacial effects, environmental effects, and bias stress effects.® Although there might be
multiple sources of traps working in tandem and contributing to the overall concentration of traps
in BBL ladder polymers, we propose that the most probable dominant source of traps lies in the
unreacted amine (-NH.) groups and carboxylic acid (-COOH) present at the end of the
polymerization reaction as illustrated in Figure 4-6d. The lower molecular weight BBL samples
would have higher density of these unreacted functional groups dangling at each end of the
polymer chains acting as charge trapping sites (Figure 4-5d). As the polymer chain length
increases, the number of these unreacted end groups would reduce significantly per unit volume
resulting in an overall lower concentration of trap sites. Thus, from an energetic point of view,
the electron transport in BBL is constrained by the trap frequency at these defect sites where
lower molecular weight samples will have lower electron mobility and require higher threshold
voltage to de-trap these localized electrons and excite them to the mobile states.’®: 8. 219,220

4.3.5. Mechanism of Electron Transport in Conjugated Ladder Polymers with Rigid-Rod
Chain Topology.

Taking all the data together, we now propose a mechanism to explain the physics
underlying the observed chain length dependent electron transport in n-conjugated polymers with
rigid-rod chain topology from structural disorder and energetic disorder points of view (Figure
4-7).

In the case of low DP polymers, the crystalline domains are relatively small and consist
of at most one or two crystallites with a low fraction of edge-on oriented crystallites as evidenced

from a combination of AFM, TEM, and GIWAXS results (Figure 4-7); thus, hindering efficient
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intracrystallite electron transport especially in the in-plane direction. Furthermore, these
crystalline domains are situated far away from each other beyond the contour length of the
polymer chains; thereby, limiting intercrystallite electron transport. The intercrystallite transport
is additionally suppressed by the high energetic disorder induced by the large concentration of
charger carrier trapping sites which originate from unreacted end groups in the low DP polymers
(Figure 4-6). As a result, electrons are prone to be trapped at these defects, which would not only
slow down the macroscopic charge transport but also require sufficiently high gate voltage to de-
trap and release them back to the mobile states. Therefore, the combination of large structural
disorder and severe energetic disorder has resulted in poor electron transport properties (i.e. low

p and high V1) in the low molecular weight rigid-rod ladder polymers.

Low DP
Higher structural disorder
Higher energetic disorder

High DP
Minimal structural disorder
Lower energetic disorder

Figure 4-7. Schematic of proposed mechanism of chain length dependent electron transport
properties of BBL rigid-rod conjugated ladder polymer.
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As the DP increases, the larger crystalline domains comprised of several edge-on
oriented crystallites and low lattice distortion collectively lead to a significant improvement in
intracrystallite electron mobility. Moreover, the tighter intercrystallite distance below both the
persistence length and the contour length of the polymer chains enables more efficient
intercrystallite transport whereby electrons can easily traverse between domains via
delocalization along the defect-free rigid-rod backbone of BBL. In addition, the lower volumetric
density of trap sites as a result of the longer polymer chain length results in decreased density of
electronic defects and reduced frequency of charge trapping events. Thus, the synergistic effects
of minimal structural disorder and lower energetic have improved the electron transport
properties (i.e. enhanced p and low V1) in rigid-rod ladder polymers of high molecular weight.

4.4. Conclusions

In conclusion, we have investigated the chain length dependent electron transport
properties of a n-type semiconducting ladder polymer and examined the underlying physics in
terms of structural disorder and energetic disorder. Using organic field-effect transistors as the
experimental platform, we have demonstrated a linear dependence of electron mobility on
polymer chain length along with an exponential decay of threshold voltage as a function of chain
length, both of which are distinctive to the class of rigid-rod ladder polymers and have not been
previously observed in the class of semi-flexible polymers. Results from AFM, TEM, and 2D
GIWAXS analyses have collectively revealed an optimal thin film microstructures for efficient
electron transport in high DP polymers featuring edge-on oriented crystallites with excellent
long-range ordering along the m-stacking direction, decreased lattice distortion, and large
crystalline domain sizes with tight intercrystallite spacings. Furthermore, both variable

temperature electron transport measurements and Griinewald’s method indicated a lower degree
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of energetic disorder showing decreased activation energy for electron transport in high DP
polymers which can be rationalized by the reduced density of charge trapping sites. Therefore,
the combination of optimal morphological features and favorable electronic landscapes have
resulted in the observed chain length dependent electron transport properties in BBL ladder
polymer.

The trade-off between paracrystallinity disorders along the (100) and (010)
crystallographic axes in rigid-rod polymers and semi-flexible polymers is also highlighted
whereby the origins for such differences are proposed to lie in the presence/absence of the side
chains and the processing nature of BBL polymers from acidic medium. Finally, our findings
collectively have provided mechanistic understanding on charge transport properties in
semiconducting polymers, contributed fundamental insights to the design of high-mobility rigid-
rod ladder polymers, and offered useful design guidelines towards the development of next-

generation semiconducting polymers.
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Chapter 5. Probing the Formation of Polarons, Polaron Pairs, and Bipolarons
in n-Type Poly(Benzimidazobenzophenanthroline) Based n-Conjugated Redox
Polymer

5.1. Introduction

Organic electrochemical transistors (OECTs) have been garnering significant research
interest and spotlighted as the main building block for versatile applications including
complementary logic circuits,???%* biosensors,??> 226 neuromorphic computing,??” 2?8 etc.
Advances in the device performance of OECTs have been primarily driven by one main material
design rule that is incorporation of hydrophilic side chains onto known high-performing p-type
(e.g. polythiophene) and n-type (e.g. napthalenene diimide based copolymers) polymers to
facilitate ion uptake and transport.>% 22% 230 Also central to the OECT device performance are the
electrochemical reactivity and electrochemical stability of the polymer backbone as well as the
nature of charge carriers, be it electron-polaron or electron-bipolaron. However, fundamental
studies to explore the structure-electrochemical properties-device performance remain scarce,
especially for n-type m-conjugated polymers, due in part to the inability of the polymer backbone
to store and stabilize large amounts of injected electrons upon doping.?! As a result, there still
exists a large knowledge gap regarding the electrochemical reactivity of the polymers and how
tuning of such material property will influence the transient and steady-state performance of
OECT devices.

An effective strategy to tackle the poor stability and structural degradation of n-type n-
conjugated polymers upon electron injection is to incorporate redox active sites into the polymer

backbone, which can reversibly and stably store multiple electrons per repeat units.?3> 22 This
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class of material is called n-conjugated redox polymers since they combine electron-transporting
property along the m-conjugated backbone with the robust charging/discharging of redox sites.?%
233-238 Nevertheless, this approach has only been applied to carbonyl group (-C=0-) containing
polymers such as naphthalene diimide (NDI) based copolymers, ! 23323 pyromellitic diimide

2% and diketopyrrolopyrrole (DPP) based copolymers.2®” 23 Within these limited

copolymers,
examples, questions regarding the nature of charged species (bipolaron vs. polaron pairs), their
formation mechanism, and their electronic band structure still remain unanswered.

Here, we investigate the formation of polaron, polaron pairs, and bipolarons using a novel
phenazine-substituted poly(benzimidazobenzophenanthroline) (BBL-P) n-type m-conjugated
redox polymer whose molecular structure is shown in Scheme 5-1. The highly planar rigid-rod
backbone of BBL-P endows large delocalization length to stabilize the charged species upon
formation, and the six total redox active sites consisting of two carbonyl groups and four imine
sites (Scheme 5-1) will also facilitate multiple reversible and rapid electron injections. Thus, a
high doping level can be stably and reversible achieved, which will aid to distinguish whether
polaron pairs or bipolarons are the multiply charged species. Furthermore, the more disordered

nature of BBL-PZ*° will help to stabilize the formation of multiply charged species,®” 8 which

otherwise would be harder in their more crystalline parent polymer, BBL (Scheme 5-1).
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Scheme 5-1. Molecular structures of BBL and BBL-P ladder polymers.

We found that BBL-P can undergo three acid-base coupled redox reactions corresponding

to different molecular redox sites with decreasing pKa from carbonyl to naphthalene imine to
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phenazine imine. Each redox reaction is shown to involve two protons per one electron
transferred, which is unusual and deviates from the prevailing one-proton/one-electron pattern of
BBL?% and several other materials.?*® 24! By using a variety of characterization tools, we
elucidate the underlying mechanism for the multiple redox reactions of BBL-P both from a
molecular level and a macroscopic perspective towards mapping out the formation of polaron
and bipolaron. The first redox reaction is related to the reduction of BBL-P at the carbonyl group
(1H*/1e"), which leads to a spontaneous protonation (1H*) at the phenazine imine site to stabilize
the increased electron density upon electron injection. A low doping level of around one electron
per four to five repeat units is found at the first redox process. The second redox reaction is
associated with the reduction of BBL-P at the protonated naphthalene imine sites (1H*/1e’)
followed by a protonation (1H") of the phenazine imine groups. At this stage, about three to four
electrons are injected per four repeat units, which induces a pro-quinoidal polymer structures.
Highly delocalized singlet polarons are the primary charge carriers upon the first and second
redox reactions with the polaron density reaching its maximum at the second redox event. The
third redox reaction corresponds to the reduction of BBL-P at the protonated phenazine imine
sites accompanied by a protonation of the naphthalene imine functional groups. An average of
five electrons are injected per four repeat units leading to the coexistence of singly charged and
multiply charged states within the same polymer films. By means of spectroelectrochemistry, we
show that a ternary mixture of singlet polaron, polaron pairs (triplet bipolarons), and singlet
bipolarons are in equilibrium upon the third redox event, all of which are rather localized on a
pro-benzoidal polymer structure. Further increase of the doping level beyond the third redox
process leads to annihilation of singlet polarons and singlet bipolarons, and polaron pairs became

the dominating charge carriers. Our results have thus provided the first experimental evidence for
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the coexistence of different polaronic species upon electrochemical doping, elucidated the
mechanism of their formation, as well as mapped out the transformation from singly charged
state to multiply charged state as the doping level increased. These findings will provide
fundamental frameworks to molecular engineer the next-generation of m-conjugated redox
polymers for high-performing OECT devices and other related applications (batteries,
supercapacitors, and electrocatalysis).

5.2. Experimental Methods

Chemicals. The phenazine-substituted poly(benzimidazobenzophenanthroline) ladder polymer
(BBL-P) was synthesized in house according to reported procedure.?*® Methanesulfonic acid
(MSA) was purchased from Sigma-Aldrich.

Preparation of BBL-P Films of Electrodes. The BBL-P polymer was dissolved in
methanesulfonic acid (MSA; 15 mg/mL) and stirred at elevated temperature (> 100°C) for
several days. The polymer solution was filtered through 1 um pore size Grade GF/B Glass
Microfiber Filters (Whatman GF/B w/ GMF) immediately before use. The filtered polymer
solution was spin-coated at 1500 rpm for 30 seconds onto ITO substrates for cyclic voltammetry,
FTO substrates for spectroelectrochemistry, and gold coated glass substrates for in-operando
Raman spectroscopy. The acidic solvent was immediately removed by immersing the polymer
films into a mixture of isopropanol (IPA) and ethylene glycol (EG) (IPA:EG = 1:1, v:v) several
times over 12 hours. The polymer films were then dried in vacuum at 90°C overnight and then
annealed at 170°C on a hot plate for 10 minutes in ambient conditions.

Cyclic Voltammetry. Cyclic voltammetry was performed in conventional three-electrode cells
with Ag/AgCI pellet as the reference electrode (World Precision Instrument) and Pt mesh as the

counter electrode. Cyclic voltammetry measurements were performed at room temperature using
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EG&G Princeton Applied Research, model 273A potentiostat. The BBL-P film prepared as
described above served as the working electrode. The supporting electrolyte consisted of 0.1M
KCI in deionized (DI) water, and its pH values were tuned by adding either KOH or HCI such
that the final solution always contained at least 0.1M KCI. The 0.1M KClq) was purged with a
nitrogen stream for at least 15 minutes before any measurements. A stream of N2 was also
constantly flown on top of the electrolyte surface during measurements to minimize oxygen
diffusion.

Optical Absorption and Spectroelectrochemistry. Optical absorption spectra of the BBL-P
films were taken on a Perkin-Elmer Lambda 900 spectrometer. For spectroelectrochemistry,
BBL-P thin film was coated on FTO substrates which were inserted into a cuvette filled with 0.1
M KClq) as the electrolyte. Three-electrode configuration containing Ag/AgCl pellet as the
reference electrode, Pt mesh as the counter electrode, and FTO/BBL-P as the working electrode
was used. A Metrohm Autolab PDSTAT204 potentiostat was used to control the potential via the
Metrohm NOVA software (Version 2.1.6). The BBL-P working electrodes were biased at
different potential for 60s for doping to equilibrated before collecting the optical spectra. The
films were thoroughly de-doped by applying +0.5V (vs. Ag/Ag*) between each doping cycle.
Both the doping and the de-doping currents were simultaneously collected during the optical
measurements for coulometry analysis. The electrolyte was degassed by sparging with N2 stream
for at least 20 mins prior to measurements.

In-operando Raman Spectroscopy. Raman spectra of BBL-P thin films were collected using a
Thermo Scientific DXR2 Raman microscope. A 532-nm laser with a power of 2 mW was
focused onto BBL-P film surface through a 10x objective lens. In-operando Raman spectra were

taken at different bias potentials and different pH values. A three-electrode cells consisting of
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BBL-P on gold coated glass substrate as the working electrode, Pt mesh as the counter electrode,
and Ag/AgClI pellet as the reference electrode, and a Metrohm Autolab PDSTAT204 potentiostat
was used to control the potential via the Metrohm NOVA software (Version 2.1.6).

5.3. Results and Discussion

5.3.1. Cyclic Voltammetry of BBL-P in Aqueous Electrolyte.

Cyclic voltammetry (CV) was performed first to investigate the electrochemical
properties of BBL-P in aqueous environment. A three-electrode electrochemical cell consisting
of Ag/AgClI pellet as the reference electrode, Pt mesh as the counter electrode, and BBL-P coated
on conductive ITO substrate as the working electrode was used. The aqueous electrolyte always
contained at least 0.1M KClg), and the pH of the electrolyte solution was varied by adding either
hydrochloric acid (HCI) or potassium hydroxide (KOH). Additionally, acetonitrile was also
titrated to the electrolyte at 10 vol% to poison the Pt electrode and suppress any hydrogen
evolution reaction. The applied potentials were also kept within the stability window of water as
a function of pH to ensure that no undesirable side reactions took place. The final electrolyte
solution was de-oxygenated by purging with nitrogen (N2) for 20 minutes before any
measurements, and a constant N> stream was also maintained atop of the electrolyte surface to
ensure an oxygen-free environment during the measurements. Cyclic voltammograms of BBL-P
thin films with varying electrolyte’s pH from pH = 4.11 to pH = 0.06 are shown in Figure 5-1.
Depending on the number of observable features in the voltammograms, the pH-dependent
electrochemical properties of BBL-P can be categorized into three separate regions:

Region 1. In the case of pH > 3.1 up to 8.1, the voltametric patterns showed marginal
dependence on the electrolyte’s pH (Figure 5-1a). Indeed, only one voltametric feature, wave I,

with poorly resolved cathodic and anodic waves can be observed with a formal potential (E1/2) of
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-0.32V (vs. Ag/Ag") and significant peak splitting (AEp) of 138.8 + 5.8 meV. As the pH value
decreased approaching the second region (Figure 5-1b), both the forward and return waves
became more apparent with peak positions shifted towards more positive potentials featuring E1»
of -0.037 V (vs. Ag/Ag") and smaller peak splitting (AEp = 75.6 £ 11.5 meV at 25mV/s).

Region 2. In the case of 1 < pH < 3.1, the voltammograms showed two pairs of well-
resolved and quasi-reversible reduction and oxidation waves consisting of the previously
observed wave | and an emerging wave Il at more negative potentials (Figures 5-1c-g). Both the
formal potential and the peak splitting of wave | and wave Il were found to strongly depend on
the electrolyte’s pH. In particular, the E1, value of wave | gradually shifted from -0.017 V (vs.
Ag/Ag®) to 0.14 V (vs. Ag/Ag™) whereas that of wave Il moved from -0.29 V (vs. Ag/Ag™) to -
0.09 V (vs. Ag/Ag®) as the solution pH changed from 3.13 to 1.07. Furthermore, the AE value of
wave | was found to decrease from 58.4 meV to 8.44 meV while that of wave Il was found to
diminish from 143.4 meV to 38.4 meV as the solution pH was lowered. Brilliant changes in the
film color were clearly visible during the scans with excellent stability and reversibility under
anaerobic conditions. The first reduction process showed minimal color changes; however, the
second reduction process changed the initially lavender violet film to become gray.

Region 3. In the case of pH < 1, the voltammograms exhibited three sets of well-resolved
and quasi-reversible waves consisting of the previously observed waves | and Il and an emerging
wave Ill at most negative potentials. Similar to the voltametric behavior seen in region 2, the E12
and AEp of all three waves showed intense pH dependence whereby the formal potentials
progressively shifted positively with greatly reduced peak splitting. Robust electrochromic
effects were also observed in this region whereby the third reduction process changed the color

of the film from gray to bright green. The presence of three reversible electrochemical activity
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indicates that BBL-P can undergo three proton-coupled electron transfer events which is more
than that of the parent BBL ladder polymer.?°® Considering the molecular structures of BBL and

BBL-P (Scheme 5-1), the additional redox reaction at pH < 1 must originate from the phenazine

unit.
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Figure 5-1. pH-dependent cyclic voltammograms of BBL-P thin films collected in 0.1M KCl g
supporting electrolyte with a scan rate of 25 mV/s using a 3-electrode configuration with
ITO/BBL-P as the working electrode, Pt mesh as the counter electrode, and Ag/AgCl as the
reference electrode.
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Our results suggest that BBL-P can undergo two acid-base equilibrium in aqueous KCI
solution with an average pKa of 2.5 and 1 corresponding respectively to the protonation at the
naphthalene imine site (HBBL-P*) and the phenazine imine site (HBBL-P*). Indeed, the parent
BBL polymer has been shown to exhibit a pKa around 2.2 for the naphthalene imine site in

aqueous tetrabutylammonium sulfate,?%

whereas phenazine small molecules are known to
undergo protonation with a pKa around 1.2.24% 243
Quantitative analysis of the pH-dependent formal potentials of each redox event via

Pourbaix diagram (Figure 5-2) revealed average slopes of 99.3 £ 0.8, 116.3 £ 1.1, and 109.6 +
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6.8 mV/pH for the first, second, and third redox reaction, respectively. These results have

indicated that each redox reaction of BBL-P consumed two protons per one electron, which is

twice of that of the parent BBL polymer (Figure E-1).2% The deviation of the prevailing one-

proton/one-electron of BBL-P is very intriguing and worth further investigation. We hypothesize

that the extra proton involved in each electrochemical event must be associated with the imine

sites on the phenazine unit, and the proposed the multiple electrochemical reduction reactions of

BBL-P in aqueous acid is shown in Scheme 5-2.
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To confirm our hypothesis and arrive at a more comprehensive understanding of the
multiple electrochemical redox reactions of BBL-P in acidic electrolyte, we examined the
thermodynamics and kinetics of each reduction process by density functional theory (DFT)
calculations and variable scan rate cyclic voltammetry, respectively. Results from these analyses
will provide macroscopic insights on the feasibility of the proposed mechanism. Furthermore, a
combination of characterization techniques such as spectroelectrochemistry, coulometry, and in-
operando Raman spectroscopy will be used to probe the evolution of optoelectronic properties,
doping level, and structural properties of BBL-P, all of which are to be discussed in detailed vide
infra to provide molecular insights into the electrochemical reduction processes.

5.3.2. Thermodynamics of Electrochemical Doping Reactions of BBL-P.

We first examined the feasibility of the proposed electrochemical redox reactions of
BBL-P from a thermodynamics perspective. Density functional theory (wB97XD/6-31G (d,p)) of
the dimers of the proposed structures (1 — 6) were performed to gain insights into the polymer
chain conformations as well as their free energy. The optimized geometries of 1, 2, 4, and 6
structures all exhibited completely planar chain conformation (Figures E-2) suggesting that the
formation of polaron would not introduce any detrimental torsional defects into the rigid-rod
polymer backbone.

A quantitative comparison of the driving force for each of the reduction reaction is
presented in Figure E-3. The Gibbs free energy change (AG) of all three reactions was found to
be negative indicating that the reduced products (2, 4, and 6) are thermodynamically favorable.
Furthermore, the AG value was largest for the 1 = 2 reaction (AG12 = -84 €V) meaning that the
conversion from neutral BBL-P to its reduced unprotonated form (Equation 5-1) is readily

accessible; thus, requiring a low doping potential. The AG value of the 1 - 4 reaction was
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intermediate (AGus = -67 eV) implying that the observed second reduction wave would
correspond to the reduction of protonated BBL-P at the naphthalene imine sites(Equation 5-2).
Moreover, the smallest AG value (AG = -66 eV) corresponding to the 1 - 6 conversion suggests
that protonated BBL-P at the phenazine imine sites (Equation 5-3) would be slightly harder to
reduce compared to the protonated naphthalene imine and thus require substantially negative
potentials. These findings are in excellent agreement with the experimental CV data and have
confirmed that the proposed electrochemical reduction reaction scheme of BBL-P is valid from a
thermodynamic standpoint.

5.3.3. Kinetics of Electrochemical Reduction Reactions of BBL-P.

The kinetics of each electrochemical event of BBL-P was also investigated to
quantitatively distinguish between the slow diffusion-limited and the fast surface-controlled
processes. Representative cyclic voltammograms of BBL-P with varying scan rate (v) collected
in electrolyte solution of pH ranging from 4.1 to 0.06 are shown in Figures 5-3a-j. Notably, the
voltametric responses of BBL-P showed marginal changes with increasing scan rate showing
well-resolved cathodic and anodic peaks up to 150 mV/s at all pH value. A power law is applied
to describe the electrochemical reduction kinetics:

i =av?
where i is the current, v is the scan rate, a is a constant, and b is the power-law coefficient.

The relationship between log(i) and log (v) with varying electrolyte solution pH are
shown in Figures E-4 whereby the slope of the linear fit represents the b-value. The pH-
dependence of b-value for each electrochemical reduction event is presented in Figures 5-3k-m.
In general, a b-value of 1 indicates a rapid surface-controlled pseudocapacitive electrochemical

process whereas a b-value of 0.5 represents a battery-like slow diffusion-limited process.?** 2 In
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the case of the first reduction event, average b-values of both the cathodic peak and the anodic
peak were found to gradually increase from b = 0.87 — 0.89 to near unity (b = 1.00) as the pH
values were lowered from 3.1 to 0.06 (Figure 5-3K). This result suggests that the reduction of
unprotonated BBL-P showed a dominating pseudocapacitive behavior especially in highly acidic
electrolytes. In the case of the second reduction process, the b-value exhibited a steep increase
from around 0.6 — 0.7 to 0.9 — 1.0 as the solution pH decreased from ~3 to ~2.5 (Figure 5-3I)
indicating a transition from a slow diffusion-limited process to a fast surface-limited redox
process which also coincided with the transition from region 1 to region 2 discussed earlier. The
charge storage mechanism remained to be pseudocapacitive with decreasing pH down to 0.06 as
evidenced by the relatively constant b-value around 1.0 (Figure 5-3l). The kinetics of the third
reduction process also showed a dominating pseudocapacitive behavior with average b-value
around 0.9 — 1.1 regardless of the electrolyte solution pH (Figure 5-3m). These results
collectively have suggested that the kinetics of electrochemical reduction of BBL-P can be
controlled by the electrolyte’s pH where protonation of the polymer offers an effective means to
overcome the Kinetics barrier leading to rapid reduction processes. Furthermore, the charge
storage mechanism of BBL-P follows a pseudocapacitive behavior even at high scan rate
indicating the remarkable rate capabilities of BBL-P.?*® Therefore, BBL-P ladder polymer could
be a promising electrode materials for future applications in all-polymer proton
supercapacitors®*’-2*° or proton batteries.?>0-?5

We have thus far demonstrated that the proposed electrochemical reduction reactions are
valid from a macroscopic thermo-kinetic perspective. To further our understanding of the
multiple redox states of BBL-P from a molecular level, we employed a complement of in-

operando characterization techniques as discussed in the following sections.
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Figure 5-3. (a-j) pH-dependent cyclic voltammograms of BBL-P thin films collected in 0.1M
KClag supporting electrolyte at various scan rates from 25 mV/s to 150 mV/s. (k — m)
Dependence of b-value (dI/dv) on the electrolyte pH for the first redox event (k), the second
redox event (), and the third redox event (m).

5.3.4. Spectroelectrochemistry of BBL-P Films in Aqueous Solution.

We used spectroelectrochemistry to examine the evolution of optoelectronic properties
upon electrochemical reduction as well as to probe the formation of polaron and bipolaron. The
optical absorption spectra of undoped BBL-P with varying electrolyte’s pH are shown in Figure
E-5. Even when BBL-P is protonated (pH < 3 and pH <1), the spectral shapes remain relatively
constant showing a main absorption feature centered at around 490 — 495 nm and a poorly
resolved shoulder at around 630 nm. This result suggests that neither the electronic structures nor
the polymer chain conformation were affected upon protonation, which is a unique characteristic

of rigid-rod ladder polymers.t®’
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Figure 5-4. (a) Cyclic voltammogram of BBL-P thin films in aqueous KCI electrolyte of pH
1.07 collected at a scan rate of 25 mV/s; (b — ¢) UV-Vis-NIR optical absorption spectra under
different potentials of BBL-P thin films in electrolyte of pH = 1.04; (d — e) Differential UV-Vis-
NIR optical absorption spectra under different potentials of BBL-P thin films. The baseline
spectrum was taken at +0.50V to de-dope the films prior to each doping step.

Spectroelectrochemistry of BBL-P was performed in a three-electrode configuration with
BBL-P coated on conducting transparent substrate as the working electrode, Pt mesh as the
counter electrode, and Ag/AgCI pellet as the reference electrode. The optical properties of BBL-
P thin films at various doping potentials collected in aqueous KCI electrolyte solution of pH
0.16, 1.04, and 2.43 are shown in Figures 5-4, E-6, and E-7, respectively. The points on the
voltammograms (Figures 5-4a, E-6a, and E-7a) indicate the potentials at which the films were
doped before collecting the spectra. The current was monitored to ensure that the polymer
doping has reached a steady state before optical measurements took place. We note that the
polymer films were thoroughly de-doped at +0.50V (vs. Ag/Ag*) between each doping step. In
each case, the potential was applied from negative to positive directions. The differential
absorption spectra of BBL-P thin films as a function of doping potentials and solution pH are

also shown in Figures 5-4d-e, E-6d-e, and E-7d-e. Since results obtained in electrolyte solution
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of pH 1.04 and 2.46 (Figures E-6 and E-7) are essentially snapshots of those collected in
extremely low pH regime, we will focus our discussion on the spectroelectrochemistry of BBL-P
in highly acidic electrolyte solution (pH < 1) where all three redox reactions coexist in
equilibrium (Egs. 5-1 — 5-3).

The spectral responses of BBL-P in highly acidic electrolyte (pH = 0.16) can be divided
into two potential ranges as illustrated in Figures 5-4b and 5-4c. As the applied potential
approached the first redox peak at around +0.25 V (vs. Ag/Ag") (Figure 5-4a) from +0.50V, the
n-m* transition of the ground state (Amax = 496 Nm) decreased in intensity accompanied by a new
broad absorption band in the near infrared (near-IR) region centered at 1115 nm (Figure 5-4b and
5-4d), which indicates the formation of polaron. As the applied potential was swept towards the
second redox event (E = +0.05V, vs. Ag/Ag*), a combination of progressive increase of the near-
IR absorption band (2 = 1115 nm) and gradual bleaching of the visible absorption band (1 = 496
nm) was observed (Figures 5-4b and 5-4d), which means the density of polaron increased with
increasing doping level. Within this potential range from +0.50V to +0.05V (vs. Ag/Ag*), only
one isosbestic point at around 770 nm (Figures 5-4b and 5-4d) can be observed indicating the
direct conversion of neutral to singly charged state of BBL-P. Furthermore, the density of
polaron was found to be maximized at the second redox event (E = +0.05V, vs. Ag/Ag?) as
evidenced by the highest intensity of the near-IR band (Figures 5-4d and E-8). The differential
absorption spectra also suggested that the density of polaron at the first redox event is about 2-
2.5 times lower than that of the second redox event (Figures E-8).

As the applied potential approached the third redox event (E < 0 V, vs. Ag/Ag"), the n-n*
transition of the ground state (Amax = 496 nm) was significantly bleached giving rise to two sharp

absorption bands centered at 461 nm and 640 nm. The intensity of the near-IR absorption band (4
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= 1115 nm) was also found to decrease from its maximum (Figure E-8), which suggests the
transition of singly charged polaron to multiply charged species. Indeed, three isosbestic points
at 505 nm, 580 nm, and 755 nm (Figures 5-4c and 5-4e) can be seen indicating the conversion of
singly charged to multiply charged states of BBL-P. Thus, our results have showed that the
visible absorption bands at 461 nm and 640 nm can be assigned to the absorption of multiply
charged BBL-P whereas the near-IR absorption band at 1115 nm is associated with the singly
charged BBL-P. The extremely broad absorption features of BBL-P seen at applied potentials of
-0.15 - -0.05V (vs. Ag/Ag*) (Figure 5-4c) can be explained by the coexistence of both singly and
multiply charged states leading to an overlapping of several absorption features; thus, distorting
the optical absorption spectra. As a result, both singly charged as well as multiply charged
species can charge carriers in the third redox event of BBL-P (E12 =-0.17 V, vs. Ag/AgY).

5.3.5. Coulometry of BBL-P Films as a Function of pH.

Next, we quantified the doping level by calculating the number of electrons per repeat
unit (eru) via coulometry assay, which would also enable us to also cross-check the
spectroelectrochemistry results. To avoid the effects of oxygen reduction reaction (ORR) and
overestimation of charge integration, we used the de-doping current to calculate the electron
density in the reduced BBL-P films after the optical absorption measurements.® The number of
electron per repeat unit was calculated by normalizing the total charge generated in the reduced
BBL-P films obtained by integration of the de-doping current to the number of monomers
present on the electrode following previously reported method.?®* The pH-dependence of the
doping level is shown in Figure 5-5a.

In highly acidic electrolyte (pH = 0.16), the first reduction event (E12 = + 0.25V, vs.

Ag/Ag*) resulted in a relatively low electron density with an average eru of 0.22 + 0.02. This
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means that about one electron is produced per four to five repeat unit of reduced unprotonated
BBL-P. Further decrease of doping potential led to gradual increase of the electron density
(Figure 5-5a) showing an average doping level of 0.78 £ 0.07 eru upon the second reduction
event; thus, suggesting that approximately three to four electrons are injected per four repeat
units of reduced protonated BBL-P at the naphthalene imine sites. These findings indeed
corroborate the spectroelectrochemistry results indicating that the electron density of the second
redox process is about 3-fold higher than that of the first redox reaction. At an applied potential
of -0.15V (vs. Ag/Ag*) corresponding to the third redox process, the doping level reached 1.33 +
0.07 eru which is equivalent to about five electrons are injected per four repeat units. These
results indicate that multiply charged species must exist; thus, agreeing with the optical

absorption spectroscopy results.
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Figure 5-5. (a) Evolution of doping level (number of electrons per repeat unit) as a function of
doping potential. (b) Dependence of doping level on electrolyte pH and doping potentials.

It is important to note that the electron density as a function of pH is in excellent
agreement with the observed CV and Pourbaix’s diagram presented earlier. For example, a
horizontal line representing a doping level of 0.75 eru was found to intersect the pH = 1.04 line
at -0.086 V and the pH = 2.46 line at -0.27 V, both of which are the formal potential of the

second reduction event of BBL-P in respective electrolyte solution. Using the calculated electron
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density at three different pH values, we can also interpolate and generate a heat map to illustrate
the number of electrons per repeat unit as a function of doping potentials and electrolyte pH as
shown in Figure 5-5b. The doping level of the parent BBL ladder polymer in neutral aqueous
electrolyte has been previously shown to reach 0.75 — 1.00 eru at much larger doping potentials
between -0.5 — -0.9 V (vs. Ag/Ag") depending on the polymer molecular weights and the
electrolyte.'% 2% In our case, by tuning the electrolyte’s pH value, we can achieve comparable
doping level (i.e. 0.75 — 1.00 eru) at significantly lower doping potentials suggesting that
potential BBL-P OECT devices that operate in acidic environment could have reduced threshold
voltage and lower power consumption.

5.3.6. Probing the Formation of Polaron, Polaron Pairs, and Bipolarons.

The unique optical signatures of neutral, singly charged, and multiply charged species of
BBL-P (Figure 5-6a) enable us to track their formation upon electrochemical doping and
quantitatively construct the evolution of electronic band structure as a function of doping level
(Figure 5-6b). Neutral BBL-P exhibited a medium bandgap of around 2.5 eV (Figure 5-6) which
is in good agreement with previously reported DFT results. As the polymer chains are reduced to
an intermediate doping level (0.7 — 1.0 eru) corresponding to the second redox event, singlet
polarons are formed featuring two mid-gap bands at 1.1 eV and 1.4 eV(Figure 5-6) where the
former is related to the transition from the valence band (VB) to the polaron bonding state. It is
important to highlight that the band gap remains a finite value at 0.3 eV primarily due to the
Peierls instability forbidding the formation of metallic state in one-dimensional w-conjugated
polymers. As the polymer is further reduced to very high doping level (~ 1.5 eru), the electronic
band is widened from 2.5 eV to 2.7 eV (Figures 5-6a) which agrees with the formation of

multiply charged species.®? The absorption peak at 1.9 eV (Figure 5-6a) can be assigned to the
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transition from the valence band to the anti-bonding state of the charged species; thus, implying
that the gap between the VB and the bonding state of the charged species is 0.8 eV. This result
initially seems to contradict the traditional picture where the transition from the VB to the empty
bonding state of bipolaron is higher energy than that of polarons.8 %% 256 257 However, a recent
study has suggested that strongly coupled polarons with lower energy transition or red-shifted
optical absorption could be more favorably formed in electrochemically doped poly(3-
hexylthiophene) (P3HT) depending on the experimental conditions (e.g. potential bias,
counterion size, counterion mobility, etc.).%® As a result, we assign strongly coupled polaron
pairs (triplet bipolarons) rather singlet bipolarons to be the main carriers in heavily reduced
BBL-P. Although this result is different from the reported DFT results for BBL polymer?®
whereby bipolarons are formed in heavily doped samples (> 1.3 eru), such discrepancies can be
explained by the use of single oligomer chain in DFT, overlooking the interchain electronic

coupling, solvent effects, and interaction between counterions with the polymer chains.?®
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Figure 5-6. (a) Optical signatures of singlet polarons (P), polaron pairs (PP), and singlet
bipolarons (BP); (b) Electronic band structure of different polaronic species including polaron,
bipolaron, and polaron pairs.

As mentioned earlier in the spectroelectrochemistry results, the optical absorption spectra

corresponding to the third redox event of BBL-P (1.3 eru) were severely distorted suggesting the
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coexistence of different polaronic species. We thus performed linear superpositions of the optical
signatures of polaron (P) and polaron pairs (PP) to quantify the distribution of these polaronic
species in the reduced BBL-P films. Despite varying PP:P compositions, the superimposed
spectra could only match the main electronic excitations in the visible (4 — 1.7 eV) and near-IR
(0.9 - 1.5 eV) regions and failed to capture the electronic transition at 1.6 eV (Figure E-5b). This
result suggests that there must be some electronic interactions between polarons and polaron
pairs to give rise to a new charged species with an electronic transition of 1.6 eV. Indeed, two
isosbestic points at 1.65 eV and 1.52 eV are observed which can be associated to the
transformation between PP/new species and P/new species, respectively. In other words, the
third redox process of BBL-P should consist of a ternary mixture of polaron, polaron pairs, and a
new multiply charged species.

We propose that this new multiply charged species is a singlet bipolaron arising from the
hybridization between the bonding states of polaron and polaron pairs (Figure 5-6b). The optimal
energy level distribution of polaron and polaron pairs enables the formation of two new mid-gap
bands at 0.5 eV and 1.6 eV (Figure 5-6b) where the latter is associated with the transition from
the valence band to the non-bonding state of the singlet bipolaron. Our findings have thus
provided the first experimental evidence on the coexistence of polaron, polaron pairs, and
bipolaron in n-type n-conjugated redox polymer and clearly mapped out the transition between
each polaronic species in energy space. We note that previously reported DFT calculations have
predicted the coexistence of polaron and bipolaron on the same polymer chain of BBL;?®
however, no insights were provided as to how polaron pairs can turn into bipolaron.

In summary, we have experimentally provided for the first time a complete picture of the

formation and transition of different polaronic species in the class of ladder
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poly(benzimidazobenzophenanthroline). At a low to intermediate doping level of 0.1 — 1.0 eru,
singlet polaron is the main charge carrier showing two mid-gap transitions of 1.1 eV and 1.4 eV
corresponding to the electronic transition from the valence band to the polaron bonding state and
the polaron nonbonding state, respectively. At a very high doping level of 1.5 eru, strongly
coupled polaron pairs, rather than bipolarons, are the dominating charge carriers showing a wider
bandgap accompanied by two mid-gap transitions of 0.8 eV and 1.9 eV. At an intermediate-high
doping level of ~ 1.3 eru, polaron and polaron pairs coexist in equal amount, and the
hybridization between their bonding states gives rise to singlet bipolarons; thus, a ternary
combinations of polaron, polaron pairs, and bipolarons are in equilibrium.

5.3.7. In-operando Raman spectroscopy of BBL-P Films.

We then used in-operando Raman spectroscopy to probe the structural and electronic
evolution of BBL-P upon electrochemical doping. We will similarly focus our discussion on
results obtained in solution of pH < 1 as all three redox states of BBL-P coexist in equilibrium
under this condition. The Raman spectra of BBL-P in highly acidic electrolyte (pH = 0.19) are
shown in Figure 5-7, and the close-up spectra of relevant vibrational modes are shown in Figures
5-7b—g. The Raman intensity decreased over the whole measurement ranges indicating the
formation of polaronic species upon electrochemical reduction.?> 2° The most intense Raman
vibrational modes of undoped BBL-P are located at wi = 1713 cm™, w2 = 1630 cm™, ws = 1601
cm™, ws = 1538 cm™, ws = 1385 cm™, wg = 1319 cm™, and w7 = 1157 cm™. The w1 Raman mode
can be assigned to the symmetric C=0 vibrations which gradually decreased and was completely
bleached at E < +0.05V (vs. Ag/Ag*) (Figure 5-7b). The disappearance of the w; vibrational
modes implies a very high doping level beyond 1.0 eru was obtained at more negative

potential,?>® which corroborates well with our coulometry results.
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The w, Raman mode (1630 cm™) can be assigned to the C=N stretch of the phenazine
unit?®® whereas the ws mode (1601 cm™) originates from the C=C/C-C vibrations. Upon
electrochemical doping, the ws peak intensity decreased and gradually shifted to lower frequency
(Figures 5-7c and E-10b). In particular, the ws Raman band was found at 1589 cm? (12 cm™
shift) upon the second redox reaction (E = +0.05V, vs. Ag/Ag*). The substantial frequency
decrease suggests that the polarons that are formed cause the structure to adopt a more quinoidal
character.% 2°8 281 As the polymer chains are further reduced (E = -0.15 — -0.20V, vs. Ag/Ag"),
the ws vibrational mode increased in intensity and shifted back to higher frequency centering at
1620 cm™ (Figures 5-7c and E-10b). This result implies that the strongly coupled polaron pairs
and bipolarons that are formed upon the third redox event results in a pro-benzoidal structure. As
a results, these multiply charged species would be much less delocalized compared to the singlet
polarons.

Moreover, the w, Raman band (1630 cm™) was found to progressively shift to higher
wavenumber as the applied potential was swept from positive to negative (Figure E-10a). In
particular, this vibrational mode centered at 1637 cm™ for E = +0.05V (vs. Ag/Ag*) and at 1663-
1664 cm™ for E = -0.15 — -0.20V (vs. Ag/Ag"). The significant red-shift is indicative of the
protonation of the imine bond to yield -C=N*- on both the phenazine rings and the naphthalene
rings.?®2 The higher Raman intensity and more red-shifted Raman band seen at -0.15 — -0.20V
compared to that at +0.05V suggests that the concentration of -C=N*- is higher in this reduced
form of BBL-P. We note that at low doping level (E = +0.25V, vs. Ag/Ag*), the -C=N-
vibrational mode exhibited marginal shift which means that very few number of imine sites are

protonated at this potential.
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Figure 5-7. (a) In-operando Raman spectra of BBL-P films with 532 nm excitation in the range
of 1000 — 1800 cm™ region. (b-g) Zoomed in Raman spectra of BBL-P films in the regions of (b)
1125 — 1220 cmt, (c) 1250 — 1350 cm?, (d) 1300 — 1500 cm™?, (e) 1450 — 1590 cm'?, (f) 1565 —
1680 cm™, and (g) 1670 — 1800 cm™. Raman measurements were collected from BBL-P films
coated on gold covered glass substrates as the working electrode with 0.1M KClg (pH = 0.19)
as the electrolyte, Pt mesh as the counter electrode, Ag/AgCl pellet as reference electrode

positioned away from the illuminated area.

The ws mode (1538 cm™) corresponds to the aromatic C-C and C-N skeletal vibrations.
The slight intensity decrease seen at E = +0.25V (Figure 5-7d) suggests that there are marginal

conformational changes in the polymer backbone, which makes sense given the low doping level
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(~ 0.2 eru). However, the ws Raman band was completely bleached at more negative potentials
(E < +0.05V) suggesting significant structural changes upon polaron formation.?® This finding
indeed corroborates the high doping level (> 1.0 eru) explained by coulometry earlier.

The ws mode (1385 cm™) can be assigned to the -C-N- single bond stretching.?® As the
doping level increased, the Raman intensity was found to gradually decrease, and the peak
position shifted to lower wavenumber (Figures 5-7e and E-10c). In particular, the peak shifting
can be divided into three regions where the first region (E > 0.3V) showed minimal change in
frequency, the second region (0 < E < 0.3V) featured a 4 cm™ shift, and the third region (E < 0V)
had a substantial shift of 23 cm™ (Figure E-10c). The significant peak shift of this -C-N-
vibrational mode seen in the second and third region is indicative of formation of charged
species as previously reported for polyaniline and its derivatives.?% 263 Moreover, the substantial
peak shift corroborates the formation of strongly coupled polaron pairs and bipolarons upon the
third redox reaction whereas polarons are the main charge carrier in the second redox reaction.

The ws Raman mode (1319 cm™) in undoped BBL-P can be assigned to the -C-N-
stretching of the phenazine ring. This vibrational mode was shifted to much lower energy (1285
cmt) (Figure 5-7f) which can be ascribed to the formation of radical cation segment. Lastly, the
w7 Raman mode (1157 cm™) corresponding to in-plane C-H bending was substantially upshifted
to 1179 cm™ upon the third reduction reaction (Figure 5-7g). This large decrease in vibrational
energy of this mode can be explained by the -C-H- vibrational of the radical cation segment.

In summary, our in-operando Raman spectroscopy results have provided important
structural and electronic insights of BBL-P upon electrochemical doping, all of which are found
to be in excellent agreement with spectroelectrochemistry and coulometry analyses. The first

reduction reaction of BBL-P results in minimal structural changes mainly due to the low and
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non-uniform distribution of polaron across the polymer backbone (1 electron per 4 — 5 repeat
unit). The second reduction reaction of BBL-P leads to polaron formation accompanied by
significant conformational changes featuring more quinoidal characteristics and an intermediate
concentration of protonated imine sites. The third reduction reaction of BBL-P comprised to
polaron, polaron pairs, and bipolarons induces greater structural changes showing more
benzoidal characteristics and a high concentration of protonated imine sites.

5.3.8. Proposed Schemes for BBL-P Electrochemical Reactions.

Taking all the data together, we now provide a more comprehensive scheme to explain
the multiple elusive electrochemical reduction reactions of BBL-P in acidic aqueous electrolytes.

At pH > 3, the BBL-P film remains to be unprotonated and facilely undergoes a redox
reaction to form the first reduced form (Scheme 5-3). At this stage, the doping level is rather low
featuring about 1 electron per 4 — 5 repeat unit as suggested by spectroelectrochemistry and
coulometry results. As a result, minimal changes in the structural properties are observed as
evidenced by the in-operando Raman spectroscopy analysis.

At 1 < pH < 3, part of the BBL-P film is protonated specifically at the naphthalene imine
bond which then undergoes a redox reaction at a more negative potential to form the second
reduced form. The density of polaron in this structure is shown to be around 3 — 4 electrons per 4
repeat units via spectroelectrochemistry and coulometry. In-operando Raman spectroscopy
reveals that this reduced form adopts a more quinoidal character than the undoped unprotonated

BBL-P. The molecular structure of this reduced form is thus shown in Scheme 5-4.
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Scheme 5-3. A two-proton/one-electron electrochemical doping reaction of BBL-P at pH > 3.

At pH < 1, the imine bonds of the phenazine rings are protonated, and the protonated
polymer undergoes a redox reaction to form the third reduced form at significantly more negative
potential. Multiply charged BBL-P with a high doping level of approximately 5 electrons per 4
repeat units are found via spectroelectrochemistry and coulometry. The polymer structure of this
reduced state preferentially adopts a more benzoidal character featuring large concentration of -
C=N"- sites on both the phenazine rings and the naphthalene rings. The molecular structure of
this reduced state of BBL-P is thus illustrated in Scheme 5-5.

It is important to reiterate that all three final products are formed as a result of a two-
proton/one-electron redox reaction, which is to be contrasted with commonly seen one-
proton/one-electron. The extra proton insertion to the polymer backbone implies that all reduced
products of BBL-P should have higher redox capacity and volumetric capacitance than the parent
BBL. Our results have therefore established important fundamental frameworks regarding the
electrochemical reactivity and resulting optoelectronic and structural evolution of BBL-P, all of

which are broadly applicable to future device applications.
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Scheme 5-4. A two-proton/one-electron electrochemical doping reaction of BBL-P at 1<pH<3.
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Scheme 5-5. A two-proton/one-electron electrochemical doping reaction of BBL-P at pH < 3.
5.3.9. Redox Capacity of BBL-P Films as a Function of pH and Applied Potentials.

We also explore the charge storage capability of BBL-P in acidic environment towards
future applications in organic electrochemical transistors, all-organic proton batteries, and proton
supercapacitors. The redox capacity (p) is defined as the change in volumetric charge density per
infinitesimal change of equilibrium potential relative to a reference electrode.?4 26°

_dg _4(p)
dE,q  dE,

eq
where p is the redox capacity (F/cm?®), Q is the charge stored in the electrode (C), V is the volume
of the electrode (cm?3), and Eqq is the equilibrium potential.

Using the total charge obtained from coulometry analysis, we computed the redox

capacity of BBL-P with respect to the doping potential in electrolyte of pH < 1 as shown in
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Figure 5-8a, and the heatmap showing the evolution of redox capacity as a function of both
doping potential and electrolyte pH is illustrated in Figure 5-8b. The redox capacity of BBL-P in
highly acidic electrolyte exhibited three different peaks at around +0.25V, +0.05V, and -0.15V
(vs. Ag/Ag") which coincided with the formal potential of the first, second, and third redox
event, respectively. This result makes sense since electrons are injected into the polymer films at
these potentials. Moreover, the maximum p value of BBL-P in acidic electrolyte (p = 1272
F/cm?) is significantly higher than that of the parent BBL in neutral aqueous environment (540 —
1000 F/cm?®)'8* 195 and neutral non-aqueous environment (~ 150 F/cm?®).26¢ We note that the
molecular weight of BBL-P used in this study is considered to be relatively low with an intrinsic
viscosity around 1.1 dL/g; thus, further enhanced redox capacity can be expected when higher
molecular weight sample is synthesized.!® Our results have demonstrated that the unique
molecular design of BBL-P featuring multiple basic sites with varying pKa values enables

remarkably high redox capacity upon protonation and reduction.
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Figure 5-8. (a) Evolution of redox capacity (p) and doping level (eru) of BBL-P thin films as a
function of doping potential in electrolyte of pH < 1; (b) Dependence of redox capacity of BBL-
P thin films as a function of electrolyte pH and doping potentials.

5.4. Conclusions

In conclusion, we have investigated the formation of polaron, polaron pairs, and

bipolarons in a novel polybenzimidazobenzophenanthroline) based n-type m-conjugated redox
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polymer. By means of electrochemical doping in highly acidic aqueous electrolyte, we have
showed that BBL-P can undergo three sequential acid-based coupled redox reactions featuring
unusual two-proton/one-electron transfer process. A complement of in-operando characterization
tools and macroscopic thermo-kinetic analyses were employed to explain the underlying
mechanism of electrochemical reduction as well as to elucidate the nature of charged species at
each redox event.

The first redox reaction (pKa > 3) is related to the 1H*/1e” reduction at the carbonyl
position showing a low doping level with an average one electron injected per four repeat unit
followed by a spontaneous protonation (1H*) at the phenazine imine sites. The second redox
reaction (1 < pKa < 3) is associated with the 1H*/1e" reduction at the protonated naphthalene
imine position resulting in an intermediate doping level with an average three electrons injected
per four repeat unit accompanied by further protonation (1H") at the phenazine imine. The third
redox reaction (pKa < 1) corresponds to the 1H*/1e” reduction at the protonated phenazine imine
position leading to a high doping level with an average of five electrons injected per four repeat
units, which promotes additional protonation (1H*) at the naphthalene imine sites.

At a low to intermediate doping level corresponding to the first and second redox event,
singlet polarons are the primary charge carriers that are highly delocalized along a pro-quinoidal
polymer backbone. At a higher doping level associated with the third redox event, a ternary
mixture of polarons, polaron pairs, and bipolarons coexist in equilibrium whereby bipolarons are
shown to originate from the hybridization between the bonding states of polaron and polaron
pairs. The coexistence of multiple polaronic species results in significant structural changes that
favor a more benzoidal polymer structure and large concentration of protonated imine sites.

Further increase of the doping level beyond that of the third redox event causes the singlet
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bipolarons to dissociate, and polaron pairs became the dominating charge carriers. Lastly, a
superior redox capacity (> 1000 F/cm®) is demonstrated suggesting remarkable charging
capability and tremendous potentials for future applications in organic electrochemical

transistors as well as all-polymer energy storage systems.
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Chapter 6. Conclusions and Outlook

6.1. Conclusions

Throughout this work, | have investigated factors that govern the charge transport and
photovoltaic properties of n-type semiconducting polymers and elucidated the underlying
physics towards arriving at more quantitative guidelines to molecular engineer next-generation
semiconducting polymers and organic electronic devices. The multiple projects presented in this
dissertation have tackled several long-standing challenges and shortcomings in the field of
organic electronics including molecular control over the macroscopic phase-separated
morphology of polymer blends in all-polymer solar cells, lack of understanding on the electron
transport mechanism of n-type semiconducting polymers, and large gaps in the knowledge
between fundamental electrochemical reactivity and the nature of charged species n-type m-
conjugated redox polymers.

My studies presented in Chapter 2 have addressed the overarching question: What
molecular and supramolecular factors govern the photovoltaic properties of all-polymer solar
cells (all-PSCs), which are composed of binary blends of n-type and p-type semiconducting
polymers? | have investigated several binary polymer blend systems and demonstrated that
surface energy and polymer molecular weight of the blend components have profound impacts
on the blend photophysics, charge transport, and morphology, all of which control the
photovoltaic properties of all-PSC devices.

In particular, a comparative study between PMG6:PNDIS and PM6:PNDIBS blends
presented in Chapter 2.1 shows that asymmetric surface energy between the blend components
seen in the PM6:PNDIS system would induce a thermodynamically favorable blend morphology

featuring optimal lateral thin film microstructure with large crystalline domain sizes combined
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with preferential face-on molecular orientations and vertical phase stratification. As a result, the
PMG6:PNDIS blend devices exhibited enhanced charge photogeneration, high and balanced blend
charge transport properties, suppressed charge recombination, highly efficient charge extraction
with near unity charge collection probability, and high device efficiency. In contrast, comparable
surface energies between PM6 and PNDIBS result in excessive molecular miscibility and poor
domain purity leading to suboptimal photophysical processes and much lower photovoltaic
properties.

| have also investigated the effects of polymer molecular weight on the morphology,
photophysics, charge transport, and performance of all-polymer solar cells as presented in
Chapter 2.2. The device efficiency is shown to reach a maximum value within a narrow range of
critical polymer molecular weight (M»n) between 55 — 66 kDa, which can be explained by the
highly efficient photophysical processes, combining enhanced charge photogeneration with
improved charge transport properties, and optimal morphological features showing a bi-
continuous network of 5 — 6 nm crystalline domains with predominantly face-on molecular
orientations. The drop-off in efficiency at two molecular weight extremes above and below the
critical My range is rationalized by the decreased charge carrier mobilities, formation of space-
charge region, large scale phase separation. Therefore, these results have demonstrated that
tuning of polymer molecular weight is an effective molecular engineering strategy to
concurrently optimize the morphology, photophysics, charge transport, and efficiency of all-
polymer solar cells.

Studies of how polymer chain topology and polymer chain length influence the electron
transport physics of n-type semiconducting polymers were conducted and presented in Chapter 3

and Chapter 4. Using organic field-effect transistors as the main experimental platform in
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conjunction with a model semi-flexible conjugated polymer and a model rigid-rod conjugated
polymer, | have showed completely different chain length dependent electron mobility in these
two topological classes of polymers. Various morphological characterization tools were
employed to probe the thin film microstructure whereas variable temperature measurements and
numerical modeling were used to examine the degree of energetic disorder towards
deconvoluting the underlying physics.

| showed that severe structural disorder arising from chain folding/kinks and side chain
entanglement which is intrinsic to the molecular designs of semi-flexible conjugated polymers
imposes an upper limit on their electron mobility. A maximum electron mobility can only be
achieved at a critical degree of polymerization (DPc) between 45 — 60 repeat units. The
decreased electron mobility outside DP. is rationalized by intercrystallite limitation when DP
<DP. whereas intrachain, interchain, and intracrystallite transport are factors that constrain
efficient macroscopic electron transport when DP > DP..

In contrast, the rigid-rod conjugated polymer combines suppressed structural disorder and
favorable electronic landscapes, which results in a linear increase of electron mobility with
increasing polymer chain length. Furthermore, | also discovered an exponential decay of
threshold voltage with respect to polymer chain length which has not been previously observed
in semi-flexible conjugated polymers. | demonstrated that the observed chain length dependent
threshold voltage is primarily due to reduced trap density and lower trap depth with increasing
polymer chain length. In addition, a unique trade-off of structural disorder between these two
topological classes of polymers is also highlighted.

Finally, I investigated the formation of polaron, polaron pairs, and bipolarons in a novel

phenazine substituted poly(benzimidazobenzophenanthroline) n-type =-conjugated redox
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polymer upon electrochemical doping as presented in Chapter 5. Three acid-based coupled redox
reactions featuring unusual two-proton/one-electron transfer process are observed, and the
underlying mechanism of these multiple redox states are explained both from a molecular level
and a macroscopic thermo-kinetic perspective. The nature of charged species upon
electrochemical doping is also unraveled by a complement of in-operando characterization
techniques. Up to a doping level of about one electron per repeat unit (eru), singlet polarons are
the only charge carriers that are highly delocalized along a pro-quinoidal polymer structure. As
the doping level reaches ~ 1.3 eru, singlet polarons, polaron pairs, and singlet bipolarons coexist
in equilibrium where bipolarons are shown to arise from the hybridization between the bonding
states of singlet polarons and polaron pairs. Further increase of the doping level results in
polaron pairs as the dominating charge carriers. These findings have thus contributed important
fundamental insights regarding the formation mechanism of different polaronic species in n-type
n-conjugated redox, which would be broadly applicable to various device applications (e.g.
organic electrochemical transistors, energy storage systems, and electrocatalysis).

Overall, the works presented in this dissertation have contributed new knowledge and
paved the way towards innovative advances for both the field of semiconducting polymer and the
organic electronics research community. Insights gained from these studies provide important
design guidelines to engineer the next generation of high-performing semiconducting polymer
and organic electronic devices with advanced functionalities. Further investigations should be
continued to push the boundaries of understandings of collective properties of semiconducting

polymers as well as to usher in transformative technological advances.
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6.2. Outlook

On the polymer solar cells front, despite rapid increase in the device efficiency
approaching the 20% commercialization benchmark achieved in a few systems, the device
stability including shelf stability, chemical stability, thermal stability, and operational stability,
sustainability, and large-scale processability remain to be improved in order to fully realize their
potentials. Comprehensive understandings of the thermal stability, chemical stability, and the
device operational stability under constant illumination are currently lacking. As a result, future
studies should examine the degradation mechanism of polymer solar cell devices as well as
perform accelerated lifetime measurements such that useful strategies to improve the device
stability to meet commercialization specifications can be established. Moreover, studies on the
use of non-toxic solvents such as non-halogenated solvents during device fabrication should be
prioritized. At the same time, large-area device fabrication techniques such as blade-coating,
roll-to-roll printing, and inkjet printing should be explored to ensure minimal losses in the device
efficiency and device stability during device scale-up process. In addition, given the large data
sets available from hundreds of publications, a data-driven approach can be developed to guide
the device optimization of polymer solar cells where the most crucial task would be to determine
a suitable descriptor to capture the complex nature of blend morphology.

Regarding the electron transport properties of n-type semiconducting polymers, future
studies should continue to explore the influences of intrinsic molecular and supramolecular
factors as well as extrinsic environmental factors on the electron transport properties. My results
in Chapter 4 have shown that despite its promising potential, BBL suffers from a large density of
trap states which are highly detrimental to the electron mobility and the threshold voltage in

organic field-effect transistors. Towards this end, one example studies to be done in the near
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future is to examine the effects of different trap passivation strategies on the electron transport
properties of BBL. From a polymer chemistry point of view, end-capping can be used to ensure
no unreacted polar end groups will be dangling at the end of the polymerization; thus,
minimizing the number of chemical defects. From a device engineering perspective, blending
BBL with other non-conjugated polymers to dilute the trap densities, or blending BBL with
electron-donating small molecules to fill the trap are straightforward approaches to passive the
trap sites and enhance the electron transport properties.

Although my studies have demonstrated that rigid-rod conjugated polymers are immune
from the structural disorder limited electron transport, the observable electron mobility remains
modest compared to semi-flexible naphthalene diimide based n-type semiconducting polymers.
However, the rigid-rod polymer backbone free of conformational disorder is expected to endow
large electron delocalization and high charge carrier mobility. In fact, an intrachain mobility as
high as 600 cm?/Vs has been previously reported for ladder type poly(p-phenylenes) via
microwave measurements of mobility.?5” As a result, understanding the nature of charge carriers
(electron-polaron vs. electron-bipolaron) in n-conjugated rigid-rod ladder polymer under
organic field-effect transistors (OFETSs) operation condition is critical to bridge the gap in
theoretical calculations and experimental electron mobility values. Towards this end, pulsed and
quasi-static measurements of OFET devices can be investigated in conjunction with charge
modulation spectroscopy (CMS) to examine the transient device characteristic,?®® track the
formation of charge carriers, and identify the nature of such charge carriers. Results and insights
presented in Chapter 5 can also provide some frameworks to distinguish between different

charge carrier species.
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Remarkably high redox capacity has been demonstrated for the novel n-type =-
conjugated redox polymer suggesting its promising potentials as anode materials for lithium or
proton batteries and electrocatalysts for carbon dioxide reduction. An example study that can be
carried out in the near future is to investigate the electronic conductivity, proton conductivity,
and the catalytic activity towards developing a triple-phase boundary within a single material

which is highly desirable for electrocatalysis applications.?%°
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Appendix A presents supplementary information accompanied Chapter 2, Section 2.1: Effects of

a Fluorinated Donor Polymer on the Morphology, Photophysics, and Performance of All-

Polymer Solar Cells Based on Naphthalene Diimide-Arylene Copolymer Acceptors.

Figure A-1.
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Figure A-2. Cyclic voltammograms of PM6 (a, b), PNDIS (c, d), and PNDIBS (g, f)) in 0.1 M
BusNPFg solution in acetonitrile at a scan rate of 50 mV/s.
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Figure A-4. (a, b) AFM height images and (c, d) phase images (2 um x 2 pm) of the surfaces of
PM6:PNDIS blend films processed using 0.5% DIO or 0.5% ODT as the solvent additive. The
scale bars are 500 nm. (e) Power spectra density of PM6:PNDIS blends processed using 0.5%
DIO, 0.5% ODT, and a combination of 0.25% DIO + 0.25% ODT.
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Figure A-5. AFM images (2 um x 2 um) of the surfaces of PM6:PNDIS blend films processed
from the CB:2-MeTHF co-solvent system. The scale bars are 500 nm.
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Figure A-6. J-V curves measured by the space-charge-limited current (SCLC) method and fitting
for neat films of (a) PM6, (b) PNDIS, and (c) PNDIBS.
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Figure A-7. J-V curves measured by the space-charge-limited current (SCLC) method and fitting
for PM6:PNDIS and PM6:PNDIBS blend films: hole-only devices (a, b, ¢) and electron-only

devices (d, e, f).
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Figure A-8. Contact angle measurements on neat films of PM6, PNDIS, and PNDIBS with
deionized water and oil (dilodomethane) as the wetting liquids. All neat films were thermally
annealed at 110°C for 10 min.
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Figure A-9. AFM height (a, ¢, e) and phase (b, d, f) images (2 pm x 2 pm) of the surfaces of neat
films of PNDIS (a, b), PNDIBS (c, d), and PM6 (e, f). The scale bars are 500 nm.
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Figure A-10. (a) 2D-GIWAXS images of neat donor (PM6) and acceptor (PNDIS, PNDIBS)
films. (b) In-plane (IP) line cut of neat PNDIS and PNDIBS films. (c) Out-of-plane (OOP) line
cut of neat PNDIS and PNDIBS films. (d) In-plane line cut of neat PM6 films. (e) Out-of-plane
line cut of neat PM6 films.

Table A-1. Photovoltaic Properties of PBDB-T:PNDIS and PBDB-T:PNDIBS Devices
Processed at the Same Conditions as those of PMG6:PNDIS and PM6:PNDIBS Devices,
respectively.

Blend Jsc Vo FF pCEave(a) Jsccalc.
(mA/cm?) V) (%) (mA/cm?)
PBDB-T:PNDIS 15.00 0.827 0.62 7.72 14.26

(14.81+0.48)  (0.827+0.003) (0.61+0.03) (7.46+0.27)

PBDB-T:PNDIBS  15.87 0.851 0.58 7.90 15.01
(15.60£0.26)  (0.843%0.012) (0.58+0.02) (7.57+0.29)

@ Average of over 12 devices.
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Table A-2. Detail Device Optimization of PM6:PNDIS Blends Processed from Chlorobenzene

(CB).
) " Jsc Voc PCEae®
Variable Condition (mA/em?) V) FF (%)
DA=104 11.96+011 0967+0.004 06440 31 7.45%0.40
po DASLO06 1189015 0962:0.003 06610020 755%025
‘A ratio
D:A=1:08 11754007 00960+0.003 0.645+0.036 7.28% 0.46
DA=11 11214006 00953+0.005 0.619+0.047 6.61% 052
05%DIO  12.18+028 0969+0.006 0.680+0.028 8.03 +0.54
05%DPE  12.37+0.16 0.969+0.004 0.609+0.004 7.30 % 0.02
05%CN  1078+0.36 0.968+0.005 0.651+0.029 6.81%0.52
Processing  05%ODT 1246030 0966+0.010 0.636+0.056 7.68+0.86
solvent ~ 1.0%DIO  1255+0.39 00978+0.004 0.669+0.025 8.22+0.42
additives 4 500 ODT  12.79+027 0.974+0.008 0.617 +0.052 7.71+0.87
0.5% DIO +
+ + + +
e ony 1272027 0962%0.010 0608+0.039 7.43%0.29
0.25% DIO +
+ + + +
Cosony  1299£008 0970£0.005 0.661+0.035 833+045

(a) Average PCE of 4 devices.
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Table A-3. Detail Device Optimization of PM6:PNDIBS Blends Processed from CB.

) " Jsc Voc PCEae®
Variable Condition (mA/em?) V) FF (%)
D:A=1:04 693+0.05 0.939+0.003 0.490+0.006 3.19+0.04
oA D:A=1.06 6.31+0.09 00930+0.003 0.510+0.004 2.97+0.00
(A ratio
D:A=1:08 531+0.14 0914+0.003 0.508+0.005 2.46+0.04
D:A=11 460+0.07 0907+0.003 0510+0.004 2.12+0.02
110°C
_ 10min 6.99+0.07 0.940+0.001 0.483+0.005 3.18+0.06
130°C
. : 6.95+0.11 0.926+0.001 0.485+0.012 3.17+0.07
Annealing —10min
(0]
temperature _1fgmfn 707 £031 00934+0.002 0488+0.015 3.17+0.13
175°C
] 6.03+0.24 0.915+0.004 0.478+0.026 2.64+0.23
—10min
05% DPE  7.08+0.03 0.929+0.002 0.528+0.012 3.47+0.07
_ 05%DIO  7.13+0.01 0.921+0.007 0512+0.009 3.36+0.08
Processing
solvent 0.5% CN 577+0.16 0.933+0.007 0.502+0.018 2.70+0.06
additives  0.5% ODT 6.66+0.42 0.883+0.033 0425+0.055 2.53+0.50
0.5% DIO +
+ + + +
05% ODT 6.44+0.12 0.929+0.004 0.528+0.005 3.16 +0.07

(a) Average PCE of 4 devices.
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Table A-4. Detail Device Optimization of PM6:PNDIS Blends Processed from CB:2-MeTHF
Co-Solvent.

\]SC Voc EF PC Eave(a)
(mA/cm?) (V) (%)

90:10  12.60+0.27 0.968+0.002 0.659 +0.005 8.04 +0.13
CB:2-MeTHE  80:20  12.87+0.14 0.968+0.002 0.643+0.008 8.00 +0.01
(v:v) ratio 70:30  1326+0.21 0.963+0.002 0.649 +0.004 8.29 +0.09
60:40  1361+0.18 0.966+0.003 0.612+0.001 8.04+0.13

As-cast  13.41+022 0976+0.001 0.590+0.007 7.72+0.08

Variable Condition

(o]
_ 0C  1439+061 0968+0.003 0594+0.025 8.26+0.11
Processing —10min
solvent 1100C
addifives o 14754022 0963%0.001 0603%0.00 B57+0.10
130C 14584016 0950+0.002 0.608+0.003 8.50%0.13
v 58 +0. 950 + 0, 608 + 0. 50 £0.

(a) Average PCE of 4 devices.

Table A-5. Contact Angle and Surface Energy Analysis of the Neat Polymers and the Flory-
Huggins Interaction Parameters for Blends.

Polymer  Ouater (°)  0oil ()@ z,::ﬁ;srlr:; (nrf\c;m) (mlzll P acceptor”
PM6 94.96 45.84 36.56 0.49 37.05 -
PNDIS 99.14 41.12 39.04 0.04 39.08 0.0271K
PNDIBS 90.46 46.50 36.20 1.26 37.46 0.00113K

(@) Boir is the contact angle measured using diiodomethane as the wetting liquid. (b) The
estimated Flory-Huggins interaction parameter (ydonor, acceptor) derived from the empirical

. 2 .
relation Yaonor,acceptor = K (\/Yaonor — [Yacceptor) » Where K is a constant.
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Table A-6. Summary of (100) and (010) Peaks in Both In-Plane (IP) and Out-of-Plane (OOP)
Directions in Neat Component and Blend Polymer Thin Films.

Oxy, 100y 1P daooy P Le, ooy 1P Oz (ooyoop  dqooyoop 0z (010)oop  d(010) 0OP

Polymer A A) (nm) A A) (A (A)

PM6 0.30 20.94 7.13 0.33 19.04 1.71 3.67
PNDIS 0.29 21.67 13.6 0.29 21.67 1.57 4.00
PNDIBS 0.26 24.17 11.8 - - 1.58 3.98
PM6 : PNDIS 0.29 21.67 10.5 0.32 19.64 1.71 3.67

PM6:PNDIBS 0.29 21.67 8.14 0.31 20.27 1.69 3.72
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Appendix B

Appendix B presents supplementary information accompanied Chapter 2, Section 2.2:
Elucidating Impacts of Molecular Weights on the Morphology, Charge Transport, Photophysics,
and Performance of All-Polymer Solar Cells.

B.1. Detailed Synthesis and Characterization of Monomers and PNDIBS Polymers.
Synthesis of 2,2’-biselenophene. In a 100 mL round bottom flask previously burn and purged,
add 1g (7.63 mmol. 1eq) of selenophene, 20 mL of ethyl ether and put at O °C. Then, add
dropwise 3,5 mL of n-buthyllithium (2.5M) (7.63 mmol, 1eq) and let stir for 1h while letting it
goes back to room temperature. Put the reaction at -78 °C and add 1.33 g (9.92 mmol, 1.3eq) of
CuCl, portion wise. Let stir at -78 °C for 5 minutes before letting it come back to room
temperature and stir for 16h. Add about 10 mL of ethyl ether before filtering over celite. Then,
wash with a solution of 1M HCI, 5% NaHCO3s and then water. Dry the organic phase with
Na2SQyg, filter and evaporate to obtain 543 mg (2.088 mmol) of white crystals for a yield of 55%.
(If the crystals are yellow, filter it over activated charcoal with ethyl ether). *H NMR (400 MHz,
CDCls, ppm): & 7.87(dt, 2H, J= 5.6-0.9 Hz); 7.31-7.25 (m, 2H); 7.23(dd, 2H, J = 5.5-3.8 Hz)
(Figure S1). 3C NMR (126 MHz, CDCls) § 144.77; 130.23; 129.68; 129.12; 126.72.

Synthesis of 5,5’-bistrimethylstannyl-2,2’-biselenophene. In a 100 mL round bottom flask
previously burn and purged, add 500 mg (1.92 mmol. 1eq) of 2,2’-biselenophene, 27 mL of dry
THF and put at -78 °C. Then, add dropwise 1.77 mL of n-buthyllithium (2.5M) (4.42 mmol,
2.3eq) and let stir for 2h at -78 °C and then let it goes back to room temperature for another hour.
Put the reaction at -78 °C and add 4.6 mL (4.6mmol, 2.4eq) of MesSnCl one shot. Let stir at -78
°C for 5 minutes before letting it come back to room temperature and stir for 16h. Pour the

solution on water and extract with ethyl ether. Dry the organic phase with Na>SOs, filter and
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evaporate. A recrystallization in isopropanol was performed, however this caused the
degradation of the monomer and only 47mg (0.08mmol) of yellowish crystals was obtain for a
yield of 4%. 'H NMR (400 MHz, CDCls, ppm): & 7.40-7.31(m, 6H); 0.31-0.44 (t, 24H, J=0.5
Hz). (Figure S2). 3C NMR (126 MHz, CDCls) & 138.50; 128.26; 7.90.

DHAP Synthesis of poly[[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5'-biselenophene] (PNDIBS). In a 10 mL oven dry biotage microwave vial with
a magnetic stirring bar, 189.4 mg (0.192 mmol, 1 eq) of N,N’-bis(2-octyldodecyl)-2,6-dibromo-
1,4,5,8-naphtalenediimide, 50 mg (0.192 mmol, leq) of 2,2’-biselenophene, 1.8 mg (0.0019
mmol, 1 %mol) of Pdz(dba)s, 19.6 mg (0.192 mmol, leq) of pivalic acid and 79.7 mg (0.577
mmol, 3eq) of anhydrous potassium carbonate are added. The vial was sealed and purged by
vacuum and filled with argon three times. Then, 0.4 mL of degassed dry chlorobenzene was
added and the solution stirred at room temperature for 15 min to dissolve the monomers. The vial
was placed in a preheated oil bath at 100 °C for 18 hr. The reaction was cooled at 50 °C and 20
mL of chloroform and 5 mL of o-dichlorobenzene were added prior to precipitation of the
polymer in methanol. The precipitate was filtered and Soxhlet extraction using acetone and
followed by hexanes was performed to remove catalyst residues and low molecular weight
material. Chloroform was then used to recover the polymer. The solvent was reduced to about 10
mL and precipitated into methanol, filtered through 0.45 um nylon filter and air-dried to afford
the deep blue polymer PNDIBS with a yield of 95%.

Stille Synthesis of poly[[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5'-biselenophene] (PNDIBS). In a 10 mL oven dry biotage microwave vial with
a magnetic stirring bar, 75.7 mg (0.077 mmol, 1 eq) of N,N’-bis(2-octyldodecyl)-2,6-dibromo-

1,4,5,8-naphtalenediimide, 45 mg (0.077 mmol, leq) of 5,5’-bistrimethylstannyl-2,2’-
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biselenophene, 2.46 mg (0.0027 mmol, 3.5 %mol) of Pd>(dba)s and 4.2 mg (0.0138 mmol, 18
%mol) of tri(o-tolyl)phosphine were added. The vial was sealed and purged by vacuum and
filled with argon three times. Then, 3.5 mL of degassed dry chlorobenzene was added and the
solution stirred at room temperature for 15 min to dissolve the monomers. The vial was placed in
a preheated oil bath at 120 °C for 4 days. Then 0.05mL of 2-trimethylstannylthiophene and
bromobenzene were added at 8h interval. The reaction was cooled at 50 °C and 4.5 mL of
chloroform was added prior to precipitation of the polymer in methanol. The precipitate was
filtered and Soxhlet extraction using acetone followed by hexanes was performed to remove
catalyst residues and low molecular weight material. Chloroform was then used to recover the
polymer. The solvent was reduced to about 10 mL and precipitated into methanol, filtered
through 0.45 um nylon filter and air-dried to afford the deep blue polymer PNDIBS with a yield
of 93%.

Characterizations. *H NMR spectra were recorded using a Varian AS400 in deuterated
chloroform at 298 K. Chemicals shifts were reported as & values (ppm) relative to chloroform
value of 7.26 ppm. *H spectra of the polymers were recorded on a Varian Agilent DD2 500 MHz
apparatus in 1,1,2 2-tetrachloroethane-D, at 90 °C. Number-average (Mn) and weight-average
(Mw) molecular weights were determined by size exclusion chromatography (SEC) using a high
temperature Varian Polymer Laboratories GPC220 equipped with an RI detector and a PL
BV400 HT Bridge Viscometer. The column set consists of 2 PL gel Mixed C (300 x 7.5 mm)
columns and a PL gel Mixed C guard column. The flow rate was fixed at ImL/min using 1,2,4-
trichlorobenzene (TCB) (with 0.0125% BHT wi/v) as the eluent. The temperature of the system
was set to 110 °C. The samples (2 mg) were dissolved in 2 mL of TCB in a 5 mL

chromatography vial then stirred and heated to 110 °C for 1 hour for a complete dissolution.
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Then, a filtration through a 0.45 um cellulose fiber film in a 5 mL chromatography vial lead to a
homogenous polymeric solution. Dissolution of the polymers was performed through a loop of
200 pL with a Varian Polymer Laboratories PL-SP 260VC sample preparation system. The
calibration method used to generate the reported data was the classical polystyrene method using
polystyrene narrow standards Easi-Vials PS-M from Varian Polymer Laboratories which were
dissolved in TCB. Thermogravimetric analyses (TGA) of the polymers were performed with a
TGA/SDTA 851e from Metler-Toledo. The acquisitions were recorded under argon with a 10
°C/min scan rate from 50 to 800 °C. While the Stille-prepared had a degradation temperature
(Tq) of 416°C, the DHAP-prepared polymer of similar molecular weight showed a markedly
higher Tq at 440°C. The higher thermal stability of the DHAP-prepared PNDIBS strongly
suggests minimal structural defects in the DHAP-prepared polymer compared to the Stille-
prepared one. The reported degradation temperatures (DT) correspond to a 5% mass lost. UV
vis-NIR absorption spectra were recorded using a Perkin EImer model Lambda 900 UV-Vis/near
IR spectrophotometer. Polymer solutions in chlorobenzene were spin-coated on untreated glass
substrate for solid-state absorption spectra measurements. The optical bandgap was calculated
from the onset of the absorption band.

Cyclic voltammetry. Cyclic voltammetry (CV) was performed on an EG&G Princeton Applied
Research potentiostat/galvanostat model 273A. A three-electrode cell was used where platinum
wires were used as both the working and counter electrodes. The reference electrode contained
silver/silver ions (Ag in 0.01M AgNO3 solution). The working electrodes were made by coating
the platinum wires with PNDIBS solutions and subsequently dried in oven at 65°C overnight.
The CV measurements were done in a 0.1M tetrabutylammonium hexafluorophosphate

(BusNPFs) electrolyte solution in acetonitrile, which was purged with N2 gas before use, at a
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scan rate of 50mV/s. Ferrocene was used as an internal standard. The HOMO and LUMO energy
levels were determined from the oxidation onset potential and reduction onset potential
following the equations: Ervomo = -(€Eox®™*" — Ercire+ + 4.8) and Erumo = -(EEred®™™ — Ergrer +

4.8), respectively.

Scheme B-1. General polymerization conditions for the preparation of acceptor copolymer
PNDIBS by DHAP and Stille coupling methods.

CWOHZ‘I C10H21
H17Cg Pd H4;,C
,(dba), 178
Oy N0 PivOH Ox-N~¢C N Se
Br K,CO :
DHAP QO + L N_se . OO se W70
Br Se \ / CB, 100°C
O”°N" "0 07> N"0
Kl/CSH‘l?' I\rCSH-ﬂ
C1(:'H21 C1OH21
C10H21 C10H21
H.7Cs H17Cs
O._N._O Pd,(dba), O ._N_O =\ Se
P(o-tolyl), |
still N G e Ty O O
tille . + ,-;Sn o AN CB. 120°C
O N0 O”"N" "0
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B.2. Supplementary Figures
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Figure B-1. TH NMR of 2,2’-biselenophene.

5.0
f1 (ppm)

PROTON_01 2
AR-7-191 =
[-500
[-450
.
!
J , i [~400
[-350
[-300
B () AD) 250
7.3 037
[-200
150
[-100
\
‘ ‘ Sﬂ
‘ \_ll
) i 0
™ T
g =
T e —— ‘ — — ‘ —— ——— .
0.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Figure B-2. TH NMR of 5,5’-triméthyl-2,2’-biselenophene.
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Figure B-4. Aromatic region close-up of the *H NMR of DHAP-prepared (red) and Stille-

prepared (blue) PNDIBS samples.



Figure B-5. TGA traces of PNDIBS polymer of different M, heating at 20°C/min.
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Figure B-6. Second heating and cooling DSC scans of PNDIBS of 55kDa at 10°C/min under N2

flow.
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Figure B-7. Cyclic voltammogram for reduction of PNDIBS thin film of different molecular
weights in 0.1M tetrabutylammonium hexafluorophosphate (BusNPFg) solution in acetonitrile at

a scan rate of 50 mV/s.
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Figure B-8. Cyclic voltammogram for oxidation of PNDIBS thin film of different molecular
weights in 0.1M tetrabutylammonium hexafluorophosphate (BusNPFg) solution in acetonitrile at
a scan rate of 50 mV/s.
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light intensity (Piight) for optimized PNDIBS:PBDB-T devices of various acceptor polymer
molecular weights.
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only devices and fitting for PBDB-T:PNDIBS blend films of various acceptor molecular

weights. All active layers were processed at optimal conditions.
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Figure B-14. J-V curves measured by the space-charge-limited current (SCLC) method of
electron-only devices and fitting for PBDB-T:PNDIBS blend films of various acceptor molecular
weights. All active layers were processed at optimal conditions.
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Figure B-15. (a) 2D-GIWAXS patterns and (b) 1D line cut in the in-plane (IP) and out-of-plane
(OOP) direction of neat PBDB-T film.



B.3. Supplementary Tables

208

Table B-1. Direct Hetero(Arylation) Polymerization Conditions for Different Molecular Weight

of PNDIBS Acceptor Copolymer.

Polymers (kl\él);) PDI Polymerzﬁ?)tion time
PNDIZBlSk([I)DaHAP) 21 17 3
PNDISBZSk([I)DaHAP) 59 33 16
PNDISB58k([I)DaHAP) 55 94 18
PND L;%Sk%)aHAP) 66 26 13
PNDI;)Sk([I;)aHAP) 90 3.0 20
NDIBS(OHAR) 17 5 2

Table B-2. Electron Mobility of PNDIBS Acceptor Polymer Measured via Bottom-Gate Top-

Contact OFET Architecture.

FET

Tanneal Me, ave Vithreshold
Polymer °C) (cm?/Vs) lon/lott V)
PNDIBS (DHAP) 5
21 kDa 170 0.16 4x10 26
PNDIBS (Stille) o 5
35KDa 25°C 0.04 2x10 26
PNDIBS (Stille) 170 045  1x10° 31

35kDa
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Table B-3. Charge Extraction Probability at Short-Circuit Condition and Maximum Charge
Photogeneration Rate of the Optimized PBDB-T:PNDIBS AllI-PSC Devices for Different
Acceptor Polymer Molecular Weight.

Blend Pc(ET) (%)  Gmax (Mm3s?)
PBDB-T:PNDIBS (21kDa) 97.24 1.06 x 10?8
PBDB-T:PNDIBS (52kDa) 97.48 1.14 x 10%8
PBDB-T:PNDIBS (55kDa) 94.08 1.21 x 10%®
PBDB-T:PNDIBS (66kDa) 97.25 1.10 x 10%8
PBDB-T:PNDIBS (90kDa) 89.31 1.09 x 10%8
PBDB-T:PNDIBS (127kDa) 93.69 1.09 x 10%8

Table B-4. Summary of (100) and (010) Peaks in Both In-Plane (IP) and Out-of-Plane (OOP)
Directions in Neat Component and Blend Polymer Thin Films.

Gy (A g (A

Polymer (100) IP  (010) OOP

PBDB-T 0.29 1.69
PBDB-T:PNDIBS (21kDa)  0.27 1.63
PBDB-T:PNDIBS (52kDa)  0.27 1.66
PBDB-T:PNDIBS (55kDa)  0.27 1.63
PBDB-T:PNDIBS (66kDa)  0.25 1.52
PBDB-T:PNDIBS (90kDa)  0.26 1.63

PBDB-T:PNDIBS (127kDa) 0.25 1.61
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Appendix C

Appendix C presents supplementary information accompanied Chapter 3: Unified Understanding
of Molecular Weight Dependence of Electron Transport in Naphthalene Diimide-Based n-Type

Semiconducting Polymers.
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Figure C-1. (a) Dependence of field-effect hole mobility (uret, filled symbols) and bulk hole
mobility (pscic, unfilled symbols) on number-average molecular weight (M,) of p-type
semiconducting polymers previously reported, 57 163,164,167, 170-172, 270,271 (13) Dependence of field-
effect electron mobility (urer, filled symbols) and bulk electron mobility (uscic, unfilled
symbols) on M of various n-type semiconducting polymers previously reported.3® 178-181
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Figure C-3. Output curves of n-channel bottom-gate top-contact field-effect transistors based on
PNDIBS semiconducting polymer of different number-average molecular weight (My) values: (a)
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21kDa, (b) 55kDa, (c) 66kDa, (d) 90kDa, and (e) 127kDa. These devices were fabricated and
characterized at TAIWAN TECH.
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Figure C-4. Transfer curves of n-channel bottom-gate top-contact field-effect transistors based
on PNDIBS semiconducting polymer of different number-average molecular weight (My) values:
(a) 21kDa, (b) 55kDa, (c) 66kDa, (d) 90kDa, and (e) 127kDa. These devices were fabricated and
characterized at TAIWAN TECH.
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Figure C-5. Output curves of n-channel bottom-gate top-contact field-effect transistors based on
PNDIBS semiconducting polymer of different number-average molecular weight (My) values: (a)
21kDa, (b) 55kDa, (c) 66kDa, (d) 90kDa, and (e) 127kDa. These devices were fabricated and
characterized at the University of Washington.
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Figure C-6. Transfer curves of n-channel bottom-gate top-contact field-effect transistors based
on PNDIBS semiconducting polymer of different number-average molecular weight (My) values:
(a) 21kDa, (b) 55kDa, (c) 66kDa, (d) 90kDa, and (e) 127kDa. These devices were fabricated and
characterized at the University of Washington.
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Figure C-7. J¥2-V curves measured by space-charge-limited current (SCLC) technique and
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Figure C-8. AFM height images (2 um x 2 um) of PNDIBS thin films of different number-
average molecular weight (Mn) values and estimated root-mean-square surface roughness (Rq):
(@) 21kDa (Rq = 0.97 nm), (b) 55kDa (Rq = 0.72 nm), (c) 66kDa (Rq = 0.68 nm), (d) 90kDa (Rq =
0.86 nm), and (e) 127kDa (Rq = 1.09 nm).

Figure C-9. Two-dimensional Fast Fourier-transformed (2D-FFT) images obtained from the
AFM height images of the PNDIBS thin films at different number-average molecular weights.
(a) 21kDa, (b) 55kDa, (c) 66kDa, (d) 90kDa, and (e) 127kDa.
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Figure C-10. Correlation between crystalline coherence length (L¢) and normalized mobility
(W/pmax) of different naphthalene diimide (NDI)-based conjugated polymers.3: 178180 (g) |; (010)
VS. WHmax, and (b) Lc (100) vs. W/ Umax.

Table C-1. Summary of Diffraction Peak Positions in the In-Plane (IP) and Out-of-Plane (OOP)

Directions of PNDIBS Films at Different Number-Average Molecular Weight (M) Values.

Mo ay (A gy A gy (AN q (A7)
(kDa) (100) IP  (200)IP  (300) IP  (010) OOP
21 0270 - - 1.64
55 0.255 0.53 0.77 1.59
66 0.255 0.52 0.76 1.59
90  0.248 0.51 0.74 1.55
127 0.255 0.51 0.76 1.57
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Appendix D

Appendix D presents supplementary information accompanied Chapter 4: Chain Length
Dependence of Electron Transport in an n-Type Conjugated Polymer with a Rigid-Rod Chain
Topology.

D.1. Supplementary Figures.
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Figure D-1. Dependence of charge carrier mobility on the degree of polymerization (DP) in
semi-flexible p-type polymers (a) and semi-flexible n-type polymers (b).
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Figure D-2. Dependence of inherent viscosity (#innerent) and reduced viscosity (#reduced) ON the
concentration of BBL polymer solutions. Data were linear fitted according to Equations 4-1 and

4-2 and extrapolated to near zero concentrations to determine the intrinsic viscosity ([»]) of the
polymers.
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Figure D-3. (a — d) Output curves and (e — h) transfer curves of BBL n-channel organic field-
effect transistor devices at different degree of polymerization (DP) values: (a, ) DP = 90, (b, f)
DP =133, (c, g) DP =235, (d, h) DP = 258.
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Figure D-4. Dependence of threshold voltage (V1) on degree of polymerization (DP) of semi-
flexible conjugated polymers: n-type polymers (PNDI20D-T2, PNDIBS) and p-type polymers
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Figure D-5. (a-d) AFM phase images of BBL thin films at different degree of polymerization
(DP): (a) DP =90, (b) DP =133, (c) DP = 235, (d) DP = 258; (e) Power spectral density (PSD)
profiles of BBL thin films extracted of the phase images.
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Figure D-6. (a) 2D-GIWAXS diffraction patterns of BBL thin films; (b and c) 1D line cuts of
GIWAXS patterns in the in-plane (IP) direction (b) and the out-of-plane (OOP) direction (c); (d)
Pole figure of BBL thin films at different degree of polymerization (DP) values.
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Figure D-8. Temperature dependent transfer curves of BBL transistor devices of different degree
of polymerization (DP) values: (a) DP = 90, (b) DP =133, (c) DP = 235, (d) DP = 258.
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Figure D-9. Density of states (DOS) spectra of BBL devices at different degree of
polymerization (DP): (a) DP =90, (b) DP = 133, (c) DP = 235, and (d) DP = 258. Data are fitted
to an exponential distribution to model shallow traps (ELumo — E < -0.1 eV) and gaussian
distribution to model deep traps (ELumo — E> -0.1 eV).

D.3. Supplementary Tables

Table D-1. Summary of Diffraction Peak Positions in the Out-of-Plane (g;) and In-Plane (Qxy)
Directions, d-Spacings (d), Crystalline Coherence Length (L¢), and Paracrystallinity Disorder (g)
of the (010) Diffraction Peaks for BBL Films at Different Degree of Polymerization (DP)

Values.
op oz (A™) G (AY) gy (AY) d (A) Lc (nm) 9 (%)
(100) OOP  (010) OOP  (010) IP  (010) OOP (010) OOP  (010) OOP
90 0.79 1.79 1.87 3.50 0.45 33.5
133 0.79 1.78 1.88 3.53 0.52 31.4
235 0.78 1.76 1.88 3.56 0.53 311
258 0.78 1.74 1.87 3.61 0.89 24.1
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Table D-2. Model Parameters for the Exponential Shallow Trap Distribution (Ntmp =

N, E . C _ _ (E-Ep)?
7. €XP (E—O)) and Gaussian Deep Trap Distribution (Ntmp =N; + N, exp[ o) ]) of BBL
Transistor Devices at Different Degree of Polymerization (DP) Values.
N,@ E®  Nyaon® N{@ N,© E,® c)
DP (eViem?®) (meV) (statesicm®) (eViem?®) (eViem?®) (meV) (meV)
90 3.32x10®° 496 288x10%° 1.16x10® 1.31x10%° 150.1 8.1
133 159x10%° 261 1.56x10%° 8.94x10%® 850x10° 192.0 4.3
235 157x10%° 256 1.54x10% - - - -
258 153x10%° 250 1.51x10% - - -

@®N,, pre-exponential coefficient; ®E,, width of exponential distribution; ©Nshaiow, total
concentration of trap states calculated by analytical integration of the exponential trap
distribution from -0.1 eV to 0.0 eV; N, offset coefficient of Gaussian distribution; ©Na,
amplitude of Gaussian distribution; ®E;, peak center of Gaussian distribution; @g, width of

Gaussian distribution.
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Appendix E

Appendix E presents supplementary information accompanied Chapter 5: Probing the Formation
of Polarons, Polaron Pairs, and Bipolarons in n-Type Poly(Benzimidazobenzophenanthroline)

Based n-Conjugated Redox Polymer.
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Figure E-1. Representative Pourbaix of BBL thin films in at least 0.1M KCl.q) electrolyte.
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Figure E-2. DFT calculations of the optimized ground-state molecular geometry of different
redox states of BBL-P dimers: (a) neutral BBL-P corresponding to structure 1 to Scheme 2, (b)
reduced unprotonated BBL-P corresponding to structure 2 in Scheme 2, (¢) reduced protonated
BBL-P corresponding to structure 4 in Scheme 2, and (d) reduced protonated BBL-P
corresponding to structure 6 in Scheme 2. Calculations were performed at the wB97XD/6-
31G(d,p) level of theory.
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Figure E-3. Gibbs free energy change (AG) for each acid-base coupled redox reaction of BBL-P.
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Figure E-4. Relationship between log(i) and log (v) for different redox event at various

electrolyte pH.
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Figure E-5. (a) Thin film optical absorption spectra of BBL-P in 0.1M KCI aqueous electrolyte
solution of varying pH 2.46, 1.04, and 0.16; (b) Optical absorption spectra of BBL-P thin films at
different varying composition of polaron pairs (PP) and polarons (P).
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Figure E-6. (a) Cyclic voltammogram of BBL-P thin films in aqueous KCI electrolyte of pH
2.51 collected at a scan rate of 25 mV/s; (b — ¢) UV-Vis-NIR optical absorption spectra under
different potentials of BBL-P thin films in electrolyte of pH ~ 2.5; (d — e) Differential UV-Vis-
NIR optical absorption spectra under different potentials of BBL-P thin films. The baseline
spectrum was taken at +0.50V to de-dope the films prior to each doping step.
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Figure E-7. (a) Cyclic voltammogram of BBL-P thin films in aqueous KCI electrolyte of pH
1.07 collected at a scan rate of 25 mV/s; (b — ¢) UV-Vis-NIR optical absorption spectra under
different potentials of BBL-P thin films in electrolyte of pH = 1.04; (d — e) Differential UV-Vis-
NIR optical absorption spectra under different potentials of BBL-P thin films. The baseline
spectrum was taken at +0.50V to de-dope the films prior to each doping step.
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Figure E-8. Dependence of differential absorbance of BBL-P in electrolyte of pH < 1 on doping
potential at selected wavelength: (a) 1115 nm and (b) 461 nm and 640 nm.
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Figure E-9. In-operando Raman spectra of BBL-P films collected in 0.1M KClq) electrolyte of
varying pH value: (a) pH = 1.99, and (b) pH = 2.80. Raman measurements were collected using
532 nm excitation with BBL-P films coated on gold covered glass substrates as the working
electrode, Pt mesh as the counter electrode, Ag/AgCI pellet as reference electrode positioned
away from the illuminated area.
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Figure E-10. (a) Evolution of Raman frequency and Raman intensity associated with the C=N
vibrational mode as a function of doping potential; (b) Evolution of Raman frequency and
Raman intensity associated with the C=C/C-C breathing of the naphthalene ring as a function of
doping potential; (c) Raman signatures of singly charged species (polaron) and multiply charged

species (coupled polaron pairs).
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