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Gaining control over conjugated polymer
morphology to improve the performance
of organic electronics

Nadzeya A. Kukhta® and Christine K. Luscombe () *°

Conjugated polymers (CPs) are widely used in various domains of organic electronics. However, the
performance of organic electronic devices can be variable due to the lack of precise predictive control
over the polymer microstructure. While the chemical structure of CPs is important, CP microstructure
also plays an important role in determining the charge-transport, optical and mechanical properties
suitable for a target device. Understanding the interplay between CP microstructure and the resulting
properties, as well as predicting and targeting specific polymer morphologies, would allow current
comprehension of organic electronic device performance to be improved and potentially enable
more facile device optimization and fabrication. In this Feature Article, we highlight the importance of
investigating CP microstructure, discuss previous developments in the field, and provide an overview
of the key aspects of the CP microstructure-property relationship, carried out in our group over
recent years.
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1. Introduction

1.1. The importance of microstructure research in the
growing field of organic electronics

Consumer electronics has greatly advanced over recent decades.
The urge for more facile, sustainable, and cost-efficient manu-
facturing of electronic devices has led to advances in organic
semiconductors. In turn, endowing organic electronic devices
with conformability, flexibility and stretchability calls for choos-
ing macromolecules over small molecules for device fabrication
in such applications as organic photovoltaics (OPVs), organic
light-emitting diodes (OLEDs), organic field-effect transistors
(OFETs)." As a result, developing functional semiconducting
CPs is at the forefront of organic electronics research due to their
superior mechanical characteristics compared to small mole-
cules and suitability for solution casting fabrication methods.*®
Furthermore, the unique ability of certain CPs to uptake electro-
lyte solution and conduct ions alongside electrons/holes enables
their application in organic electrochemical transistors (OECTs),
which is useful in various bioelectronic devices, such as tissue
monitoring, molecular and ionic sensing.”™" Last but not
least, considerable advancements have been demonstrated in
the development of stretchable and conformable CPs toward
implementation in biomedical devices, wearable consumer
electronics, and large-area mechanically soft OPVs, OLEDs, and
OFETs.">™1°

In all of these applications, a trade-off between a material’s
charge mobility, conductivity, mechanical deformability, device
stability, and reproducibility exists. To achieve this trade-off, an
understanding of the structure-property relationship in CPs is
necessary.'” In the case of CPs, it is not only the chemical
structure, geometry, and appropriate energy levels that deter-
mine a material’s properties, but also polymer morphology,
dictated by the interchain interactions and polymer microstruc-
ture, as well as the processing method (Fig. 1a). Generally, CP
microstructure can be classified into (i) amorphous, featuring
completely disordered chains (e.g. phenylenevinylene-based
polymers);'® (ii) partially ordered, exhibiting short- and medium-
range order and preferential grain boundary orientation (donor-
acceptor (D-A) polymers, e.g. indacenodithiophene-based CPs);'**°
(iif) semicrystalline, consisting of large crystalline regions
(10-1000 nm), alternating with disordered amorphous areas
(e.g. regioregular poly(3-hexylthiophene) (P3HT)*") (Scheme 1).>>
While crystalline regions reveal additional orientations with
respect to the substrate (edge-on and face-on), amorphous zones
demonstrate a variety of polymer chain conformations. The latter
include tie chains connecting crystalline regions, loops, folds, and
loose chain ends.”*?*

A variety of CPs’ microstructures within a device’s active layer is
responsible for governing the macroscopic device performances.>*
Therefore, it is essential to study the microstructure-property
relationship and develop strategies to control molecular packing
and film morphology."” In-depth investigation of CP aggrega-
tion, crystallization behaviors, and phase transitions alongside
developing new experimental and computational microstructure
characterization will help address these limitations.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Microstructural features in CPs. Reproduced with permission
from Wiley.2° (b) Morphological changes along with associated hole and
ion transport in PEDOT:PSS (Scheme 1). The arrows correspond to the
intracrystalline hole transport. Reproduced with permission from Springer
Nature.?® (c) Strain-induced microstructural changes in a semicrystalline
polymer. Reproduced with permission from Elsevier.?”

The effect of CP microstructure on charge transport. As
charge transport underpins the performance of organic electro-
nic devices, it is important to understand this phenomenon for
CPs. Charge carrier (hole, electron) hopping is the mechanism
of charge transport in semicrystalline CPs.”®*° The fastest
charge mobility occurs along the conjugated backbone. Intra-
chain n-n stacking is a much slower phenomenon. Poor trans-
port takes place via limited n-orbital overlapping along the side
chain direction."” Charge transport is determined by chain
rigidity, intermolecular n-n stacking, backbone conformational
disorder, and chain orientation. Charge carrier movement
generally occurs in the crystalline areas of semicrystalline
CPs, aided by solid-state packing and altered energy levels
(higher HOMO level and lower LUMO level) compared to the
disordered zones.***! As a result of solid-state packing, charge
delocalization along the stacking axis (lamellae direction) is
preferred.>” In amorphous regions, charge transport occurs via
tie chains - long polymer chains connecting ordered zones.
As such, a high tie chain ratio in amorphous materials leads to
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Scheme 1 Chemical structures of the polymers discussed in Section 1.

improved charge transport in CP films (Fig. 1a)."”** The
intrinsic structural anisotropy and polymer chain defects cause
non-coherent charge transport, making measuring and predic-
ting charge mobility challenging.*® On the contrary, highly
ordered regioregular CPs tend to reveal high charge mobility.
For instance, regioregular P3HT has emerged as the most widely
investigated CP, reaching mobility above 0.1 ecm® V' s'.3>3¢
Nevertheless, the decrease in charge mobility in conforma-
tionally disordered regions, can be alleviated by using CPs
with higher molecular weight and smaller dispersity. It is
important to mention though, that while the presence of
crystalline regions has been considered to be important for
semicrystalline CPs, recently reported rigid amorphous D-A
CPs go against this trend.>**73®

The effect of CP microstructure on mixed ionic and electronic
conductivity. In the case of polymeric mixed ionic-electronic
conductors (MIECs), the electronic charge-transporting aspects
of CPs are coupled with volumetrically injected ionic charges.
As a result of tight ionic-electronic coupling, mixed transport
in doped CPs depends largely on the morphology, in addition
to the polymer’s chemical structure. The surrounding medium
is known to control the transport of solvated ions. Hence, ion
motion is connected both to the electrolyte viscosity and
neighboring macromolecules’ motions. As segmental motion
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is generally associated with disordered regions, ionic transport
is believed to take place via migrating through the electrolyte-
swollen amorphous regions of a semicrystalline polymer (Fig. 1b).*
A certain degree of CP chain flexibility is necessary to facilitate
ion movement. For instance, dynamic conformational changes,
such as dihedral angle fluctuations between the ethylenedioxy
rings on poly(3,4-ethylenedioxythiophene) (PEDOT) (Scheme 1),
might lead to changes in direction for coordinating sites
in response to adjacent cations, particularly in amorphous
regions.*® Upon electrolyte uptake, the CP begins to swell, while
the chain plasticizes and chain movement increases. That is
beneficial for ion injection and transport. To retain feasible
electronic transport, a large portion of tie chains is needed to
maintain interdomain contacts and related charge transport.**!
Keeping that in mind, studying and predicting swollen polymer
microstructure is exceptionally important to foretell the asso-
ciated OECT performance.

The effect of CP microstructure on mechanical properties.
Polymer microstructure also plays an important role in deter-
mining mechanical properties. Upon stretching a flexible semi-
crystalline polymer, firstly the amorphous region deforms. That
is followed by lamellae separation, cavity formation, and even-
tual lamellae fracture.*> At low temperatures, chain movement
is restricted, hence, brittle semicrystalline materials tend
to fracture faster at low temperatures. On the contrary, chain
flexibility increases at elevated temperatures. Upon strain,
a polymer shows the initial elastic behaviour, followed even-
tually by plastic deformation, as the chains are uncoiled and
crystalline lamellae are separated (Fig. 1c)."”?” In the case of
a CP, deformability is governed both by a rigid conjugated
backbone and flexible side chains. That results in complex
behavior. Molecular weight is one way to influence mechanical
properties. For instance, while low molecular weight P3HT has
a high degree of crystallinity and is brittle as a result, its high
molecular weight analogue exhibits high elastic modulus owing
to chain entanglement.”* Understanding CP microstructure is
essential for elucidating the interplay between mechanical and
electronic properties, which is a crucial aspect for stretchable
electronics applications. Polymer chemical structure has
a significant impact on mechanical and thermomechanical
characteristics. Thus, a nearly amorphous D-A indacenodithio-
phene-cobenzothiadiazole (IDTBT, Scheme 1) polymer revealed
superior mobility of 0.6-1 ecm® V™' s™' under 100% strain.*’
However, many features in the microstructure-mechanical
properties relationship remain unclear.**

1.2. State-of-the-art of the CP microstructure research

Multiple research groups have directed their efforts towards
the microstructure-property relationship over recent years.
Generally, developments in the field of CP microstructure have
focused on two main facets: (i) a thorough understanding of CP
microstructure; (ii) improving microstructure control. The tools
used for both include modification of the chemical structure,
establishment of new molecular design rules, physical methods
to control the microstructure, and sophisticated computa-
tional techniques to predict the morphology and elucidate

This journal is © The Royal Society of Chemistry 2022
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structure-property interplays.***>*® Some selected findings
made over the recent 3 years in the field are discussed below.

Investigating and controlling CP microstructure through
modification of the chemical structure. Understanding the
mechanism of CP crystallization kinetics from solution to solid
state is necessary to underpin and control solid-state CP
microstructure. Nevertheless, uncovering the crystallization
dynamics remains challenging due to the complex molecular
interactions in CPs. Zheng et al. elucidated the relationship
between the interchain interactions, crystallization kinetics,
and CP microstructure. The authors have reported controlling
solution-state aggregation, crystallization, and related charge
mobility by fine-tuning polymer microstructure through side-
chain engineering. Investigating benzodifurandione-based
oligo(p-phenylene vinylene) (BDOPV, Scheme 1) derivatives
with varied alkyl chains showed how side chains regulate
solution-state aggregation and the ratios of crystalline and
amorphous domains in CP thin films and nanowires. Interest-
ingly, branched chains with branching points further from the
backbone formed larger crystalline zones. This resulted in
electron mobility surpassing 10 cm® V' s, confirming side
chains’ effect on CPs’ intrachain arrangement in both solution
and solid states.*” This work was one of the first to relate side-
chain composition modulated solution-state aggregation in
CPs with charge transporting characteristics.

Balanced mechanical properties and charge mobility con-
stitute essential properties of field-effect transistor (FET) mem-
ory devices. However, there is just a handful of CP molecular
designs, utilizing a side-chain engineering approach to achieve
charge-storage capability and stretchability simultaneously.
Yen and co-workers investigated intrinsically stretchable dike-
topyrrolopyrrole (DPP)-based semiconducting polymer DPPSi-AN
(Scheme 1), featuring aryl-decorated side chains. Here, incorpor-
ating anthracene moieties into the side chains typically reduced
polymer crystallinity and enabled electron trapping. Alternatively,
carbosilane side chains introduced more free volume into the
space. These molecular modifications stabilized hole mobility
(0.029 cm® V' 57" with 53% preservation at 60% tensile strain)
and introduced memory-stretchability, desirable for nonvolatile
transistor-type memory devices. Superior memory performance
was attributed to the incorporation of the anthracene moiety,
whose energy levels are conducive to electron trapping and
improving hole back-trapping. Additionally, mechanical durabil-
ity was achieved via microstructure control through side-chain
decoration. This work points out that achieving superior intrinsic
stretchability and controlling memory-stretchability properties
can be enabled by fine-tuning CP crystallinity and judicious
choice of side-chain pendants.*®

The connection between the nature of the side-chain and CP
microstructure was further examined by Feng et al. In the case
of OPVs, high charge mobility is often associated with moder-
ately high crystallinity of the active layer. To address this issue,
the authors prepared a series of double-cable CPs featuring
perylene bisimide units (PBIs) as electron acceptors, connected
to the thiophene-based electron donor backbone via flexible
linkers. Further, nanostructure evolution and stacking manner

This journal is © The Royal Society of Chemistry 2022
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between the backbone and the PBI fragments were studied.
Feng et al. have demonstrated the impact of linker length on
lamellae stacking, which subsequently influences charge mobi-
lity and OSC performance. Nanostructural evolution arising
from the length of a flexible alkyl linker, connecting the
pendant perylene bisimide units with the thiophene-based CP
backbone was investigated. Thus, 14+ carbon atoms in a linker
were suggested to be necessary to achieve H-aggregation in the
reported CP system to form well-ordered nanostructures. These
nanostructures decreased geminate recombination loss chan-
nels and increased free carrier generation efficiency, leading to
high photovoltaic efficiency of 7.3%. This work has confirmed
the importance of nanostructures on the OSC performance
owing to the balance of charge transport and exciton separation.
Double-cable CPs were shown to be promising candidates for
highly crystalline CPs with tunable morphology and nano-
structure.*

The impact of polymer molecular weight on microstructure,
mechanical and electrical properties has also been studied.
Through the examination of a series of diketopyrrolopyrrole-
based PDPPT3 (Scheme 1) polymers with molecular weight
from 8 to 151 kg mol™', Pei and co-workers showed that
relatively high density of tie chains and moderate entanglement
lead to optimum crystallinity, considerably high elastic modulus,
medium crack-onset strain (CoS) and high mobility. The polymer
with a moderate number-average molecular weight of 88 kg mol *
exhibits the highest elastic modulus and the best hole mobility.
These superior characteristics were ascribed to the molecular
order, moderate number of entanglements, and continuity of
aggregated domains, as revealed by Grazing-Incidence Wide-
Angle X-ray Scattering (GIWAXS) and Atomic Force Microscopy
(AFM) analysis.”® While CPs with the highest molecular weight
are generally more advantageous for stretchable devices, a large
number of entanglements at high molecular weight severely
decreases charge mobility. The authors have shown that the
moderate molecular weight of a CP is crucial to achieving
highly stretchable hight-mobility transistors. This work offered
valuable guidelines for balancing electrical and mechanical
properties in organic semiconductors.

The existence of critical molecular weight on mechanical
properties of CPs was further confirmed by Choi et al
By investigating the correlation between the molecular weight,
solution entanglement, and film microstructures for a series
of D-A thiophene and naphthalene bisimide copolymers
P(NDI2OD-T2) (Scheme 1), it was shown that both electron
mobility and CoS depend on tie chain density. While charge
mobility was found to increase with molecular weight and tie
chain number, the opposite relationship was uncovered for
CoS, suggesting that the microstructures of high molecular
weight polymers with adequate entanglements are promising
for mechanically robust semiconducting films.>"

Different side chains are also widely used to control the
characteristics of OECTs. Volumetric charging of CP electrodes
in aqueous electrolytes can be successfully realized through
hydrophilic side chains attached to the CP backbone. This
approach is known to be conducive to fast electrochemical
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charging in water solutions. Nevertheless, the relationship
between the degree of water uptake by CPs whilst electro-
chemical charging, on the one hand, and the electrode stability,
on the other hand, remained unclear. This was especially valid
for the electron-transporting CPs. Szumska et al. have suggested
that alternating hydrophilic and hydrophobic side chains on
naphthalenetetracarboxylic diimide and bithiophene-based poly-
mers (NDI-T2) (Scheme 1) enables controllable electrolyte uptake
and related polymer swelling, as well as reversible red-ox behavior.
This was shown to lead to the crucial stability of n-type OMIECs in
aqueous media, highlighting the importance of molecular design
on electrochemical stability.>>

Investigating and controlling CP microstructure involving
physical methods. Alongside chemical structure modification,
many physical methods have been recently employed to control
CP microstructure. CP mechanical properties determine the
stability and manufacturability of organic electronics devices.
The stability, in turn, is being associated with modulus and
toughness. These properties are affected by the CP solid
film morphology, which depends on the processing method.
However, the majority of previous studies employed spin-
coating, which is not susceptible to large-area manufacturing
as the depositing method. In search of a better method for
large-area deposition, Lipomi’s group compared the mechanical
and charge transporting properties of regioregular poly(3-
heptylthiophene) (P3HpT) (Scheme 1) films, prepared by various
methods: interfacial spreading, solution shearing, spray coating,
and spin coating. Employing GIXRD and UV-Vis spectroscopy, the
researchers were able to discover that the mechanical properties
of the CP film are commanded by the free volume and surface
topography. According to the authors, all methods except for spin-
coating, have the potential to be utilized in roll-to-roll manu-
facturing. In particular, interfacially spread P3HpT revealed the
best deformability and the highest charge mobility as compared
to other methods.™

As was discussed previously, understanding crystallization
kinetics and examining packing structures is important for
controlling CP microstructure. However, both crystallization
speed and the effect of the pre-existing microstructural features
on CP crystallization have long remained unclear because of
strong inter- and intrachain interactions. Therefore, Luo et al.
exploited ultrafast scanning calorimetry (FSC) to investigate the
crystallization dynamics in DPP-based polymers. According
to the authors, the two-step crystallization process allows con-
trolling the degree of crystallinity in CPs and, consequently,
manipulating charge mobility is possible. The chain backbone
rigidity and the pre-existing crystalline microstructures were
proven to affect the crystallization rate of the polymer chains.
The crystallization rate increased by over an order of magni-
tude during the first-step crystallization at the same level of
undercooling. Thermal characterization showed that higher
crystallinity can be achieved during thermal annealing.
That, in turn, leads to higher charge mobility. Overall, the
authors have demonstrated that FSC is a plausible method
for probing ultrafast crystallization kinetics and examining CP
microstructure.>*
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Comprehension of CP conformation and aggregation in a
solution state is useful for controlling the CP properties during
solution processing. However, a precise description of solution-
state aggregates has not been reported yet. Therefore, Diao and
co-workers employed small-angle X-ray scattering (SAXS) in
conjunction with SEM and AFM imaging for a thorough analysis
of CP freeze-dried solutions. Isoindigo-bithiophene based CP
(PII-2T) (Scheme 1) was chosen as a model system for detailed
investigation. To elucidate the picture of solution-state aggrega-
tion, the authors developed two models to explain D-A polymer
scattering. The first model is based on the contribution of two
semiflexible cylinders capable of capturing a lamellar peak. The
second model takes the hierarchical aggregation of CP chains
into fibrils into account. Both models agreed well with freeze-
dried imaging results. The second model, in particular, helped
to relate the occurrence of a structure factor peak in SAXS data to
the stacking of CP side chains within the fibrils. The researchers
further checked their assumptions on other D-A CPs with
different scattering features to prove the generality of their
models. Overall, this study presented SAXS along with direct
freeze-dried imaging and described scattering models as a
viable method to analyse complicated scattering of D-A CPs.
Furthermore, these results are expected to ease the comprehen-
sion of CP solution-state conformation and aggregation, which
would potentially allow controlling CP structure while solution
processing.>®

The magnetic field also presents feasible opportunities to
control morphology. The method to achieve highly ordered CP
films by horizontal rotation in a high magnetic field (HR-HMF)
has been recently described by Pan and co-workers. The n-type
polymer P(NDI20OD-T2) (Scheme 1) was aligned out-of-plane
utilizing horizontal rotation. As a result, an increase from 72%
to 98.2% face-on lamellar texture along with a 1.6-fold increase
of the n—= stacking crystalline correlation length and an 18-fold
enhancement of electron mobility were observed. Of note,
magnetic alignment has hardly been used for CPs previously
due to insufficient understanding of magnetic response char-
acteristics and sophistication of chemical structures. Therefore,
with this work, Pan and co-workers have proven the viability of
the HR-HMF method for the achievement of high out-of-plane
CP orientation and consequently, high CP charge mobility.>®

Aiming to improve the understanding of CP chain rearran-
gement into ordered structures, Chen’s group suggested com-
bining solvent vapor annealing (SVA), real-time AFM, and
fluorescence spectroscopy to investigate the morphology of
P3HT and para-phenylene ethynylene (PPE) films. Fluorescence
spectroscopy is sensitive to changes in intrachain coupling
during swelling and restacking. In turn, AFM aids to reveal
post-stacking structural information. Hence, the combination
of these real-time methods during the polymer SVA allowed
for studying CP morphologies on the mesoscopic scale.
These findings suggest that spectroscopically monitoring
polymer structures in real-time, followed by morphological
characterization utilizing AFM during SVA could improve the
current understanding of CP chain rearrangement into ordered
structures.””

This journal is © The Royal Society of Chemistry 2022
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Striving for the crystalline morphology to enhance charge
mobility, Wand and co-workers employed epitaxial crystalli-
zation of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]-
dithiophene)-ait-4,7(2,1,3 benzothiadiazole)] (PCPDTBT,
Scheme 1) on oriented polyethylene (PE) substrates combined
with 1,8-diiodooctane (DIO) addition. As a result of these
manipulations highly oriented films with a m-stacked form
revealed superior carrier mobility (2.1 x 1072 em® V' s77)
measured along the direction of PCPDTBT chains. This mobi-
lity proved to be 76 times higher than that measured in
the perpendicular direction of molecular chains. This work
presented an undemanding method, namely epitaxial crystal-
lization, for managing the crystalline forms of CPs, which
would allow for the fabrication of large-area OFETs and OPVs
with controlled microstructure.®®

Understanding CP morphology is critical for apprehending
the ion motion in MIECs. While typically the ion movement
during gating is considered, the shifting of neutral ion pairs is
rarely taken into consideration. Notably, device speed could be
potentially improved if mobile ion pairs are taken up by the
semiconductor before gating (passive uptake). In their work,
Salleo, Chabinyc, Segalman, McCulloch, and co-workers examined
the effects of passive ion uptake on the dynamic and structure of
poly(2-(3,3-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'bithio-
phen]-5-yl)thieno[3,2-b]thiophene), p(g2T-TT) (Scheme 1). Devices
with mobile ion pairs, based on gels permeated with ionic
liquids, were compared to the ones with immobile ion pairs,
utilizing polymerized ionic liquid. According to the XPS data,
passive ion pair uptake from the gel to p(g2T-TT) was detected
in the first case. In turn, the polymerized ionic liquid was found
to prevent the uptake in the second case. X-Ray scattering
further confirmed irreversible morphological changes in the
lamellar ordering of p(g2T-TT) upon absorbing ion pairs. In situ
Raman spectroscopy revealed that both cations and anions get
reorganized in a swollen film during gating. Finally, the
researchers showed that the speed of MIEC-based neuro-
morphic devices could be fine-tuned through the control of
electrolyte ion movement. This work highlights the importance
of investigating ion movement in MIECs and contributes to the
comprehension of MIEC doping mechanism.>

Investigating and predicting CP microstructure using com-
putational techniques. Recently, computational chemistry and
artificial intelligence have been brought to the forefront of
microstructure-property relationship research. For example,
Lemaur et al. investigated charge mobility in IDTBT polymer
using a combination of molecular mechanics/molecular
dynamics (MM/MD). The authors discovered that hole trans-
port in this polymer occurs mainly along its backbone. That
consequently suggests a small number of slow intermolecular
charge hops, due to the lack of close interactions between
the polymer skeletons in the most disordered IDTBT phase.
Therefore, the authors have concluded, that it is the resilience
to thermal fluctuations of the backbone twists, as well as the
nature of side chains, that impact charge mobility in this
polymer. This work highlighted the importance of a thorough
investigation of CP geometry-charge-transporting properties
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interplay and suggested that high crystallinity and chain pla-
narity are not compulsory to promote high charge mobilities.*

As polymer chain length has a direct impact on the resultant
morphology, Zozoulenko’s group has utilized the MD method
to explore simultaneous crystallization of PEDOT at various
polymerization temperatures. It was found that while the for-
mation of crystallites starts during the polymerization phase,
the crystallization occurs whilst evaporation. Hence, a certain
control over the polymer chain length and the dry film mor-
phology was suggested to be possible through the variation
of the polymerization and evaporation temperatures. These
findings spotlight the importance of applying computational
methods, such as MD ‘“‘computational microscopy”, on inves-
tigating CP chain lengths and polymer morphology. In parti-
cular, in the case of PEDOT these data cannot be obtained by
other means.*

1.3. Motivation for the current study

From the discussion above, it can be seen that a multitude of
meaningful contributions towards a deeper understanding of
the microstructure-property relationships has been reported in
the CP community. Furthermore, various pieces of the puzzle in
terms of understanding the interplay between CP microstruc-
ture and resulting properties can be collected while investigat-
ing copious applications of CPs simultaneously and focusing
both on uncovering and controlling polymer microstructure.
With these considerations in mind, this feature article aims to
provide an overview of the developments in our group, directed
at comprehension and command of CP microstructure in many
electronic applications. Based on the analysis of published
literature and our contribution, the outlook on the future
progression of the field will be introduced.

2. Key aspects of the recent research
in the Luscombe group

2.1. Understanding and control of the
microstructure-property relationship in OFETs

As mentioned previously, active layer morphology impacts the
device performance of thin-film electronics.®® Therefore, a
thorough understanding and control over the morphological
parameters are necessary to ensure the adequate performance
of CP-based devices. While the majority of research has been
dedicated to testing the microstructure-property relationships
in thin-film devices post-device fabrication, less has been done
to predict and finely control the morphology a priori.®>* With
this motivation in mind, our group has focused on the detailed
investigation of CP solid-state morphology. We also took con-
formational freedom of polymer chains and intermolecular
forces governed mesoscale structuring into consideration.
P3HT is a workhorse in the field of solution-processable
thin-film electronic devices due to its semicrystalline lamellar
microstructure, resulting from favourable n-n interactions, and
adequate optoelectronic properties, and the ease of precise
synthesis.®*®* In the case of the CPs in general and P3HT in
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particular, control over the microstructure can be achieved
through the synthetic control of regioregularity and defects.
Attracted by the low cost and multiple applications of P3HT,
and armed with extensive expertise in the synthesis of regiore-
gular P3HT, our group has directed significant attention to
examining and controlling the microstructure of P3HT. Follow-
ing up on the original report of controlled externally initiated
polymerization toward regioregular (RR) P3HT by Bronstein
and Luscombe,® allowing for a high level of synthetic control,
the effect of regioregularity on charge carrier transport in P3HT
nanowires was investigated by Mazzio et al.®” Through the
comparison of a series of P3HT with 93-99% regioregularity
in both thin-film and nanowire transistors, it was established
that minor differences in RR, and specifically, higher RR led to
a polymer backbone planarity increase, thus correlating
with enhanced charge carrier mobility (4-fold increase for the
examined RR percentage). In particular, X-ray diffraction and
AFM indicated the elongation of the structural coherence in the
longitudinal direction, 010, with increasing RR. Due to the
relationship between the structural coherence and the average
size of crystallites, longer coherence is expected to decrease
the number of grain boundary scattering sites. Consequently,
charge mobility can be enhanced. Additionally, intrachain order
enhancement with regioregularity was confirmed by the obser-
vation of J-aggregates, which was shown by the red-shift and
intensity increase of the 0-0 UV-Vis absorption peak (Fig. 2).57%®

Despite the notable improvement of synthetic precision over
the recent years, defects in the chemical structures, hence, the
defects in crystal lattices of CPs, remain unavoidable.®®® As a
result, predictive comprehension of the CP morphology and
optoelectronic device performance has been difficult to reach.
To address this limitation, Tatum et al. suggested a path to
quantify the regio-defect tolerance in the crystal lattice of
P3HT.”° The authors investigated the effect of strategically
incorporated defects, such as bulky bromine atoms and bulky
aromatic toluene units, on structural coherence and short-
range order of the P3HT crystal lattice. While the possibility
of incorporating defects into CP crystal lattice was uncovered,
exclusion of the defects by the lattice was found to be preferred.
Furthermore, the introduction of the bulky regio-defects was
revealed to lessen short-range order and exacerbate the electro-
nic properties of the polymer. However, the authors noted that
incorporation of the m-rn stacking end groups (e.g., toluene)
could be beneficial for crystal growth and long-range order
promotion, alleviating crystal lattice disruption (Fig. 3). It was
further established, that the enthalpy of fusion for the crystal
can be increased by up to 20% via tuning the CP molecular
weight to an integer multiple to the observed width of the
crystal lamellae. That, consequently, promotes the expulsion of
the end groups from the crystal structure. The major takeaway
message of this work is the control of the long-range order of
the CP lattice via precise synthetic defect incorporation. The
long-range order is crucial for such applications as OFET and
OPV, where morphology and crystallinity can directly affect the
devi