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ABSTRACT: The assembly of conjugated organic molecules from solution to solid-state
plays a critical role in determining the thin film morphology and optoelectronic properties of
solution-processed organic electronics and photovoltaics. During evaporative solution
processing, π-conjugated systems can assemble via various forms of intermolecular
interactions, forming distinct aggregate structures that can drastically tune the charge
transport landscape in the solid-state. In blend systems composed of donor polymer and
acceptor molecules, assembly of neat materials couples with phase separation and
crystallization processes, leading to complex phase transition pathways which govern the
blend film morphology. In this review, we provide an in-depth review of molecular assembly
processes in neat conjugated polymers and nonfullerene small molecule acceptors and
discuss their impact on the thin film morphology and optoelectronic properties. We then
shift our focus to blend systems relevant to organic solar cells and discuss the fundamentals
of phase transition and highlight how the assembly of neat materials and processing
conditions can affect blend morphology and device performance.

CONTENTS

1. Introduction 8396
1.1. Fundamental Optoelectronic Properties of π-

Conjugated Materials and Their Relation to
Multiscale Morphology 8398

1.1.1. Hole and Electron Transport 8398
1.1.2. Light Absorption 8401
1.1.3. Exciton Behavior 8402

1.2. Device Properties of OSCs and Their Relation
to the Microstructures 8404

1.2.1. Crystallinity 8405
1.2.2. Domain Size and Purity 8405
1.2.3. Molecular Orientation 8406
1.2.4. Vertical Phase Separation 8407

1.3. Stability of π-Conjugated Materials and
Blends 8407

1.3.1. Photostability 8407
1.3.2. Morphological Stability 8408

2. Assembly of Polymers 8410
2.1. Conformation of Conjugated Polymers 8410

2.1.1. Conformation Dependence on Back-
bone, Side Chain, and Solvent 8411

2.1.2. Characterization of Chain Conformation
in Solution 8414

2.2. Primary Solution-State Aggregates 8415

2.2.1. Inducing Primary Aggregation in Sol-
ution 8415

2.2.2. Understanding the Detailed Solution-
State Aggregate Structures 8417

2.2.3. Characterization of Primary Solution-
State Aggregate Structures 8423

2.3. Secondary Solution-State Structures 8423
2.3.1. Secondary Networks 8423
2.3.2. Lyotropic Liquid Crystalline Phases 8425
2.3.3. Characterization of Secondary Solution-

State Structures 8427
2.4. Impact of Conformation, Primary, and Sec-

ondary Aggregate Structures on Film Mor-
phology 8427

2.4.1. Role of Molecular Conformation 8427
2.4.2. Role of Primary Solution-State Aggre-

gates 8429

Received: December 28, 2022
Published: June 5, 2023

Reviewpubs.acs.org/CR

© 2023 American Chemical Society
8395

https://doi.org/10.1021/acs.chemrev.2c00905
Chem. Rev. 2023, 123, 8395−8487

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 IL

LI
N

O
IS

 U
R

B
A

N
A

-C
H

A
M

PA
IG

N
 o

n 
Fe

br
ua

ry
 1

0,
 2

02
4 

at
 2

2:
20

:1
4 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/page/virtual-collections.html?journal=chreay&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Azzaya+Khasbaatar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong-Hoon+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gonzalo+Campillo-Alvarado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changhyun+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+N.+Onusaitis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+N.+Onusaitis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Diao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrev.2c00905&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00905?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00905?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00905?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00905?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/chreay/123/13?ref=pdf
https://pubs.acs.org/toc/chreay/123/13?ref=pdf
https://pubs.acs.org/toc/chreay/123/13?ref=pdf
https://pubs.acs.org/toc/chreay/123/13?ref=pdf
pubs.acs.org/CR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/CR?ref=pdf
https://pubs.acs.org/CR?ref=pdf


2.4.3. Role of Secondary Solution-State Struc-
tures 8432

3. Assembly of NFA 8434
3.1. Structural Features and Assembly Control of

Neat NFAs 8435
3.1.1. Crystallographic Landscape of NFAs 8435
3.1.2. Backbone Engineering 8436
3.1.3. End-Capping Group Engineering 8438
3.1.4. Side Chain Engineering 8438
3.1.5. Halogenation and Single-Atom Substi-

tution 8438
3.1.6. Polymorphism in NFAs 8438

3.2. Structure−Property Relationships in Major
NFA Series 8441

3.2.1. PDI Series 8441
3.2.2. ITIC Series and A−D−A type Acceptors 8441
3.2.3. IDTBR Series 8444
3.2.4. Y Series and A−DA′D−A type Acceptors 8444

4. Assembly of Polymers and NFA in the Blend 8444
4.1. Fundamentals of Crystallization and Phase

Separation Processes and Their Impact on
the Blend Film Morphology 8445

4.1.1. Fundamentals of Crystallization 8445
4.1.2. Fundamentals of Phase Separation 8448
4.1.3. Effect of Phase Separation and Crystal-

lization Pathways on the Blend Film
Morphology 8450

4.2. Impact of Assembly Processes and Process-
ing Conditions on BHJ Morphology and
Device Properties 8452

4.2.1. Impact of Donor Polymer Assembly 8452
4.2.2. Impact of NFA Assembly 8455
4.2.3. Impact of Relative Aggregation and

Miscibility between Donor Polymers
and NFAs 8457

4.2.4. Impact of Processing Conditions 8460
5. Summary and Outlook 8466

5.1. Assembly of Conjugated Polymers 8466
5.2. Assembly of NFAs 8467
5.3. Assembly of Polymers and NFAs in the Blend 8467
5.4. Data Science Driven Approaches 8467

Author Information 8468
Corresponding Author 8468
Authors 8468
Author Contributions 8468
Notes 8468
Biographies 8468

Acknowledgments 8469
References 8469

1. INTRODUCTION
The discovery of the semiconducting property of organic
molecules dates back to the year 1950 when Akamatu and
Inokuchi found the resistivity of violanthrone to decrease with
increased temperature due to the semiconducting nature of the
material.1,2 Following this breakthrough, electroluminescent
molecular crystals and conducting polymers were introduced in
the 1960−1970s ushering a new era in the field of organic
electronics.3 In particular, the breakthrough in 1977 by
Shirakawa, Heeger, and MacDiarmid, later awarded the Nobel
Prize in 2000,4 demonstrated that the conductivity of
polyacetylene can be enhanced by ten million times when

doped with iodine, nearly matching the conductivity of
metals.5,6 These scientific discoveries in the field have inspired
many researchers to pursue fundamental and applied research
and led to the development of the first organic solar cells
(OSCs) and organic field-effect transistors (OFETs) in the
1980s.7−9 These technological advancements, in addition to
many others from the past 70 years, have paved the way to the
rapid progress of organic electronic devices including OFETs,
OSCs, and organic light-emitting diodes (OLEDs) which have
already become a multibillion dollar industry today.10 OFETs
and OSCs are also nearing commercialization and offer many
unique advantages over their inorganic counterparts, such as
solution processability at ambient conditions, flexibility,
foldability, and transparency, which could lead to many more
emerging new technologies that one could imagine.
The first OFET device, which utilized polythiophene as the

active semiconducting material with a charge carrier mobility of
10−5 cm2 V−1 s−1, was introduced in 1987.9 Since then, the
charge carrier mobility of OFETs has increased over 6 orders of
magnitude owing to materials and processing innovations. The
main property which allows conjugated organic molecules to
transport electronic charge is their conjugation along the
backbone, which causes delocalization of electrons, allowing
efficient charge transport. Charge transport also occurs between
different molecules connected via van der Waals interactions,
particularly π−π stacking, which is highly sensitive to
intermolecular packing in the solid-state. This π−π stacking
interaction plays a crucial role in the charge transport of
conjugated organic materials, leading to a significant enhance-
ment of charge carrier mobility. Although material design has
enabled a drastic improvement in the device performance of
OFETs, recent studies have emphasized the importance of thin
film morphology and microstructures on the charge carrier
mobility of OFETs.11 Since most organic electronic devices are
fabricated by solution processing, understanding molecular
assembly processes is, therefore, crucial for controlling the thin
film morphology of OFETs. The molecular assembly of
conjugated organic molecules, however, can be highly complex,
involving various possible assembly pathways traversing multi-
ple length scales. In Figure 1(top), we show various assembly
pathways for conjugated polymers discussed in this review:
single polymer chains of various conformations form primary
and secondary aggregates in solution during evaporative
assembly which ultimately determine the thin film morphology.
Conjugated polymers are typically aggregated in solution,
leading to primary solution-state aggregates driven by π−π
interactions between polymer backbones and/or London-
dispersion interactions between alkyl side chains. Studies have
shown that these solution-state aggregates strongly affect the
neat film morphology and electronic properties of OFETs.12,13

In particular, solution aggregation can enhance thin film
crystallinity,14,15 in-plane alignment,12,15,16 and tune out-of-
plane molecular orientation,17,18 leading to improved charge
carrier mobilities as compared to nonaggregated solutions.
However, not all solution-state aggregates are conducive to
improving the film morphology, and different types of primary
aggregates can lead to distinct morphologies and electronic
properties.16,19 Besides primary aggregate structures, secondary
structures can form during solvent evaporation, such as liquid
crystals (LCs) and fiber network aggregates which ultimately
template the final film morphology and device properties of
organic electronic devices.
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As for OSCs, they were first introduced in 1986 by Tang and
co-workers and have rapidly progressed from exhibiting less than
1% efficiency to over 19% efficiency for a single junction cell
today.8,20−22 This drastic progress can be associated with several
pioneering works, starting from the invention of bulk
heterojunction (BHJ) structures exhibiting interpenetrating
network-like morphology from a phase-segregated mixture of
two semiconducting polymers.23,24 This structure has been
adopted to overcome the short exciton diffusion length
(typically, ≈10 nm) and low charge carrier mobility of organic

semiconductors.25 The BHJ structure and the development of
fullerene based electron acceptor26 have since driven the field,
steadily increasing the efficiency of OSCs to ∼12% by 2016.27

Since 2017, polymer donor and nonfullerene acceptor (NFA)
based OSCs have begun to outperform fullerene based OSCs,28

shifting the focus of the research community toward molecular
design of NFA based OSCs. The rapid development of NFAs
has boosted the efficiency of OSCs to over 19% only within the
past few years.20−22 Compared to fullerene-based acceptors, one
of the key advantages of NFAs is their easily tunable energy

Figure 1. Schematic representations of assembly pathways of neat polymers and polymer/small molecule blends. Top panel: Neat polymer assembly.
The single-strand polymer conformation is largely affected by the overall stiffness quantified by its persistence length lp, which is further dictated by the
chain linearity and planarity. Polymers readily aggregate in ink solution with possible primary structures including 1-D fiber, 2-D lamellae, and 3-D
networks as suggested by the current body of literature. Primary structures may further assemble into secondary liquid crystals or gel networks driven
by concentration during evaporative assembly. The overall solution-state assembly significantly impacts the thin-filmmorphology including alignment,
molecular orientation, and (para)crystallinity. Bottom panel: Assembly pathway of polymer/small molecule blends. The initial mixed one-phase
solution containing the donor polymer and small molecule acceptor undergoes solid−liquid or liquid−liquid phase separation depending on the
miscibility of the donor and acceptor materials. Following the phase separation is further aggregation of the donor polymer and crystallization of the
small molecule leading to the distinct phase-separated blend morphologies largely determined by the phase separation and assembly processes.
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levels, leading to higher open-circuit voltages (VOC) than those
of fullerene-based devices.29 NFAs can also be tailored to
broaden the absorption range in the visible and near-infrared
range, which is essential for achieving high short-circuit current
density (JSC). Another key advantage for the tunable molecular
design of NFAs is the ability to control the morphology,
particularly the crystallinity, molecular packing and orientation
which drastically influence the charge transport properties in
OSCs.29−31 Besides acceptor molecules, donor polymer design
is also critical for the blend film morphology and device
properties.32,33 Similar to OFETs, the morphology of OSCs is
also critical for the device performance and stability of OSCs,
which is in turn determined by the molecular assembly of donor
and acceptor molecules from solution to solid-state during
processing. However, in OSCs, where the donor and acceptor
materials are blended, the BHJ morphology is not only
dependent on the assembly properties of the neat materials
but also on their miscibility, relative rate of aggregation and
crystallization behaviors, and processing conditions.34,35 Figure
1 (bottom) illustrates how the miscibility between the donor
and acceptor materials can lead to two types of phase separation
pathways, liquid−liquid (L−L) and solid−liquid (S−L) phase
separation. The interplay between phase separation processes
and molecular assembly pathways, thus, ultimately determine
the BHJ morphology of OSCs.
In this review, we will provide an in-depth summary of

molecular assembly processes of neat conjugated polymers, neat
NFAs, and their blends during evaporative solution processing,
and we will provide insights into how these assembly processes
impact the solid-state morphology and (opto)electronic proper-
ties in both OFETs and OSCs. Before discussing the molecular
assembly pathways, we will first review how multiscale
morphology of OFETs and OSCs influence their optoelectronic
properties and device performance. In the subsequent sections,
we will discuss how molecular assembly pathways of conjugated
polymers, NFAs, and blend systems determine these multiscale
morphologies and device properties. Finally, we will provide a
summary and an outlook in Section 5, emphasizing challenges
and future directions for understanding molecular assembly
pathways, highlighting the need for machine-learning-guided

high-throughput experimentations to develop the structure−
property relationship in organic electronics.
1.1. Fundamental Optoelectronic Properties of
π-Conjugated Materials and Their Relation to Multiscale
Morphology

In this section, we will briefly summarize how morphology of π-
conjugated materials at different levels (molecular, mesoscale,
andmacroscale) affect their optoelectronic properties. As shown
in Figure 2, conjugated polymers typically exhibit a hierarchical
morphology, which encompasses conformation (planarity,
linearity) and intermolecular packing (π−π and lamellar
stacking) at molecular scale, crystalline domain size, orientation
and connectivity at mesoscale, and alignment and (para)-
crystallinity at macroscale. This multiscale morphology plays a
critical role in determining the optoelectronic properties of these
materials in neat domains. In this section, we will specifically
focus on how morphology affects charge transport, light
absorption, and exciton diffusion (Figure 2). For a more
comprehensive discussion of electronic and optoelectronic
properties of conjugated polymers, we refer readers to other
excellent reviews.36−39

1.1.1. Hole and Electron Transport. In this section, our
primary focus will be on discussing how the multiscale
morphology of conjugated polymers relates to their charge
transport properties. For a discussion on charge transport in
small molecule crystals, we refer readers to several outstanding
reviews.37,38,40 Charge transport process is essential for
conjugated polymer-based devices which rely on efficient
movement of charge carriers (holes or electrons) through the
polymer material to generate sufficient electrical current. For
example, in OFETs, the field-effect mobility (μ) is one of the
most important parameters to benchmark the electrical
properties of the channel materials, which is crucial for fast
device operation and overall device performance.41 In OSCs,
upon exciton dissociation, high and balanced electron and hole
mobilities are essential for efficient charge transport in blend
films and subsequent collection at electrodes, and slow or
inefficient transport can lead to a loss of energy and reduced
device efficiency.42 In OLEDs, the charge carrier mobility serves
as an important parameter affecting the efficiency, brightness,
and lifetime of the devices.43,44 In organic electrochemical

Figure 2. Schematic representation of the impact of film morphology on the photophysical processes in conjugated polymers. (Top) A typical
semicrystalline morphology of conjugated polymers. (Bottom) (Left) Stiffer chain conformation conducive to higher absorbance. (Middle) Higher
crystallinity leading to longer exciton diffusion length. (Right) Charge carrier transport in amorphous and semicrystalline polymers.
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transistors (OECTs), the charge carrier mobility of the channel
materials jointly determines the device transconductance and
thus the overall OECT signal amplification.45,46 Therefore,
understanding the charge transport process in conjugated
polymers and its relationship to solid-state morphology is
imperative to optimize the performance of a wide range of
devices in a controlled fashion.

Due to the presence of complex, hierarchical morphology,
charge transport in conjugated polymers takes place at multiple
length scales.36,37,39 At molecular scale, transport relies on
delocalization of π-electrons along the backbones (intrachain)
and between the chains (interchain) (Figure 3a) and chain
conformation is the determining factor that dictates the
transport properties. It is well-known that intrachain charge
transport is sensitively affected by the planarity defined by the

Figure 3. Important factors that govern the charge transport property. a) Charge transport processes at different length scales in a semicrystalline thin
film comprising edge-on regioregular P3HT. b) Chemical structure of IDTBT and PBTTT polymers (top) and their calculated gas-phase torsion
potentials (bottom). For PBTTT, the potential for torsion between thiophene and thienothiophene units is shown. c) Simulations of the backbone
conformation of IDTBT and PBTTT in side-chain-disordered and noninterdigitated structures. d) Schematic illustration of amorphous and
semicrystalline packing structure of IDTBT and PBTTT, respectively. e) Representative motifs of molecular orientation for semiconducting polymers
with respective to the substrate surface. f) Schematic illustration of semicrystalline polymer films with nonorientated and orientated domains. Figure
reproduced with permission from ref 77, Copyright 2015 American Chemical Society (a); ref 50, Copyright Springer Nature (b-top, d); ref 49,
Copyright 2020 Springer Nature (b-bottom, c); ref 78, Copyright 2015 Elsevier (e); ref 72, Copyright 2018 John Wiley and Sons (f).
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relative dihedral angles of monomers of the conjugated
backbone: overlap of neighboring carbon p-orbitals along the
chain needs to be maximized for efficient transport; if adjacent
monomers are twisted from coplanarity, p-orbital overlap is
reduced giving rise to charge trapping. An intrachain mobility
close to 600 cm2 V−1 s−1 has been demonstrated in ladder-type
poly(p-phenylenes) where the neighboring phenylene mono-
mers are restricted to a planar geometry by a bridging carbon
atom.47 Similarly, the intermolecular transport requires p-orbital
overlap among the neighboring chains dictated by intermo-
lecular ordering via π−π stacking; a planar backbone
conformation is conducive to strong cofacial stacking max-
imizing the orbital overlap.36 The importance of chain
conformation (i.e., rigidity) for charge transport is further
amplified by recent research on donor−acceptor (D−A)
polymers with alternating electron-rich and electron-deficient
units along the polymer backbone. Compared to the traditional
thiophene-based conjugated polymers such as poly(3-hexylth-
iophene) (P3HT) and PBTTT, modern D−A polymers feature
more rigid fused-ring building blocks. Those D−A polymers
show certain degree of crystalline order as revealed by X-ray
diffraction, but they are in general less crystalline than
thiophene-based polymers: most D−A polymers show fewer
observable, high-order diffraction peaks compared to PBTTT,
and the peaks are usually broader, suggesting a higher degree of
paracrystalline disorder (g ≈ 10−15%) compared to P3HT/
PBTTT (g ≈ 6−8%).41,48 However, compared to P3HT/
PBTTT which typically exhibit mobilities up to 0.1−1 cm2 V−1

s−1 inOFET,D−A polymers show significantly highermobilities
which commonly exceed 1 cm2 V−1 s−1 and can reach up to ∼20
cm2 V−1 s−1.37,41 This is in part attributable to the more rigid
backbone of D−A polymers which is more resilient to disorder
critical to efficient intrachain charge transport.37 For instance,
the indacenothiophene-benzothiadiazole (IDTBT) copolymers
consist of extended rigid, fused-ring conjugated units which are
connected by only a few torsion-susceptible linkages (Figure
3b).49 Besides, the linkages exhibit steep torsion potentials
(Figure 3b) due to a H-bond between the N atom of the
benzothiadiazole and α-H atom of the adjacent indacenodithio-
phene.50 As a result, in the solution-state, high planarity gives
exceptionally high persistence length of lp = 131 nm,51 which is
significantly higher than that of regioregular P3HT (lp ≈ 3 nm)52

and PBTTT (lp = 9 nm).53 In solid-state, IDTBT exhibits a
largely torsion-free, planar backbone conformation as demon-
strated by Venkateshvaran and Sirringhaus et al. using quantum
chemical and molecular dynamic (MD) calculations.49 The
backbone planarity is also evidenced by pressure-dependent
Raman spectroscopy which shows the absence of pressure
dependence of the stretching mode on IDT and BT units,
indicating the IDTBT backbone is highly planar in the solid-
state. Owing to the superior backbone rigidity, all molecular sites
are thermally accessible in IDTBT shown in temperature-
dependent transistor measurements and field-effect-modulated
Seebeck measurements.49 Moreover, the IDTBT backbone is
highly disorder-resilient (Figure 3c): IDTBT adopts remarkably
planar (torsion angle of 5.2 ± 4.0°), largely torsion-free
backbone even in the presence of simulated side chain disorder.
The PBTTT chains, in contrast, exhibit a twisted backbone with
a broader range of torsion angles (27.2 ± 14.6°). Owing to its
highly rigid chain conformation, IDTBT exhibits an OFET
mobility of 3.6 cm2 V−1 s−1, despite its quasi-amorphous nature
without detectable long-range order (Figure 3d).54

At mesoscale (typically tens of nanometers), for torsional
polymers (e.g., P3HT and PBTTT), efficient charge transport
requires a high degree of crystallinity with sufficient crystalline
domain connectivity and usually benefits from a preferential
edge-on orientation for OFETs36 and face-on orientation for
OSCs. Crystalline domains usually feature a longer conjugation
length and improved intermolecular coupling compared to
amorphous regions, and thus provide efficient charge transport
pathways (Figure 3a).37 Therefore, a boost in charge-carrier
mobility is usually observed concomitantly with increased film
crystallinity through controlling the solution-state struc-
tures.14−16,19,55−58 The semicrystalline nature of most con-
jugated polymers, however, sets an injection barrier as charges
traverse from crystallites into intercrystallite amorphous
regions.37,39 This barrier, together with the inherently low
charge-transport efficiency imparted by amorphous micro-
structures, can significantly reduce charge-transport efficiency.37

Therefore, establishing percolation of charge transport between
crystallites through tie-chains is crucial (Figure 3a).59 It has been
suggested that effective percolation requires the crystallites/
aggregates to be separated at a short distance on the order of the
persistence length of the tie chains.60 Meanwhile, several studies
have shown a rigid backbone conformation featuring high
persistence lengths indeed facilitates charge percolation through
the formation of tie-chains.36,59,61 Therefore, backbone rigidity
is also important for achieving charge percolation at mesoscale.
Moreover, as charge transport mainly occurs along the
conjugated backbone and π-stacking direction and is essentially
absent along the lamellar stacking direction, an edge-on
backbone orientation can facilitate the in-plane migration of
charge carriers and consequently give rise to high device
performance for OFETs (Figure 3e).18,36,62,63 An early work by
Sirringhaus and co-workers has demonstrated that P3HT films
showing preferentially edge-on molecular orientation exhibit
OFET mobilities 3 orders of magnitude higher than those with
crystallites that are preferentially oriented face-on.64 Controlling
the solution-state aggregation enables tuning molecular
orientation in corresponding films and consequently improving
OFET transport properties.15,17,18,62 For example, Li, Müllen,
and Pisula et al. have obtained a two orders of magnitude
increase in OFET mobility for difluorobenzothiadiazole-based
polymers when tuning the molecular orientation from face- to
edge-on by enhancing aggregation extent in solution;18 Chen
and Frećhet et al. have increased hole mobility of PDPP3F from
0.56 to 2.25 cm2 V−1 s−1 by changing orientation from face- to
edge-on through replacing the branched (2-butyloctyl) to a
more aggregating, linear (n-hexadecyl) side chain, although the
concomitant increase in crystallinity may also contribute to
mobility enhancement.15 In some cases, a face-on/edge-on
bimodal orientation is preferable due to the formation of three-
dimensional charge-transport pathways that efficiently boost
transistor performance.62,65−70 As we shall discuss in Section 2,
tuning solution-state aggregation enables delicate control over
the face-on/edge-on ratio,15,17,67,71 which can potentially lead to
an optimal bimodal distribution.67 On the other hand, a
preferential face-on orientation is desirable for devices requiring
high levels of out-of-plane transport, such as OSCs (detailed in
Section 1.2) and light emitting diodes.63

At larger length scales (hundreds of nanometers to micro-
meters), charge transport can benefit from long-range ordering,
where uniaxially aligned polymers adopt a rigid conformation. It
has been reported that highly aligned films give rise to a
significant improvement in charge carrier mobility.72 For
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instance, Tseng and Heeger et al. have acquired an exceptionally
high hole mobility of 23.7 cm2 V−1 s−1 from PCDTPT films
owing to long-range alignment obtained by slow solution drying
in tunnels atop nanogrooved substrates.73 Jimison and Salleo et
al. have suggested that in-plane alignment of P3HT produces
relatively straight polymer chains, which results in gradual, low-
angle grain boundaries in the alignment direction.74 This
consequently increases the coherence of crystallite orientations
and reduces abrupt backbone direction shifts that occur at grain
boundaries, leading to higher mobility along the alignment
direction (Figure 3f).74 This is consistent with the observation
by Crossland and Ludwigs et al. that a sharp reduction in P3HT
OFET mobility is obtained when increasing the nonaligned
grain boundaries using a self-seeding crystallization method.75

O’Connor and Rumbles et al. have further demonstrated that
the improved charge transport of P3HT along the alignment
direction can be ascribed to preferentially aligned tie-chains at
grain boundaries.76 This is inferred from the fact that the
macroscopic charge-transport anisotropy in highly aligned
P3HT films is substantially higher than the local charge-
transport anisotropy. Further removal of aligned tie chains
through thermal annealing results in sharp grains and thus leads
to an order of magnitude drop in OFET mobility. Given the
significant impact of polymer unidirectional alignment on
charge-transport properties, a wide array of approaches has

been developed to achieve highly aligned polymer films.73 In
Section 2, we will delve into the details of how exerting precise
control over solution-state aggregation and promoting the
formation of lyotropic liquid crystals can serve as promising
strategies for achieving highly aligned thin film morphology.

1.1.2. Light Absorption. The optical absorption of π-
conjugated materials is critical to the performance of organic
optoelectronic devices. For example, the first photophysical
process in OSCs is the absorption of photons from the incident
light in both donor and acceptor phases, which is the primary
step toward charge generation that is strongly related to the
short-circuit current JSC of OSC devices.79,80 Organic photo-
detectors with a higher absorption coefficient can exhibit higher
responsivity and sensitivity during the conversion of light energy
into a detectable electrical signal.46

The optical absorption strength of π-conjugated molecules
has proven to be strongly correlated with the molecular
conformation.79−82 Several studies have shown that highly
absorbing molecules usually possess a planar, linear molecular
conformation due to enhanced oscillator strength ( f), giving a
higher absorption coefficient.79,80 Assuming a random orienta-
tion of transition dipoles relative to the direction of exciting
electromagnetic field, f (for an electronic transition from state |i⟩
of energy Ei to state |j⟩ of energy Ej) can be defined as79

Figure 4.Conformation−light absorption relationship. a) Normalized oscillator strength f1 of the lowest energy transition as a function of the number
of π-electronsNπ for several oligomers with all-trans linear conformation (left) and all-cis curved conformation. b) Schematic illustration of backbone
planarity for isoindigo-bithiophene based polymer PII2T printed in different regimes. c) PII2T film absorption coefficient (α) as a function of printing
speed. All α values are obtained at ∼720 nm corresponding to the 0−0 transition and are normalized by that of film printed at 0.1 mm/s. Figure
reproduced with permission from ref 79, Copyright 2016 Springer Nature (a); ref 83, Copyright 2019 American Association for the Advancement of
Science (b, c).
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whereme is the mass of electron, ℏ is the Planck’s constant,mij =
e⟨j|r|̂i⟩ is the transition dipole with electronic charge e and
position operator r.̂ f can be further related to the linear
absorption coefficient α through the imaginary part of the
complex dielectric function (ε = ε1 + iε2):
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where c is the speed of light in vacuum, ω is the angular
frequency of light, Nm stands for the volume density of
monomers from which f is calculated. Therefore, a higher
oscillator strength f is conducive to enhancing the absorption
strength. Demonstrated by Vezie and Nelson et al., the linearity
of the polymer backbone, which is dictated by relative
population of trans and cis conformers, can significantly impact
the absorption by affecting the oscillator strength f of the
electronic transition.79 Figure 4a shows the calculated oscillator
strength in the lowest-energy transition ( f1) of several oligomers
as a function of the number of π-electrons (Nπ) controlled by the
oligomer length. To decipher its dependence on linearity, the
calculation is performed with all-trans linear and all-cis curved
conformation. All polymer systems show an initial rising of f1
with Nπ, which is ascribed to an increase in polarizability with
oligomer length. At large Nπ, however, the f1 values of all-trans
oligomers reach a plateau whereas those of all-cis oligomers
decrease with Nπ upon reaching a maximum regardless of the
chemical versatility of the oligomers. This decrease in oscillator
strength and thus loss in absorption is ascribed to the oligomer
curvature along the backbone rooted in an all-cis conformation.
In reality, however, many conformers coexist with chain end-to-
end distance residing between the all-trans and all-cis limits. The
relative distribution of trans and cis conformations is registered
in the persistence length. By comparing over 40 conjugated
polymers, the authors have found that polymers with a relatively
longer persistence length show remarkably high optical
absorption in the visible range. Specifically, the thieno[3,2-
b]thiphene-diketopyrrolopyrrole (DPP-TT-T) polymer exhib-
its the highest theoretical persistence length among the
polymers studied in this work due to a preference for trans
alignment, relatively long monomer, and high coplanarity. As a
result, this polymer shows an optical absorption strength much
higher than the typical values observed for conjugated polymers.
In addition to linearity, planarity also contributes to chain
stiffness and is crucial to absorption strength of conjugated
polymers. Our recent study has shown that, by achieving flow-
induced planarization of PII-2T D−A polymer, a 6-fold increase
in α value is obtained in thin films with planarized backbones
compared to those composed of twisted polymer chains (Figure
4b, c).83 The correlation between high absorption strength and
planar/linear conformation also applies to smaller π-conjugated
molecules like NFAs.80−82 For instance, Yan and Nelson et al.
have investigated the absorption strength of NFAs using a
database of time-dependent density functional theory
(TDDFT) calculations of ∼500 π-conjugated molecules.80

They have identified that the linearity and planarity of the NFAs
are strongly correlated with the absorption coefficient. Besides, a
fully conjugated backbone with more polarizable heteroatoms is
also conducive to high absorption strength.

In addition to single chain conformation, several other factors,
such as molecular weight (MW), crystallinity, and types of
aggregation, have been observed to impact the absorption of
conjugated polymers. Vezie and Nelson et al. have found that a
higher MW of the polymer results in a higher absorption
coefficient in solution.79 They surmised that the MW increases
the relative fraction of linear conformers due to the increased
strength of chain−chain interactions for high MW polymers.
Additionally, the chain planarity in high MW polymers can be
another factor contributing to stronger absorption due to
aggregation-induced chain planarization.84 Zhokhavets and
Ambacher et al. have shown that the optical absorption of
P3HT/PCBM films increases with P3HT crystallinity.85

Although not explained by the authors, the enhanced absorption
in films with high crystallinity likely results from a larger fraction
of planarized chain within crystalline domains. Besides, the
absorption profile can be influenced by various types of
aggregation. For instances, the ratio of 0−0 and 0−1 vibronic
peaks are sensitively affected by H vs J aggregation depending on
the dominance of intrachain or interchain exitonic coupling;86

the absorption range can be tuned by controlling the
polymorphism of the aggregates as ordered polymorphs can
exhibit a low-energy absorption peak that is not present in
disordered aggregates.87

1.1.3. Exciton Behavior. Understanding the exciton
behavior including generation, diffusion, dissociation, and
recombination is also crucial for improving the performance of
organic optoelectronic devices such as OSCs, OLEDs, organic
photodetectors, and light modulators.25,88−92 Excitons can be
generated by absorption of photons or by injection of electrons
and holes, and can contribute to photocurrent via exciton
dissociation as in OSCs and organic photodetectors or to
electroluminescence via radiative recombination as in OLEDs.
All the exciton behavior are important to determine the exciton
conversion yields and device performance parameters (e.g., JSC
for OSCs,25,89 photoresponsivity for organic photodetec-
tors,46,90 luminance or brightness for OLEDs91,93), and strongly
dominated by filmmorphology.88,89 In this section, we will focus
on the impact of morphology on exciton behaviors, especially
exciton diffusion and dissociation in donor and acceptor blend
films.
In general, it is highly improbable for excitons to thermally

dissociate into free charge carriers in pure π-conjugated
materials, because the excitons have a much stronger binding
energy (Eb ≈ c2/4πrε0εr) of 300−500 meV than thermal energy
(kBT) of ∼25 meV at room temperature, where c is the speed of
light; r, the Coulombic radius; ε0, the vacuum permittivity; εr,
the relative dielectric constant; kB, the Boltzmann constant; T,
the temperature).94,95 This means that excitons in a single π-
conjugated material hardly contribute to photocurrent by
themselves. To dissociate into free charge carriers, excitons
must first reach the donor−acceptor interface within their
lifetime (τ), which is called exciton diffusion, otherwise excitons
will be lost via recombination. The details in recombination
during photophysical processes are well described in previous
review papers.31,96,97 Figure 5a illustrates exciton diffusion
processes, fast and short downhill migration followed by slow
and long thermally activated hopping, showing that exciton
diffusion length (LD) is strongly dependent on distribution of
excitonic states and energetic disorders at room temperature.88

The excitonic states and energetic disorder are greatly affected
by crystallinity of film, which is defined as the proportion of
ordered regions in the film. Highly crystalline films have high
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molecular packing density and thus the increased density of
states (DOS) with narrow half-width of Gaussian energy
distribution (σ), and the equilibrium energy of the excitons is
offset by σ2/kT with respect to the center of DOS as shown in
Figure 5b.25,98 Thus, smaller σ gives a higher chance for excitons
to hop, extending LD, which is beneficial for enhancing the
efficiency of exciton dissociation at the donor/acceptor
interface. For the π-conjugated materials, the rigid planar
conformation of conjugated backbone can lead to strong intra-
and intermolecular coupling and induce high crystallinity in the
solid-state thin film, resulting in reduced energetic disorder and
preventing the structural relaxation in the excited state.25,98

Figure 5c shows the effect of crystallinity on LD in P3HT films,
confirming that as the degree of crystallinity increases, LD
becomes lengthened.

Excitons can be relocated via a nonradiative process of energy
transfer, such as Förster resonant energy transfer, Dexter energy
transfer, and electron transfer, which is called exciton diffusion.
Considering that Förster resonant energy transfer facilitates
singlet exciton diffusion, the LD is expressed as88
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where d is the intermolecular spacing or the distance between
the chromophores; ΦPL, the photoluminescence (PL) quantum
yield; κ2, the dipole−dipole orientation factor (0 ≤ κ2 ≤ 4); n,
the refractive index; τf, the PL lifetime in a solid; τ0, the intrinsic
exciton lifetime that is not limited by diffusion limited quenching
at defects; J, the spectral overlap between the area-normalized
PL spectrum of donor and the absorption spectrum of acceptor.
According to this expression, we could expect how molecular
assembly can impact the exciton diffusion in the π-conjugated
materials. The d value can vary in the range of 0.35−5 nm,
defined by the π−π stacking distance (lower limit) and the
Förster radius (upper limit) and inducing a large variation of LD
by two orders of magnitude.99−101 The dipole orientation factor
κ2 can have a maximum value (κ2 = 4) when all transition dipoles
are aligned (e.g., single crystal), whereas the κ2 value becomes
much smaller (0.476) for amorphous films with randomly
oriented dipoles,89,102 pointing to the importance of crystallinity
on exciton diffusion103 as discussed above. However, it is
challenging to align the dipoles especially for the π-conjugated
polymer films formed via solution processing.102 The ratio of τf/
τ0 is determined by the amount of exciton quenching defects and
becomes unity when the material is highly pure. The spectral
overlap J is strongly correlated with the Stokes shift. For
achieving longer LD, the π-conjugated materials should have
smaller red-shift of emission compared to the absorption
spectrum, which is strongly influenced by molecular assembly
such as the type of aggregation, determining intrachain and
interchain excitonic coupling.89

For efficient exciton dissociation, we also need to consider
domain size or spacing, the characteristic length of periodic
modulation of composition in the BHJ blend film. The factors
determining domain properties will be discussed further in
Section 4.1. Exciton harvesting efficiency (ηEH) at the interface is
roughly estimated by

= = L
L

1 1EH
b

n

2
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where τb and τn stand for exciton lifetime of the blend and neat
films, respectively, and L is the exciton travel distance in the
duration τb corresponding to half the domain size. The domain
size needs to be close to 2LD to prohibit exciton recombination.
However, typical LD of π-conjugated materials is ∼10 nm.88

Thus, decreasing domain size (or L) can enhance ηEH. On the
other hand, increasing energetic disorders in the blend film
induces charge trapping because of longer pathway of charges to
electrodes, thus reducing charge collection efficiency. Therefore,
for achieving higher ηEH, LD needs to be increased as much as
possible, allowing larger domain size in the blend film which is
necessary for efficient charge transport while minimizing
recombination.
The exciton arriving at the donor−acceptor interface can relax

to a singlet charge transfer (CT) exciton via electron and hole
transfer. The electron transfer is mainly driven by the offset of

Figure 5. Impact of temperature and crystallinity on exciton diffusion.
a) Exciton diffusion processes via downhill migration and thermally
activated hopping at T = 4 K vs 300 K. b) Density of states representing
distribution of excitation energies in disordered and ordered materials.
c) Illustration of exciton diffusion in P3HT films with low and high
crystallinity and exciton diffusion length (LD) as a function of the
crystallinity (N) of P3HT films. Figure reproduced with permission
from ref 88, Copyright 2015 Royal Society of Chemistry (a); ref 25,
Copyright 2020 Cell Press (b); ref 103, Copyright 2014 American
Chemical Society (c).
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the lowest unoccupied molecular orbitals (LUMOs) between
the donor and acceptor, and the hole transfer by offset of the
highest occupied molecular orbitals (HOMOs). However, the
CT state is still bound with a binding energy (Eb). For
dissociation into free charge carriers, it requires an external
energy to overcome the binding energy, which comes from the
excess vibrational energy released when hot CT exciton forms,
and the built-in electric field generated by the difference in the
effective work function of two electrodes.94 In organic solids, the
intramolecular vibration can give more significant effect on the
exciton dissociation than the intermolecular vibration because of
the larger spacing between molecules. According to the Braun-
Onsager model, the CT exciton dissociation rate kdiss can be
described as104
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where F is the electric field; μ, the sum of the charge carrier
mobilities; r0, the initial intrapair separation; Eb, the binding
energy of the CT state; b, the reduced electric field (b = e3F/8πε0
εrkB2T2). The last factor in the bracket is the Taylor expansion of
a first-order Bessel function for the reduced electric field (b).105

It is obvious that the dissociation rate is strongly dependent on
the electrical field (F), and thus thin film architecture is
necessary for a high exciton dissociation yield. In addition, μ, εr
and Eb are also important factors that are correlated with
molecular assembly such as types of aggregation, molecular
packing, and molecular orientation at the interface.106−108 It was
reported that molecular packing motifs and intermolecular
interaction affect solid-state polarization nearby excitons and
consequently exciton dissociation rate. In addition, the ratio
between molecular polarizability and molecular volume has a
linear relationship with εr, indicating high molecular polar-
izability as well as highmolecular packing density is necessary for
high εr (low Eb) and consequently efficient exciton dissocia-
tion.109 Furthermore, molecular packing configuration plays a
crucial role of determining electronic coupling and charge-
transfer rate between donor and acceptor. Proper molecular
packing configuration can induce a low energy difference
between the CT and local excitons states, resulting in faster
exciton dissociation and thereby higher JSC.

110 According to
Monte Carlo simulation of CT dissociation yield in polymer−
fullerene blend, the delocalization of charge carriers along the

effective conjugated segments of donor polymer promotes the
CT dissociation by improving the local mobility as well as
reducing the effective Coulomb binding energy because of the
larger Coulombic radius.94,111

1.2. Device Properties of OSCs and Their Relation to the
Microstructures
The fundamental optoelectronic properties discussed in Section
1.1 collectively determine the solar cell device properties,
namely, power conversion efficiency (PCE), VOC, JSC, and fill
factor (FF). The PCE of OSC devices under illumination (Pin) of
100 mW cm−2 (AM 1.5G condition) is expressed by

= × = × ×PCE
P
P

V J FF(%) 100out

in
OC SC (6)

where Pin and Pout are the input power and the output power
(Pout = VMPP × JMPP, FF = (VMPP × JMPP)/(VOC × JSC) where
VMPP and JMPP are the voltage and current density at maximum
power point in J−V characteristics of OSCs). Among these
device parameters, JSC is closely related to the optoelectronic
properties of π-conjugated materials because the overall
efficiency of converting incident light into electrical current is
determined by four main photophysical processes as illustrated
in Figure 6: 1) photon absorption/exciton generation, 2)
exciton diffusion, 3) exciton dissociation (charge transfer/
separation), and 4) charge transport/collection,30,31 which can
be described by the external quantum efficiency (EQE):

=EQE abs ED CT CC (7)

where ηabs is the absorption efficiency: ηED, the exciton diffusion
efficiency; ηCT, the charge transfer and separation efficiency;
ηCC, the charge transport and collection efficiency.112 These
photophysical processes are briefly covered in Section 1.1. For
an in-depth discussion, we refer the readers to prior excellent
reviews on this topic.94,96,113 The photocurrent density of OSCs
can be calculated by using EQE spectra as follows:

=J
q

hc
EQE E( ) ( ) dEQESC, (8)

where q is the elementary charge, h is Planck’s constant, c is the
speed of light, λ is the wavelength, and E(λ) is the spectral
irradiance.114 The total photocurrent density, JSC,EQE, from the
EQE spectra should match the JSC from the J−V characteristics.
TheVOC of OSCs, which is the maximum voltage that a solar cell
can generate, is mainly governed by the energy gap between

Figure 6. Schematic illustration of photophysical processes in BHJ film of OSCdevice (middle) andmorphological parameters: crystallinity, molecular
orientation, domain size and purity, and vertical phase separation, which affect the OSC device properties.
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HOMO of the donor and LUMO of the acceptor
molecule.115−117 Large energy gap is expected to induce high
VOC, but the resulting small HOMO or LUMO offset of donor
and acceptor can reduce the driving force for exciton
dissociation, which could reduce FF.117,118 Although VOC of
OSCs ismainly determined by the energy levels of the donor and
acceptor materials, it can also be influenced by the morphology
of the blend film, particularly, the molecular orientation at the
interface between donor and acceptor phases119 and their
crystallinity.120 Similarly, the FF of OSCs, which represents how
easily photogenerated charges can be extracted upon forward
bias, is also strongly influenced by the blend film morphology,
including the crystallinity, domain size, domain purity, and
molecular packing.121,122 Figure 6 illustrates the interplay
between the photophysical processes and the blend film
morphology parameters, namely the crystallinity of the donor
and acceptor phases, their molecular orientation in the bulk and
at the interface, domain size and purity, and vertical phase
separation. In this section, we will summarize these key BHJ
morphological features that impact the device properties. For a
comprehensive discussion, we refer the readers to previous
reviews on this topic.35,123−125

1.2.1. Crystallinity. Crystallinity is an important morpho-
logical parameter which influences not only the device
performance but also the stability of OSCs. As discussed in
Section 1.1, optoelectronic properties such as light absorption,
exciton behavior and charge transport are also affected by the
crystallinity of the blend film. As previously shown in Figure 5, a
more crystalline film is expected to have a longer LD and lower
density of trap sites that enhance exciton dissociation yields and
reduce charge trapping during charge transport, which
consequently improves JSC and FF of OSC devices. Therefore,
it is desirable to enhance the crystallinity of donor and acceptor
phases in the blend films for efficient charge transport. At the
same time, it is critical to balance the crystallinity of the donor
and acceptor phases in the blend films. Because electron and
hole mobilities are strongly dominated by the crystallinity of the
donor and acceptor phases, respectively; balanced electron and
hole mobilities is important for attaining high JSC and FF in

OSCs.126−130 Therefore, a delicate control of crystallinity in the
blend films is the key to optimize the device performance in
OSCs. In addition, improving the crystallinity at the donor/
acceptor interface is essential for achieving high VOC in OSCs,
which helps to reduce the energy loss via trap-assisted
recombination by realizing band-to-band recombination.120,131

One possible origin of trap states is tailing of density of states
induced by thermal motion.132 For crystalline materials, the
highly ordered nature of molecules at the donor−acceptor
interface can suppress the thermal motion of the π−conjugated
cores and reduce the energetic disorder near the donor−
acceptor interface. In addition, crystallinity is also closely related
to the photostability of OSCs during operation under
continuous illumination.131 In case of OSCs with an amorphous
donor polymer, illumination can induce a significant drop ofVOC
by the formation of localized trap states by the light-induced
degradation, which promotes trap-assisted recombination. On
the other hand, a donor polymer with high crystallinity can
prohibit light-induced degradation and reduce the burn-in loss
at the initial period of operation. Therefore, it is favorable to
achieve high crystallinity at the donor−acceptor interface to
prolong the photostability of the OSC devices, which will be
discussed in Section 1.3.

1.2.2. Domain Size and Purity. Domain size or spacing is
one of the most straightforward morphological parameters
affecting exciton diffusion and charge transport behavior in the
BHJ blend film125 as discussed in Section 1.1.3. In the BHJ
OSCs, to efficiently convert the absorbed photons into
photocurrent, the domain size needs to be close to 2LD
(typically, LD ≈ 10 nm), which provides large donor/acceptor
interfacial area facilitating efficient exciton dissociation and
charge generation at the interface. On the other hand such small
domain size lengthens the charge transport pathway, thus
increasing probability of charge trapping during charge trans-
port.25,125,133 For blendwith short LD, there should be a trade-off
between exciton dissociation that determines JSC and charge
transport that affects FF. Recently, RSoXS measurements have
shown that high performance OSCs with NFAs have relatively
larger donor and acceptor domains of 20−50 nm with high

Figure 7. a) 2D images of an x−y slice through a morphology, the compositional interpretation (CI, top), the diffuse interface interpretation (DII,
middle) and the sharp interface interpretation (SII, bottom). Black and white represent donor and acceptor, respectively (the size of figures is 127 nm
× 50 nm). b) Simulated current density (J, top), exciton dissociation efficiency (ηEX, middle) and carrier collection efficiency (ηCC, bottom) as a
function of domain size for morphologies of CI (black circles), DII (red triangles) and SII (blue squares). Figure reproduced with permission from ref
143, Copyright 2012 Royal Society of Chemistry (a, b).
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domain purity compared with fullerene-based OSCs.134 More-
over, according to recent studies, some of the high performance
NFAs such as ITIC series and Y series have exhibited much
longer exciton diffusion length between 30 and 50 nm than those
of fullerene derivatives (<10 nm),21,135 which results from their
high crystallinity and opened a way to achieve high PCEs toward
20% by using NFA.20−22 The correlation between domain size
and device performance has been investigated in many high
performance OSC systems.136−139 Considering the exciton
diffusion length of photoactive materials, their domain size
needs to be controlled and optimized for achieving high
performance by various methods such as molecular engineer-
ing,137,139,140 modulation of solutions,138,141 process engineer-
ing and post-treatment.139,142

Depending on the miscibility of the donor and acceptor, their
phase separation behaviors in the BHJ films, especially domain
purity, are greatly affected, which will be discussed further in
Section 4.1. Due to the partial miscibility of the donor and
acceptor materials in most of BHJ blends, completely pure
domains are rarely observed (Figure 7a). Thus, the domain
purity has been considered as another critical morphological
factor that describes domain composition variation,143,144 which

can improve the connectivity to the electrode and thereby
impacts nongeminate recombination. Strong intermixing
between donor and acceptor materials results in low average
domain purity, leading to severe geminate and nongeminate
recombination in OSCs. In contrast, higher average domain
purity suppresses charge recombination and leads to enhanced
charge transport and high device performance, provided that
percolation is maintained at high domain purity. Among the
solar cell parameters, FF is closely related to the average domain
purity. According toMonte Carlo modeling, varying the domain
size of the blend films with impure domains has limited effect on
the device performance because the good connectivity imparted
by impure domains largely overrides the increase in charge
trapping (Figure 7b).143,144 In addition, sharp interface and well-
connected domains out-perform the domains with diffusive
interfaces. Therefore, domain size, purity and interface should
be simultaneously considered for achieving high performance
OSCs.

1.2.3. Molecular Orientation. In Section 1.1, we discussed
the role of molecular orientation on charge transport in OFET
devices. In this section, we will focus on its role in OSC devices.
Unlike fullerene derivatives with isotropic geometry, NFAs have

Figure 8. Molecular orientation and the resulting OSC device performance. a) Chemical structures of donor and acceptor and their molecular
orientation at the interface. b) J−V characteristics of OSCs with face-on or edge-on bilayer. c) Temperature dependency of VOC of OSCs under 1, 0.5,
and 0.1 sun. d) Internal and external quantum efficiency (QE) of OSCs. Figure reproduced with permission from ref 155, Copyright 2017 Springer
Nature (a−d).
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inherent asymmetric geometry, leading to anisotropic assembly
with donor polymers to produce anisotropic optoelectronic
properties.81,145 Due to this asymmetry, the control of molecular
orientation of donor and acceptor materials in the blend films is
critical to realize high performance of OSCs. Many works have
been conducted to understand the effect of molecular
orientation of donor and acceptor materials in the bulk and at
their interfaces on the photophysical processes in the BHJ
OSCs.81,145−153 By side chain engineering, different molecular
orientation of NFAs such as face-on, edge-on and flat-on can be
induced.147 It has been found that a face-on orientation, with the
conjugated backbone of the molecule lying parallel to the
substrate, is essential for photoactive materials to have strong
orbital overlap via π−π stacking along the vertical direc-
tion.81,147,149,150,152,153 On the other hand, flat-on and edge-on
are preferred for for lateral charge transport in OFETs but not
conducive to vertical charge transport for OSCs, as discussed in
Section 1.1. The interfacial molecular orientation at the donor−
acceptor interface is also crucial for high performance OSCs.
Although several studies reported that molecular orientation at
the donor−acceptor interface significantly influences the solar
cell parameters in fullerene-based OSCs,145,149,150,154,155 only a
few studies with NFA-based OSCs have been conducted so
far.149,154,156 According to the previous studies, the orientation
distribution of the donor and acceptor materials affects energy
levels of the charge transfer states at the interface, resulting in
different photoresponses, such as charge generation, radiative
and nonradiative recombination.145,146,155 For a small molecule
donor-fullerene bilayer system shown in Figure 8a, donor
molecules face-on to the acceptor interface lead to a higher
charge transfer state energy and less nonradiative recombina-
tion, resulting in higher VOC as well as higher radiative efficiency
(Figure 8b,c). On the other hand, donor molecules edge-on to
the acceptor interface exhibited more efficient charge gen-
eration, attributed to smaller electronic coupling between the
charge transfer states and the ground state, and lower activation
energy (lower Eb) for charge generation, which was confirmed
by comparing internal and external quantum efficiencies (Figure
8d). This result indicates that there is a trade-off between VOC
and charge generation depending on the interfacial molecular
orientation.155 With regard to the role of molecular design, it has
been reported that molecular orientation at the small molecule
donor−NFA interface can vary by controlling the alkyl side
chain length of the donors.149,156 Donor molecule with short
side chains was edge-on oriented with strong self-interaction in
the neat film and maintained its orientation even after being
blended with the face-on oriented NFA, inducing face-to-edge
interface.160 On the contrary, when the alkyl side chain of the
donor molecule increased, the grazing incident wide-angle X-ray
scattering (GIWAXS) measurements on the blend film
indicated that NFA changes its orientation from face-on to
edge-on, leading to face-to-face interface. As a result, the system
with favorable face-to-face orientation enhances charge trans-
port as well as coherence length of π−π stacking, inducing a
considerable increase in PCEs compared to those with face-to-
edge orientation. Although these studies indicate that molecular
orientation at the donor and acceptor interface is critical to
device properties, understanding the exact formation mecha-
nism of interfacial molecular orientation requires further
investigation.
1.2.4. Vertical Phase Separation. In OSCs, selective

charge transport toward respective electrodes is essential to
improve charge extraction and collection efficiency. Since the

network of donor and acceptor domains in the blends act as the
transport channels for holes and electrons, their distribution
along the vertical direction has a great impact on the device
performance. In general, donor-rich and acceptor-rich layers
need to be located at the respective electrodes, which can reduce
the nongeminate recombination by preventing back transport of
countercharges. However, vertical stratification of donor and
acceptor is a complex process during film formation resulting
from various factors such as thermodynamics, kinetics, and
interfacial effects.157 Interactions among light absorbing
materials, solvent, surfaces of substrate and air during film
formation and post-treatment is decisive for vertical component
distribution. There have been many attempts to control the
vertical component distribution by a variety of methods,
including thermal annealing,158,159 solvent vapor annealing,160

washing or evacuation,161 adding additives162 or a third
component,163 and modulating surface energies of components
or substrate.164 A prior review reported the mechanism for
controlling vertical distribution in the fullerene systems,
describing the main contributing factors to be solubility, film
drying kinetics, along with the surface free energies of the
different materials.157 Even though there have been many
studies and achievements on vertical phase separation, it is still
challenging to control in a new material system. Recently, to
tailor vertical phase distribution efficiently, a pseudo bilayer
structure has been introduced via a two-step deposition of donor
and acceptor in sequence, sequential deposition method,
resulting in a favored vertical phase distribution as well as
improved film morphology.165−167 This film deposition method
enables delicate control of the morphology for each photoactive
material separately, which is advantageous for efficient exciton
dissociation and charge transport.
1.3. Stability of π-Conjugated Materials and Blends

Despite impressive improvements of device performance of
organic optoelectronics in the last few decades, the poor
operational lifetime of many high performing organic electronic
materials limits their use for practical applications.168 Therefore,
it is required to understand the degradation mechanism of
organic optoelectronic materials to provide guidance on
designing molecular structures and controlling molecular
assembly and morphology in the film to attain a more stable
operation. There have been many relevant review papers
summarizing the degradation mechanism and various solutions
to overcome the stability issues.169−172 In this section, we will
briefly discuss how morphology can affect the stability of π-
conjugated materials and blends.

1.3.1. Photostability. As we discussed in Section 1.1, film
morphology greatly affects the optoelectronic properties of the
π-conjugated materials, such as light absorption, charge
transport and exciton behavior. In addition, morphology is
also closely related with the stability of the organic
optoelectronic devices during their operation. Depending on
the morphology of the film, its photochemical stability is
influenced when the π-conjugated materials are exposed to air
and light, inducing chemical changes and disruptions of π-
conjugation, and thereby resulting in reduction of optical
absorption strength in a process called photobleaching. Further,
such chemical structural change increases defects and disorders
which act as charge trap sites or exciton quenching sites�this
effect is termed photo-oxidation. Since π-conjugated materials
are inevitably exposed to air and light during large-scale
fabrication such as roll-to-roll printing processes, developing
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photochemically robust materials and film morphology is
desired for stable device fabrication and their long-term usage.
Manceau and Krebs et al. reported a systematic study on the
relationship between the chemical structure of the π-conjugated
polymers and their photochemical stability under illumination in
air by comparing the total amount of absorbed photons with
aging time over a certain range of wavelengths.173 The authors
observed that side chains play a key role in photodegradation
and their cleavage largely improves stability even with the same
backbone, implying the impact of molecular assembly and
morphology on photochemical stability. In addition, aromatic
polycyclic units, which can induce linearity and planarity of the
backbone, were found to exhibit good photochemical
stability.174 For P3HT with low regioregularity, photo-oxidation
is greatly enhanced, probably due to changes in the photo-
physics, i.e., an increase in the triplet yield as the morphological
order of the film decreases.175 Likewise, an inverse correlation
between film density and photobleaching rate was reported for a
wide range of conjugated materials ranging from solution
processed polymers, oligomers and small molecules, and
vacuum deposited small molecules (Figure 9a).176 In the
photobleaching process in air, the concentration of environ-
mental oxygen accelerates the photodegradation. Thus, the
penetration of oxygen in the film should be suppressed and
minimized for enhancing photochemical stability via morphol-
ogy control, i.e. crystallinity. Notably, most of NFAs shows poor
photochemical stability compared to fullerene derivatives, which
results from highly photoactive nature of NFAs177 (Figure 9b).

Thus, fine-tuning of the molecular structure is necessary to
effectively improve the photo-oxidation stability of NFAs. There
is a good example to show the effect of molecular conformation
and crystallinity on photo-oxidation behavior. According to the
literature, a subtle change in the central core unit of NFA
induced a significant change in molecular conformation, i.e.
planarity, resulting in stronger π−π stacking and higher
crystallinity (Figure 9c, d).110,177 As a result, the difference in
film crystallinity between two isomers resulted in a significant
difference in photobleaching rate under illumination in air by
nearly 4 orders of magnitude,178 clearly showing the impact of
molecular conformation and crystallinity on photo-oxidation.
Therefore, for the highest photochemical stability, materials
with high planarity, which can form dense and crystalline
morphology, should be designed.

1.3.2. Morphological Stability. In blend films, although
optimal bulk heterojunction morphology is achieved under
various processing conditions, it is inherently metastable and
thus interdiffusion or morphological ripening can occur during
device operation or storage driven by thermodynamic relaxation
due to limited miscibility defined by the Flory−Huggins
interaction parameter.179,180 The kinetics underpinning such
morphological ripening is governed by the Gibbs free energy
barrier as well as diffusional barrier.181,182We refer the readers to
an excellent in-depth review on the thermodynamics and
kinetics underpinning morphology evolution in OSC blends.183

Below, we briefly highlight the key aspects of this process.
Flory−Huggins interaction parameter χ is described as χ = χS +

Figure 9. Impact of molecular assembly on photochemical stability of films. a) Thin film density as a function of photobleach rate for solution
processed polymers, oligomers and small molecules, and vacuum deposited small molecules. b) Photobleaching rate of acceptor materials including
NFAs and fullerene derivatives. c) Chemical structures of a-IDTBTRh and l-IDTBTRh. d) Illustration of oxygen diffusion behavior into the a-
IDTBTRh and l-IDTBTRh films with and without thermal annealing (TA), which were made by chloroform (CF) or chlorobenzene (CB) solutions.
Figure reproduced with permission from ref 176, Copyright 2015 American Chemical Society (a); ref 177, Copyright 2019 Royal Society of Chemistry
(b); ref 178, Copyright 2021 John Wiley and Sons (c, d).
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χH, where χS =A (entropic component) and χH = B/T (enthalpic
component) with A and B as system-dependent constants.184

Large χ means low miscibility (hypo-miscible) and small χ
indicates high miscibility (hyper-miscible). This will be
discussed further in Section 4. Most high performing OSC
systems are hypo-miscible, suggesting that the optimal BHJ
morphology for high efficiency is thermodynamically unsta-
ble,179,180,185 leading to accelerated morphology evolution
under thermal stress during device operation. This has been
observed especially in the fullerene-based OSC devices, showing
poor morphological stability with aging time. To make hypo-
miscible systems morphologically stable, it is critical to suppress
demixing or crystallization of donor and acceptor by enhancing
their kinetic stability. Thermally activated Arrhenius diffusion
(D) can be described as
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where Ea is the activation energy for diffusion, and D0 is the
intrinsic diffusion coefficient at infinite temperature or zero Ea.
According to the expression, to suppress the diffusion of
photoactive materials, a large Ea is desired for enhancing

morphological stability. As shown in Figure 10, Ghasemi and
Ade et al. revealed that Ea scales with χH and that χH is correlated
with mechanical and thermal properties of photoactive
materials, i.e. the elastic modulus (EF) and the glass transition
or crystallization temperature (Tg or Tc) by using representative
polymer donors and NFAs.186 According to their finding, χHT
scales linearly with the Tg of the NFAs within a given polymer,
and with the EF of the polymer within a given NFA, whereas D
scales exponentially with the Tg of the NFAs within a given
polymer, and with the EF of the polymer within a given NFA.
More importantly, the relationship between D85 and Tg (or Tc)
of NFAs or EF of polymer donors is consistent with
photostability of OSC devices. This suggests that highly hypo-
miscible photoactive materials with high χH exhibit high Ea and
low D and thus lead to long-term stable morphology by
suppressing interdiffusion and self-aggregation. However, the
processing window for achieving optimal morphology could be
narrow because of hypo-miscibility. In order to design stable
OSCs, many questions still remain as for how molecular
conformation, aggregate structure and assembly pathways
determine morphological stability.

Figure 10. Relationship between parameters, with the χH and D85 dependence on Tg or Tc of NFAs and EF of donors. a, b) χHT and D85 of donor
polymers as a function of Tg ofTc of NFAs. c, d) χHT andD85 of NFAs as a function of elastic modulus (EF) of donor polymers. Figure reproduced with
permission from ref 186, Copyright 2021 Springer Nature (a−d).
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2. ASSEMBLY OF POLYMERS
The optoelectronic performance of neat, conjugated polymers
sensitively depends on their multiscale morphology, which
encompasses molecular-scale intramolecular orientation and
intermolecular ordering, mesoscale domain size, orientation,
and connectivity, and macroscale alignment and crystallinity.
Such a complex hierarchical morphology in the solid-state is
largely determined by their assembly pathway from the solution-
state. In this section, we will start with our discussion on polymer
conformation which serves as the molecular basis underlying the
structure−property relationship. Specifically, we summarize
several parameters significantly affecting the chain planarity,
linearity, and thus the overall rigidity. We will then discuss
various strategies that have been developed to control polymer
assembly in ink solution, namely, to tune the state of primary
aggregate and secondary aggregate structures in the ink solution.
We will further show how solution-state assembly sensitively
dictates the film morphology including alignment, crystallinity,
and molecular orientation. Lastly, we review the structure−
property relationships focusing on light absorption, charge
transport, and exciton diffusion properties of neat, conjugated
polymers.

2.1. Conformation of Conjugated Polymers

Polymer conformation refers to the spatial structure of a
polymer determined by the relative locations of its constitutive
monomers.187 Polymers’ conformational degree of freedom is
rooted in the isomerism that results from the rotation around the
single bonds along the backbone.187,188 Practically, the
conformation that a polymer chain adopts depends sensitively
on three aspects: the inherent flexibility of the chain, interactions
(either attractive or repulsive) between monomers along the
chain, and interactions with surroundings (e.g., other chains or
solvent molecules).189 Polymer conformation is the molecular
basis underpinning the structure−property relationships and
thus has been the core of polymer science.187 Various
experimental analyses and theoretical models have been
developed for describing conformations of polymeric chains in
solutions, melts, and glasses.189 “Essentially all physical
properties of polymers are manifestations of the underlying
polymer conformations or significantly impacted by the
conformation properties”187�this statement is particularly
accurate for conjugated polymers as their optoelectronic
properties (e.g., light absorption and charge transport) are
sensitively dictated by chain conformation. In this section, we

Figure 11. Typical conformations of single-strand polymers. a) Conformations of a 100-segment homopolymer generated by Monte Carlo
simulations: I, molten globule; II, random coil; III, toroid; IV, rod. b) Conformations observed in 30mer trajectories in molecular dynamic simulations:
I, globule; II, toroid; III, stacked rod; IV, rod. Figure reproduced with permission from ref 190, Copyright 2000 Springer Nature (a); ref 191, Copyright
2015 American Chemical Society (b).

Figure 12. a) Various backbone and side chain attributes that define the persistence length (lp) of conjugated polymers. b) Noncovalent
conformational lock (highlighted with colors) in polythiophene, DPP, and IID units. c) Linear and curved backbone conformation for all-trans and all-
cis polymer thiophene, respectively. Figure reproduced with permission from ref 51, Copyright 2022 American Chemical Society (a); ref 200,
Copyright 2003 American Chemical Society (c).
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focus our discussion on various parameters that can impact the
chain conformation of conjugated polymers.
The conformations available to a polymer chain depend

sensitively on the chain rigidity quantified by its persistence
length (lp). The lp is mathematically defined as the characteristic
length scale for the exponential decay of the backbone tangent−
tangent correlation functions.187 In general, for a polymer chain,
the relative magnitude of lp to the contour length lc determines
its statistical conformational classes: When lp is much smaller
than lc, the polymer chain adopts a flexible coil conformation;
When lp is much larger than lc, the chain behaves like a rigid rod;
Intermediately, when lp is comparable to the lc, the chain is more
appropriately described by a wormlike chain model. For
conjugated polymers, due to the presence of attractive π−π
interactions between segments within a chain, other distinct
conformational classes have also been identified. For example,
using coarse-grained simulations, Hu and Barbara et al. have
suggested four distinct conformational classes of a conjugated
polymer−random coil, globule, toroid, and rod (Figure 11a).190

Later, Jackson and Ratner et al. have established an atomistic link
between these conformational classes and molecular structures
of single-strand polymers using high-level quantum-chemical
calculations.191 They find that polymers with linear conjugated
backbones tend to adopt the ordered conformational classes of
rod, stacked rod, and toroid, whereas those with nonlinear
backbones are prone to disordered globule state (Figure 11b).
Besides, chain planarity is also conducive to an ordered
conformation. As we shall discuss, linearity and planarity are
also two primary contributors to overall chain rigidity quantified
by lp and are intimately related to the optoelectronic properties
of conjugated polymers.
2.1.1. Conformation Dependence on Backbone, Side

Chain, and Solvent. How can we tune the conformation of
conjugated polymers? The current body of literature has
suggested that backbone (dihedral distribution, unit angle, and
unit length) and side chain (size, branching, and orientation)
design (Figure 12a), and solvent selection are the key factors to
be considered.
2.1.1.1. Backbone Attributes. The primary contributions to

the backbone stiffness include the planarity and linearity of the
monomer units along the backbone. The coplanarity usually
results from a high torsional barrier with minima near 0° or 180°
in the torsional potential energy curve. For example, the high
stiffness of IDTBT polymer is largely attributed to a steep
torsional potential with an exceptionally small torsion angle
minima of 5°,49,51,192 resulting in the highest reported lp so far
over 100 nm in solution.51 In contrast, typical second and third
generation conjugated polymers (i.e., alkylated homopolymers
and alkylated donor−acceptor copolymers, respectively) only
show respectively a persistence length of ∼2 to 10 nm and ∼10
to 10s of nanometers,51,53,193 usually owing to nonplanar
dihedral minima with relatively flat torsional potentials. For
example, the torsional potential of IDTBT has been compared
to that of PBTTT and naphthalenediimide-bithiophene-based
polymer P(NDI2OD-T2) which are two typical second and
third generation conjugated polymers, respectively.192 The
PBTTT shows a deviation from planarity by ∼40° at the
thienothiophene/thiophene linkage, whereas the backbone of
P(NDI2OD-T2) is twisted due to a 45° dihedral between donor
and acceptor units with a high energy cost of ∼3 kcal/mol for
planarization. Both two polymers show relatively low yet typical
persistence length of 9.0 nm for PBTTT,194 and 5.1 nm for
P(NDI2OD-T2).195 This highlights the importance of the

number and the rigidity of the torsion-susceptible single-bond
linkages in defining conjugated polymer conformation. A
common strategy to construct highly planar structures is based
on the concept of noncovalent conformational lock, which
involves intramolecular nonbonding interactions including
(non)traditional hydrogen bonds, sulfur bonds etc.196 For
instance, in poly(3-alkoxythiophene), the sulfur atom can have
though-space S···O interaction with the oxygen atom in the
adjacent ring, which provide an energy barrier to rotation and
thus promote chain planarity;50 in DPP-2T the oxygen atom
forms (nontraditional) hydrogen bonding (O···H−C) with the
hydrogen atoms on thiophene rings to have conformational
locks;196 similar O···H−C locking is also featured in the
isoindigo (IID) unit (Figure 12b). Other strategies involve
replacing the carbon single-bond with double-bond linkages (as
the energy required for rotation around a double bond can be 1
order of magnitude higher than that for a single bond195,197) or
synthesizing conjugated ladder polymers with fully π-conjugated
backbones. We refer the readers to several recent reviews on
those strategies for conformational control of conjugated
polymers.196,198,199

In addition to planarity, the linearity of the backbone
determined mainly by the unit deflection angle also affects the
persistence length. For instance, thiophene and other five-
membered rings lead to a deflection angle around 15° whereas
six-membered rings like phenylene tend to maintain the linearity
owing to 0° deflection.53,201 As a result, the typical reported
persistence length of poly(3-alkyltihophenes) (P3AT) is around
∼1 to 4 nm,52,53 whereas poly(p-phenylene) (PPP) with a single
bond angle of 0° exhibits a much higher persistence up to 28
nm,202−204 even with nontrivial backbone torsion present.52 In
other words, the loss of chain persistence in polythiophene is
caused not only by the deviation from coplanarity due to
backbone torsion but also by the presence of cis conformation
which curves the backbone.52 Even without any torsion between
monomers, P3HT with all-cis conformation can have a
significantly curved backbone, whereas all-trans conformation
retains the linearity of the chain (Figure 12c).200 This also
applies to thiophene-containing modern donor−acceptor (D−
A) polymers such as DPP-TT-T of which trans conformation is
desired to obtain high stiffness.79 Wang and Pei et al. have
systematically tuned the linearity of BDOPV/thiophene
copolymer by controlling the number of thiophene on each
repeating unit.205 Due to a consistent deflection caused by
thiophene unit along the backbone, the BDOPV-T with only
one thiophene adopts a wavy backbone conformation as
revealed by quantum calculation and molecular dynamic
simulation. BDOPV-2T shows a linear backbone as the 2
thiophenes can adopt an anticonformation and thus cancel the
deflection. This is further supported by the small-angle neutron
scattering (SANS), which indicates BDOPV-2T forms 1D
worm-like structures in solution, whereas BDOPV-T only
adopts random coil structures. Subsequently the authors show
that BDOPV-2T exhibits a higher electron mobility in
transistors because of a linear backbone conformation. Similarly,
Wang and Bazan et al. have tuned the linearity of polymer
backbone by arranging the position of fluorine substitution to
vary the F···H interactions.206 Rieger and Mullen et al. have
shown that the backbone linearity of benzodithiophene(BDT)/
thiophene copolymers can be modified by incorporating
different BDT isomers with different deflection angles.207

Both studies have demonstrated that the linearity has far-
reaching effects on the electronic performance of the polymers.
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2.1.1.2. Side Chain Attributes. Flexible side chains are
attached onto the backbone to improve the solubility in organic
solvents by providing conformational entropy, thus penalizing
backbone π interactions. However, their role goes far beyond
solubility and critically impacts the intrachain conformation and
interchain packing,51−53,208 liquid crystalline (LC) phase
formation,16,209 thin film crystallinity, morphology and opto-
electronic properties.210,211 Here, we discuss how the molecular
attributes of side chains, including length, orientation, and
branching point, affect backbone conformation including both
coplanarity and persistence length.
The effects of side chain length and bulkiness have been

systematically investigated in polythiophene systems. McCul-
loch and Segalman et al. have measured the lp of regioregular
polythiophenes with varied side chain length by means of
solution SANS measurements.51,52 They found a trend of
decreasing lp with increasing side chain length. For example, the
lp decreases from 2.9 nm for P3HT with hexyl side chains to 1.6
nm for P3DDT with dodecyl side chains (Figure 13a). They
propose that a decrease in persistence length for longer side
chain is due to an increase in cis conformation, which can curve
the backbone as discussed above. The cis conformation splays
the long side chain apart and increases the side chain accessible
volume, representing a lower-energy conformation in P3DDT.52

In P3HT, however, the cis conformation is a higher-energy
conformation compared to trans conformation because it
provides more steric hindrances for shorter side chains which
are closer together in the cis conformation. Interestingly, the
backbone torsion seems to be unaffected by the side chain
length, which is evidenced by the similar ultraviolet−visible
UV−vis absorption maxima wavelength. In other words, the
persistence length is mainly affected by the linearity, but not the
dihedral torsion in this scenario.52 Moser and McCulloch et al.
have found a similar trend in their recent work on ethylene glycol

(EG)-functionalized polythiophenes, where a decrease of lp from
6.1 to 3.9 nm is found when the number of EG units on the side
chain increases from 3 to 4.212 Besides, side chain bulkiness
influences the backbone planarity via sterically induced twisting,
which serves as an effective way for tailoring the optoelectronic
property. A seminal work by Andersson and Inganas et al.
demonstrates the feasibility of tuning optical bandgap of
polythiophene by changing the substituent bulkiness on the
backbone.213 Bulky side chains increase the degree of twisting
between adjacent thiophene rings and lead to shorter
conjugation length along the backbone, resulting in larger
optical band gaps compared to the less bulky substituents. By
systematically tuning the side chain-bulkiness, the optical gap of
polythiophenes can be varied by nearly 1 eV with the resulting
luminescence covering the whole visible spectrum. Imposing
backbone torsion via side chain steric hindrance has served as an
effective strategy for researchers to study the effect of backbone
twisting on the optoelectronic properties.214,215

Notably, the effect of side chain length and bulkiness on the
polymer backbone conformation observed in polythiophenes
may not hold true for other polymeric systems or under certain
circumstances. For example, a series of side chain engineered
cyclopentadithiophene/pyridalthiadiazole copolymers
(PCPDTPT) shows an opposite trend, where lp increases with
side chain length.51 When functionalized with 2-hexyldecyl
(HD) side chains, PCPDTPT-HD and PCPDTPT-ene-HD
have lp of 4.73 and 8.34 nm, respectively. However, lp increases
to 5.49 and 8.34 nm accordingly when HD side chains are
replaced by longer 2-octyldodecyl (ODD) ones (Figure 13a).
Besides, comparison of lp among 4 polymers indicates the side
chain orientation with respect to backbone may also play an
important role. For PCPDTPT-HD and PCPDTPT-ODD, the
side chains are orthogonal to the backbone, whereas for the
other two polymers (PCPDTPT-ene-HD and PCPDTPT-ene-

Figure 13. Side chain effect on chain conformation. a) Impact of side chain length and orientation on lp in various polymeric systems. Symbols
represent data obtained from SANS measurement whereas lines represent wormlike chain model fitting. b) Dashed lines denote calculated absorption
spectra from thermal ensembles of PDOPT (black) and P3HT (blue). Solid lines denote Gaussian fits to the calculated spectra. c) Snapshots showing
the side chain alignment of the two polythiophenes. d) (Top) Snapshots from trajectories of PDOPT16 and P3HT30 chains highlighting the backbone
conformation. (Bottom) Corresponding PMF as a function of the dihedral angle φ (blue,P3HT; black, PDOPT). Figure reproduced with permission
from ref 51, Copyright 2022 American Chemical Society (a); ref 216, Copyright 2018 National Academy of Sciences (b−d).
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ODD) the side chains are parallel (Figure 13a). However, the
underlying mechanism in this series remains unclear. With
respect to planarity, Raithel and Hildner et al. demonstrate that,
contrary to the common notion, bulky side chains can drive the
backbone of polythiophenes to adopt a planar conformation.216

The authors have found that as compared to P3HT with
relatively short hexyl substituents, a poly(3-(2,5-dioctylphenyl)-
thiophene) (PDOPT) polymer with bulkier 2,5-dioctylpheny-
lene side chains possesses a more planar backbone conforma-
tion. This is evidenced experimentally by a significant red shift
(>2000 cm−1) in the single-chain PL spectra of two polymers,
which is furthered supported computationally by quantum-
classical atomistic simulations where PDOPT adopts a more
planar backbone conformation with torsionminima at 180°with
a red-shift in the calculated absorption, and an enhanced
conjugation, compared to P3HT (Figure 13b−d). The authors
ascribe this unusual observation to a unique T-shaped
arrangement of the bulky side chains on PDOPT�the side
chain phenyl rings are rotated ∼90° out of the backbone plane
(Figure 13c). This perpendicular orientation between thiophene
and phenyl units is stabilized by the contacts of n-octyl chains
attached to the phenyl rings which in turn enforces backbone
planarity. Such a side chain-induced planarization is absent from
the case of P3HT, where side chains are free from any
identifiable packing motif and backbone conformation is rather
disordered with torsion minima at 145° (Figure 13d).
Meanwhile, in cases where branched side chains are

incorporated, the location of the branch point relative to the
backbone has been proven as a critical parameter regulating the
chain conformation. It is suggested that branched alkyl side
chains, compared to the chemically equivalent linear ones, can
hinder the side chain interdigitation and enhance the solubility
of conjugated polymers.211,217,218 Hong and Chen et al. measure
the lps of P3HT with hexyl side chains and poly(3-(40-
methylpentyl)thiophene) (P3(4MP)T) with an isomeric
methylpentyl side chains by means of solution SANS.219 A 1−
2 nm decrease of lp at various temperatures was observed when
the branch point was introduced in P3(4MP)T. They ascribe the
decrease in lp to the potential steric interactions of branched side
chains, which promote the backbone twisting. In the work by
Danielsen and Segalman et al.,51 the authors systematically
change the side chain branch point of IDTBT and reveal a trend
of increasing lp as the butyloctyl branch movied farther from the
backbone. Specifically, the lp measured by solution SANS is 6.70
nmwhen the branch is one carbon away from the backbone, and
gradually increases to 29.1 nm when 11 carbons away. The
fitting of the SANS data using the flexible cylinder model
indicates the effective radii of the chains are also increasing,
which is consistent with the trend of lp. The authors argue that
the lp should increase to the fourth power of the radius of the
chain if treated as an elastic cylinder and confirm this scaling
using the measured lp and fitted radii. Ning and Yi et al. have
found a similar dependence in their atomistic simulation study
of a difluorinated benzothiadiazole/thiophene copolymer
(PffBT4T).220 The branch point is systematically moved away
from the backbone when 1-octylnonyl (1OD), 2-octyldodecyl
(2OD), and 3-octyltridecyl (3OD) side chains are attached. The
simulated backbone conformations indicate the average lp follow
the trend: 1ON < 2OD < 3OT. In other words, the backbone
becomes stiffer as the branch point moves away from the
backbone. The authors further demonstrated that the backbone
conformation also affects the interchain packing. In particular,
3OT side chain-based polymer shows the strongest temper-

ature-resilient aggregates which preserve at elevated temper-
ature of 400 K, whereas 2OD forms aggregates at room
temperature which readily dissolve at 400 K. On the other hand,
1ON cannot aggregate even at room temperature due to its
highly twisted main-chain conformation impeding interchain
π−π stacking. The aforementioned trend is consistent with
several studies where closer π−π stacking distance, enhanced
(opto)electronic properties in OFETs andOSCs are obtained as
the branch point moves away from the backbone.221−228

2.1.1.3. Other Molecular Attributes. Besides molecular
engineering of backbone and side chains, modulation of other
molecular attributes, including regioregularity, chemical defects,
molecular weight, and monomer unit length, have also been
shown to affect both the persistence length and backbone
planarity of conjugated polymers. McCulloch and Segalman et
al. have found that the regioregularity of P3HT can significantly
affect the persistence length.52 The lp decreases from 2.9 nm for
highly regioregular (rr-) P3HT to around 1.0 nm for
regiorandom (rra-) P3HT. The authors claim that the increased
portion of head-to-head arrangement in rra-P3HT can introduce
a large steric hindrance between side chains and result in a “kink”
causing backbone torsion. This is evidenced by a significant blue
shift (∼26 nm) of UV−vis absorptionmaxima. This is consistent
with the MD simulation by Adachi and Barbara et al. where they
show that the rr-P3HT 30-mer folds into a highly ordered
conformation, whereas the rra-P3HT backbone is twisted and is
unable to form such ordered structures.229 Hu and Vanden Bout
showed that this unfavored steric effect caused by head-to-head
arrangement in rra-P3HT can be relieved by spacing out the side
chains along the backbone.230 They synthesized rra-poly(3-
hexyl-2,5-thienylene vinylene) (P3HTV) with a vinyl unit
inserted between each adjacent thiophene ring to obtain a
spaced-out side chain distribution. Analysis based on single-
molecule fluorescence excitation polarization spectroscopy and
MD simulations unveil a highly ordered single-chain con-
formation in rra-P3HTV regardless of the regiorandom disorder,
whereas rra-P3HT exhibits a broad variation of conformations
due to sterics imparted by head-to-head arrangement. The
lowering of regioregularity typically results in a decrease in film
crystallinity, hole mobility, and device performance.231,232

Similarly, certain types of chemical defects can also act as
kinks along the polymer chain and thus render a disordered
conformation. Bounos and Barbara et al. have developed a defect
inclusion strategy to control the chain conformation of poly(2-
methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-
PPV).233 Three types of defects are introduced onto the
polymer backbone with controlled defect concentration: linear
para-terphenyl defects, bent ortho-terphenyl defects, and
saturated biphenylethane defects. By combining single-molecule
polarization absorption measurements and MD simulations,
they reveal that incorporation of linear defects that preserve the
backbone linearity leads to a highly elongated, anisotropic
single-molecule conformation, whereas highly bent defects kink
the backbone and result in a disordered, isotropic conformation.
Saturated defects, on the other hand, render rotational freedom
of the backbone and yield a defect-concentration-dependent
conformation. At low defect concentrations, the anisotropic
conformation is still prevalent, whereas at high concentrations, a
wide range of conformations appear with the inclusion of both a
rod-like, anisotropically folded conformation, and a more
disordered, isotropic conformation. Besides, molecular weight
directly defines the contour length and thus largely determines
the conformational classes of a chain with fixed lp. Previous
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reports have suggested a rod- to coil-like conformational change
once the molecular weight surpasses a threshold value.234,235

Meanwhile, molecular weight can potentially affect the lp. Using
a combination of a gel permeation chromatograph (GPC), a
static light scattering (SLS) unit, and a viscometer, Nagai and
Huang et al. have measured lp of P3HT with varied molecular
weight and found that it increases from 2.1 to 2.9 nm over a
molecular weight range of 20 to 60 kg/mol.236 Moreover,
increasing the monomer unit lengths is another strategy to
enhance the polymer rigidity. This often involves extension of
the fused aromatic rings and thus equivalently reduces the
number of torsion-susceptible single-bond linkages. For
example, the IDT- and CPDT-incorporated conjugated
polymers usually exhibit exceptionally high lp over 50 nm.51

2.1.1.4. Solvent Effect. Beyond the molecular design of
polymers, solvents are ubiquitous in the assembly of conjugated
polymers and naturally serve as another degree of freedom to
tune the polymer conformation. “The better the solvent the
greater the “swelling” of the molecule. Conversely, the poorer
the solvent the smaller the molecule”�the typical conforma-
tional evolution of a single flexible polymer chain as solvent
quality varies was well captured in this laconic description by
Flory in 1953.188 With decreasing solvent quality, an isolated
polymer chain in dilute limit will undergo the coil-to-globule
transition from the swollen coil in a good solvent to the ideal coil
in a θ condition, and further to a collapsed coil in a poor
solvent.187,237 Therefore, if extrapolated to conjugated poly-
mers, one would expect conjugated polymers to adopt a
disordered globule conformation when lowering solvent quality.
However, the conformational behaviors of conjugated polymers
can be far more sophisticated mainly for two reasons. (i) They
readily aggregate even in solvents considered “good” in Flory−
Huggins theory and/or at dilute conditions far below the
overlapping concentration (c*), meaning aggregation-induced
planarization rather than single-chain collapse can take place as
solvent becomes poorer. (ii) Introducing solubilizing side chains
requires the partitioning of polymer−solvent interaction into
two parts (i.e., backbone-solvent and side chain-solvent
interactions), making the main-chain conformation less
predictable under certain circumstances. Wang and Koynov et
al. have employed fluorescence correlation spectroscopy (FCS)
to study the aggregation behavior of MEH-PPV in dilute
conditions.238 The FCS is a single-molecule spectroscopy
technique which can determine the diffusion coefficient and
the hydrodynamic radius (RH) of fluorescent species at very low
concentrations down to picomolar range. This enables them to
extract single-chain RH, SC at concentrations below ∼1 nM.
Further increasing concentrations above 1 nM give rise to
aggregation, as evidenced by the deviation of RH from RH, SC for
single chains. Interestingly, this aggregation concentration is
several orders of magnitude lower than the so-called overlapping
concentration c*, which is calculated to be ∼100 μM for those
MEH-PPV polymers. In contrast, for conventional flexible
polymers, the c* separates the dilute and semidilute solution
regimes presented by de Gennes,239 meaning polymers are
isolated single chains when c < c* and start to overlap at c = c*.
Besides, the solvents studied in this work are chloroform,
toluene, and 1,2-dichlorobenzene (DCB) which are commonly
considered as “good solvents” for conjugated polymers. As
another example, Boehm and Huang et al. have used a coarse-
grained simulation model to argue that multiple-chain
aggregation occurs more rapidly than single-chain folding/
collapse for semiflexible conjugated polymers.240 The relative

rates of these two processes have also been found to depend on
the stiffness of the chain, with more flexible chains undergoing
more rapid folding. Taken together, these works clearly
demonstrate that, unlike traditional polymers, conjugated
polymer can readily aggregate even at very dilute concentrations
far below c* in common organic solvents due to strong π−π
interactions. This is in consistency with our recent work on
understanding the solution-state conformation and aggregate
structure of isoindigo-bithiophene-based D−A polymer (PII-
2T) using small-angle X-ray scattering (SAXS).241 We calculate
the c* to be ∼10−20 mg/mL based on a worm-like chain model
with computed the lp. However, analysis of SAXS profiles at
various concentrations indicates that aggregation occurs even at
a concentration of 1mg/mLwhich is 1 order of magnitude lower
than c*. Although chain collapse into globule driven by poor
solvent environment can be observed for conjugated polymers
in very dilute solutions242 or in single-chain simulation,243,244 in
most scenarios relevant to film printing, as we shall discuss in
section 2.2, a poor solvent environment (mostly for backbone)
will instead promote extended conformation due to aggregation-
induced chain planarization. On the other hand, the side chain-
solvent interactions, which have been frequently overlooked
when examining the solvent effect, can also affect the backbone
conformation. For instance, when dissolved in a solvent (e.g., 1-
chlronaphthalene and 1-bromonaphthalene) poor enough for
alkyl side chains, side chain packing/ordering can occur to
reduce unfavored solvophobic interactions with solvent
molecules.16,245−247 This can further induce backbone planari-
zation, leading to ordered conformation in the solution.

2.1.2. Characterization of Chain Conformation in
Solution. UV−vis absorption spectroscopy has been used as
a workhorse technique to qualitatively characterize the
conformation of conjugated polymers. The backbone planarity
is usually inferred by the absorption peak shape and location. For
example, when fully dissolved in a good solvent such as DCB or
chloroform, homopolymer P3HT adopts a relatively coiled
conformation and shows a featureless absorption band centering
at ca. 450 nm associated with the π−π* intraband
transition.14,248−251 However, when solution aggregates are
developed by either adding poor solvent (e.g., acetone,
acetonitrile) or solution aging, a new absorption band appears
with a clear vibronic progression having a 0−0 transition at ca.
610 nm and 0−1 transition at ca. 570 nm (or sometimes even a
0−3 transition at ca. 515 nm), owing to intermolecular packing
among aggregated, planarized chains.14,248−251 Modern D−A
copolymers (e.g., PII-2T,16 P(NDI2OD-T2),252 and PffBT4T-
2DT253) usually show a prominent low-energy band which is
near-IR, followed upstream in energy by a high-energy UV−vis
band with lower intensity. Those two bands are usually
separated by an energy larger than 1 eV and, according to
Spano and co-workers, both bands show very efficient mixing of
the charge-transfer states (derived from the stable D+A−

excitations) and Frenkel-like exciton states (derived from D*
and A* states).253 Interestingly, the high-energy peak always
shows featureless characteristics whereas the low-energy one can
exhibit pronounced vibronic progression when polymers adopt a
planar conformation which usually results from an aggregation-
induced planarization. For example, when dissolved in a good
solvent17,252 or heated to a high temperature,16,253 the D−A
polymer solution usually gives rise to a featureless, blue-shifted
low-energy absorption peak, indicating a coiled chain con-
formation in either dissolved17,252 or amorphously aggregated
state.73 However, lowering the solvent quality or decreasing the
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solution temperature can result in redshift of the peak, and the
concomitant emergence of well-structured vibronic features
separated by an energy of quinoidal-aromatic stretching mode
(0.149−0.186 eV).253 The presence of vibronic structures and
spectral redshifts in aggregated solution absorption often
resembles that of resultant films, which is indicative of
aggregation-induced backbone planarization.12,191

To quantify the stiffness of the polymer chain in solution,
experimental techniques including SANS, SAXS, and light
scattering have been utilized to extract the lp. The exceptionally
small wavelength (0.01 to 3 nm) of probing radiation and small
detecting angles in SANS/SAXS render a sufficient scattering
vector (q) range (typically ∼10−3 to ∼10−1 Å) to characterize a
wealth of structural information in the useful range of 1 nm to
near micrometer scale. For conjugated polymer solutions, the
obtained SANS/SAXS scattering profiles can be fitted to several
models, such as Debye and Des Cloizeaux model, to obtain Rg,
which can subsequently be used to extract lp with a known
molecular weight.52,53 However, there are several technical
challenges associated with these two techniques, which hampers
the prevalence of using SAXS or SANS to probe the solution-
state structures of conjugated polymers. First, interpretation of
SAXS/SANS scattering profiles is nontrivial due to the complex
assembly behaviors of conjugated polymers in solutions, which
may involve various hierarchical structures encompassing
dissolved chains, primary and even secondary aggregated
structures, and the possible structure factor effects. A thorough
fundamental understanding of various fitting models, and in
most cases, additional real-space information provided by
imaging techniques are required to accurately fit the scattering
data, and thus to generate a clear molecular picture of solution-
state structures. Furthermore, the scattering contrast for SAXS is
rooted in the electron density fluctuation, and sometimes
polymers and common organic solvents may have a similar
element composition, which leads to a poor scattering contrast.
Also, when halogenated solvents are needed to dissolve
polymers, their high X-ray absorption tendency further reduces
the quality of the scattering signal.19 Moreover, X-ray radiation
used in SAXS measurements typically has a high energy (>10
keV), which may cause beam damage to conjugated polymers.
Our group has mitigated the beam damage by flowing the
solution in a capillary during the measurement.241 On the other
hand, SANS measurements benefit from the isotopic scattering
contrast between hydrogenated polymer and deuterated solvent
(or vice versa) and the low possibility of radiation damage as
neutron beams typically have very low energy compared to X-
rays. For example, the energy for 1 Å neutron beam is only 80
meVwhereas it is 12.4 keV for X-rays. The SANSmeasurements,
however, can take lengthy experimental time ranging from tens
of minutes to tens of hours to obtain high-quality data with
sufficient signal-to-noise ratio, which is due to the low neutron
flux currently available at synchrotron facilities.254 This makes
SANS measurements challenging for certain solution samples
where aggregation is sensitive to solution aging. Laser light
scattering experiments, where scattering contrasts depend on
the refractive index difference between the scatterer and its
environment,255 can also be utilized to extract the persistence
length in some cases. This methodology involves obtaining
Zimm plot from a series of measurements at varying angles and
concentrations, then Rg can be obtained upon data extrapolation
to zero concentration and zero detecting angle.256,257 Sub-
sequently, the lp is extracted from Rg using Kratky−Porod model
which treats polymer chain as a Gaussian distribution of

equivalent Kuhn segments.256,257 Importantly, this requires that
polymers are fully dissolved in solution, and aggregation may
impede obtaining accurate lp for individual chains.

258

2.2. Primary Solution-State Aggregates

As discussed above, conjugated polymers facilely aggregate in
ink solutions, particularly at concentrations relevant to solution
processing (∼1−10 mg/mL). It has been shown that, compared
to well-dissolved ones, solution-aggregated polymers often
exhibit significantly improved device performance.12,13 Various
strategies, including molecular engineering of backbone and side
chains,205,259−268 solvent engineering,16,18,19,87,245,252,266,269−271

solution temperature modulation,272−281 and special solution
treatment (e.g., UV irradiation,250 ultrasonication,270 and
solution aging250,251,258,282,283), have been utilized to induce
and/or enhance degree of aggregation in ink solution. However,
several studies have observed the opposite where (certain types
of) aggregation is detrimental to solid-state morphology and
electronic properties16,19,87,271,284 which hints that not only the
extent but also the detailed structures of solution aggregation
matters. Indeed, aggregate structures can exhibit a wide range of
diversity owing to the presence of various intramolecular and
intermolecular interactions.16,19,62,285 For example, in order to
understand the mechanisms driving polymer aggregation, it is
necessary to consider the partition of polymer−solvent
interaction, as both π−π interactions between polymer back-
bones and dispersion forces among alkyl side chains can play a
role.16,285 Therefore, precisely describing aggregate structures
requires a thorough investigation of the complex interactions
involved. In this section, we first review strategies commonly
utilized to induce aggregation in solution, followed by a
discussion of methods to tune aggregation structures. Finally,
we summarize various types of aggregate structures reported in
the literature and discuss their aggregation mechanisms. It is
worth noting that the solution-state assembly process usually
couples with the complex solution processing environment with
rapid kinetics. We focus our discussion on the steady-state
structures and refer readers to our recent perspective for the
fundamentals of solution-state crystallization/assembly and
coating/printing processes.286

2.2.1. Inducing Primary Aggregation in Solution.
Similar to modifying the conformation of conjugated polymers,
molecular engineering of the backbone and side chain serves as
an effective strategy to induce solution-state aggregation. For
instance, Gross and Ludwigs et al. have shown the
regioregularity of P(NDI2OD-T2) significantly affects its
aggregation tendency in solution.262 Systematically tuning the
ratios of 2,6- and 2,7-linked naphthalenediimide monomers
during synthesis results in 4 polymers with varied degree of
regioregularity: regioregular (RR)(100:0), regioirregular (RI)
(70:30), RI(47:53), RI(24:76). With increasing content of 2,7-
linkage (i.e., decreasing regioregularity), they observe a reduced
aggregation tendency in solution, evidenced by the strong blue-
shifts of the low-energy UV−vis absorption maxima. They
further obtain a positive correlation between the degree of
solution-state aggregation and charge carrier mobilities of the
resultant films: mobility in RR film is one magnitude higher
compared to RI films. Although without detailed explanation,
this regioregularity-dependent aggregation tendency may relate
to the linearity of two naphthalenediimide isomers: 2,6-linked
monomer preserve the backbone linearity promoting backbone
stacking whereas 2−7 linkage causes backbone deflection
discouraging aggregation. Wang and Pei et al. have also
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examined the effect of backbone linearity of BDOPV-based
polymers.205 They have concluded that a linear backbone leads
to stronger interchain interactions forming 1-D worm-like
aggregates, which further results in highly ordered solid-state
morphology with high electron mobility. Besides linearity, the
planarity of the backbone can also promote aggregate formation
by encouraging interchain π−π stacking. As discussed earlier,
the noncovalent interaction between heteroatoms is commonly
used to planarize the backbone. Hu and Yan have examined the
effect of S···F locking interactions on the aggregation behavior of
an isoindigo/quaterthiophene-based polymer PID-T4.287 Upon
fluorination of donor thiophene units, the PID-ffT4 shows a
stronger aggregation tendency in solution evidenced by the
emergence of an additional solution absorption peak and a
higher resemblance between solution and solid absorption
compared to that of PID-T4. The fluorination-induced
aggregation has been confirmed theoretically by Wang and
Bred́a.288 By employing thermodynamic analyses and computa-
tional tools, they extracted the Flory−Huggins interaction
parameters χ for a series of PBT4T polymers that featured
varying numbers and positions of fluorine atoms. The χ
parameters increase as the degree of fluorination increases and
have a pronounced impact on the solid-state morphological
characteristics. Matsidik and Sommer et al. have significantly
planarized the PNDI2T backbone by replacing the bithiophene
with bifuran (Fu2) units (Figure 14a).263 As shown in Figure
14b, when dissolved in 1-chloronapthalene, the newly
synthesized PNDIFu2 polymer exhibits well-structured vibronic

absorption peak due to aggregation, whereas PNDI2T shows a
featureless, blue-shifted peak from the well-dissolved single
chain.252 The authors ascribe the backbone planarization by
furan to reduced steric hindrance between the imide oxygen and
the furan ring compared to thiophene. Furthermore, as
discussed above, molecular attributes of side chains including
length, bulkiness, and branching point, can affect the aggregation
by changing the backbone conformation. Chen and Frechet
have examined the effect of linear (n-hexadecyl − C16) vs
branched (2-butyloctyl − BO) side chains on the solution
aggregation of DPP-based polymer PDPP3F and PDPP2FT.15

Analyses of solution NMR, variable-temperature UV−vis-NIR,
and dynamic light scattering (DLS) spectroscopies reveal that
polymers with linear side chains have a stronger aggregation
tendency in solution. As a result, the C16-polymers also
outperform the BO-substituted analogs in OFETs, featured by a
higher hole mobility. This is further supported by the fact that
BO polymers show enhanced ordering and mobility upon
nonsolvent addition to induce more aggregation in ink solution.
As another example discussed earlier, the PffBT4T backbone
becomes more twisted as the side chain branching point moving
closer to the backbone, which leads to a decrease in solution
aggregation tendency.220

Dissolving polymer in a poor solvent or adding a poor solvent
into the ink solution is another common strategy to induce
solution-state aggregation. The solvent dependence aggregation
behavior of P(NDI2OD-T2) has been systematically studied by
Steyrleuthner and Neher et al. by means of UV−vis and PL

Figure 14. Summary of various methods used to induce solution aggregation. a) DFT optimized ground state structures for model pentamers
(NDIFu2)5 and (NDIT2)5. b) Solution UV−vis absorption spectra of PNDIFu2 and PNDIT2 polymers in 1-chloronapthalene. c) UV−vis absorption
spectra of P3HT chloroform/acetonitrile solutions with varied solvent mixing ratio. d) UV−vis absorption spectra of P3HT solutions with various
aging time. e) Summary of changes that occur in morphology and optical spectra (absorption and photoluminescence) upon cooling a P3HT solution.
f) Schematic illustration of UV irradiation induced aggregation from a molecular dissolved P3HT solution. g) Normalized solution and resultant film
UV−vis absorption spectra for pristine and ultrasonicated P3HT/chloroform solutions. Figure reproduced with permission from ref 263, Copyright
2017 American Chemical Society (a, b); ref 14, Copyright 2009 JohnWiley and sons (c); ref 282, Copyright 2011 Royal Society of Chemistry (d); ref
273, Copyright 2017 American Chemical Society (e); ref 56, Copyright 2014 John Wiley and sons (f); ref 292, Copyright 2013 American Chemical
Society (g).
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spectroscopy.252 The spectra vary significantly depending on the
solvent quality: in a good solvent such as 1-chloronapthalene,
the low-energy absorption peak centered at 620 nm is broad and
featureless, owing to the fully dissolved polymer chains; in
relatively poor solvent like toluene, the peak red shifts to 710 nm
with the emergence of an additional shoulder peak around 800
nm, indicating the formation of aggregates. This is consistent
with a computational study by Caddeo andMattoni et al., which
demonstrated a lower Flory−Huggins parameter χ is obtained in
1-chloronaphthalene than in toluene.289 Nahid and McNeill et
al. have investigated the effect of solution aggregation on the
microstructure and OFET performance of P(NDI2OD-T2).17

They have observed enhanced ordering using atomic force
microscope (AFM) and higher OFET mobility in films printed
from poor solvents like toluene compared to those from good
solvents. Solution SAXS measurements reveal the formation of
large, rod-like aggregates in toluene with Rg up to 300 nm; in
contrast, good solvents like chlorobenzene yield much smaller
aggregates with Rg ranging from 10 to 15 nm. The authors claim
that the large aggregates in toluene promote chain ordering
during solution deposition, resulting in a high degree ordering
further leading to high OFET performance. This trend is also
observed in the work by Luzio and Caironi et al. where devices
fabricated from a poorer solvent exhibit higher charge carrier
mobility compared to those from good solvent. Addition of
nonsolvent to induce ordered aggregates in solution is
commonly used to improve the ordering of resultant P3HT
films and their performance in OFETs and OSCs (refs 14, 55,
248, 249, 269, 270, 290, and 291). For instance, Park and Cho et
al. have shown that adding nonsolvent acetonitrile into P3HT/
chloroform solution can induce an ordered aggregate structure
from molecularly dissolved solution, evidenced by the
emergence of additional red-shifted absorption band (Figure
14c) and increased RH from DLS.14 The aggregated state
maximizes the favorable π−π stacking interactions to reduce
polymer-nonsolvent interactions, which improves the solid-state
ordering and enhances the field-effect mobility.
Several works have shown solution aging serves as an effective

strategy to induce aggregation in solution, revealing the time-
dependent aggregation behavior of conjugated poly-
mers.250,251,258,282,283 For instance, Park and Cho et al. have
found that, when dissolved in amarginal solvent (i.e., a solvent of
intermediate quality for a given polymer), ordered P3HT
aggregates can develop as the aging time increases.282 This is
supported by time-dependent UV−vis absorption spectra where
red-shifted absorption maximum (λ ∼ 450 nm) and additional
bands at lower energies (λ = 555 and 605 nm) are observed
(Figure 14d). Analyses of AFM images of films from solutions
with varied aging time reveal the formation of rod-like structures
from aged solutions, which promotes molecular ordering and
boosts OFET mobility.
An alternative way to tune the extent of aggregation is by

solution temperature. Using temperature-dependent optical
spectroscopy, Panzer and Kohler et al. have investigated the
solution aggregates formation of several conjugated polymers as
temperature decreases.273 As shown in Figure 14e, deconvolu-
tion and analysis of optical spectrum unveiled a shared
aggregation pathway during solution cooling: swelling of
random coils due to backbone planarization and formation of
disordered aggregate through order−disorder transition,
followed by backbone planarization giving rise to planarized
aggregates, and finally crystallized aggregates develop at the
lowest temperature due to side chain crystallization. Oh and

Jeong et al. have developed a solution cooling-and-heating
strategy to induce nanocrystal seeds in P3HT solutions.274 They
have found cooling of P3HT solution to −20 °C leads to
formation of fiber aggregates due to the decreased solubility,
which is evidenced by the emergence of additional absorption
peaks. Interestingly, heating to room temperature does not fully
dissolve the nanofibrils in certain solvents (e.g., m- and p-xylene)
due to an aggregation temperature hysteresis. As a result, the
remaining aggregates serve as seeds for the growth of long
nanofibrils during film coating, which improves the crystallinity
of resultant films and gives rise to higher solar conversion
efficiencies.
Special solution treatments such as UV irradiation and

ultrasonication can be coupled with poor solvent addition or
solution aging to facilitate ordered aggregate formation in
solution. An elegant work by Reichmanis and co-workers have
demonstrated that low-dose UV-irradiation induces P3HT
aggregation into nanofibrillar structures in solution (Figure
14f).56 This is because UV-irradiation triggers a shift in the
overall balance from aromatic- to quinoidal-like resonance
structure, which gives rise to a higher degree of backbone
planarity and thus facilitates π−π stacking necessary for fiber
aggregates formation. This further improves molecular ordering
in the film with concomitant enhancement in OFET mobility.
However, the UV-irradiation-induced aggregation becomes
saturated after ∼8 min irradiation time, which hinders further
improvement of thin-film properties. Therefore, in their later
study, solution aging is combined with UV-irradiation to further
encourage solution aggregate formation.250 Aggregated chains
are bonded together via π−π interactions to form nanofibers in
solution, leading to reduced tortuosity and entanglement during
coating. Consequently, the alignment of polymer chains is
greatly improvedwith increased extent of aggregation, which can
be precisely controlled by solution aging time prior to film
fabrication. Similarly, they have found the solution ultra-
sonication treatment can also induce aggregation (Figure
14g)292 and have also investigated the synergistic effect of
nonsolvent addition and ultrasonication on the nucleation and
growth for P3HT rod-like aggregates in solution:270 solution
ultrasonication largely contributes to the nucleation sites
formation whereas nonsolvent addition renders optimal solution
conditions for nanorods growth. AFM images revealed that the
rod-like structures are preserved into the thin film and their
lengths are well-controlled by the amount of nonsolvent added
and ultrasonication time. On average, thin films composed of
nanorod structures developed in solution exhibit a 4-fold
increase in hole mobility compared to untreated counterparts.

2.2.2. Understanding the Detailed Solution-State
Aggregate Structures. Although a vast amount of literature
has shown a positive correlation between the extent of solution
aggregation and solid-state morphology and electronic proper-
ties, several recent studies have instead suggested the opposite.
For example, Nahid and McNeill et al. have found that the
saturation mobility is lower for P(NDI2OD-T2) OFETs
fabricated from aggregated high-molecular-weight polymer
solutions in DCB compared to those frommolecularly dissolved
solutions containing low-molecular-weight polymer.284 AFM
and resonant soft X-ray scattering (RSoXS) measurements
reveal a decreased solid-state orientational correlation length
with increasing molecular weight. The authors hypothesize that
the aggregates in intermediate solvents such as DCB suppress
liquid crystalline-like long-range orientational ordering. In
contrast, non-aggregated chains can adopt a fully extended
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Figure 15. Summary of 1-D fiber aggregate structures of conjugated polymers. Chemical structures, schematic representations, and imaging (AFM,
TEM, or SEM) of several conjugated polymers with distinct aggregate structures. a) P3HT parallelepiped fibers and scanning TEM (STEM) images of
samples coated from dilute p-xylene solutions. b) DPPDTT parallelepiped fibers and AFM images of films spin coated from dilute DCB solutions. c)
PffBT4T parallelepiped fibers and TEM and AFM (inset) images of PffBT4T-C8C12 films drop-cast from dilute solutions in DCB. d) PII2T helical
fibers in chlorobenzene with TEM images and cylindrical fibers in decane with SEM images of freeze-dried samples. e) PM7 cylindrical fibers and TEM
images of samples freeze-dried from chlorobenzene solutions. Figure reproduced with permission from ref 249, Copyright 2013 Royal Society of
Chemistry (a-schematic); ref 297, Copyright 2011 American Chemical Society (a-STEM image); ref 258, Copyright 2020 American Chemical Society
(b); ref 300, Copyright 2022 American Chemical Society (c); ref 295, Copyright 2022 Springer Nature (d-top); ref 16, Copyright 2022 JohnWiley and
sons (d-bottom); ref 301, Copyright 2023 American Chemical Society (e).
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conformation during spin coating, giving rise to enhanced long-
range order in the film. As another example, Yao and Pei et al.
have shown that the fluorinated-BDOPV polymer films
deposited from less-aggregated, high-temperature solutions
exhibit less structural disorders and higher electron mobilities
(by up to 2 orders of magnitude) in OFETs compared to those
from highly aggregated solutions at low temperature.281 The
authors claim that this is due to disordered packing within the
aggregates which can be inherited into the film at low
temperature, resulting in structural disorder in the solid-state.
However, high temperature can partially break these disordered
aggregates and enable polymer chains to pack into ordered
structures with thermally assisted molecular motions, which
further leads to higher crystallinity and lower lattice disorder in
films. Moreover, our recent work on PII2T has suggested the
amorphous solution aggregates, compared with semicrystalline
ones, counterintuitively lead to significantly improved alignment
and reduced paracrystalline disorder in solid-state.16 The
underlying mechanism will be discussed in detail later.
The aforementioned controversy around the effect of solution

aggregation hints at the importance of the exact nature of
polymer aggregate structures in the solution-state. Indeed,
several groups have obtained fine-tuned polymer aggregate
structures and have found that certain types of aggregates are
more favorable than the others. Using a combination of MD
simulations, UV−vis, and PL spectroscopy, Li and Janssen et al.
have identified two semicrystalline solution aggregates (β1 and
β2) of an DPP based conjugated polymer when changing the
solvent quality.87 Compared to β1, the β2 aggregates are featured
by the appearance of an additional absorption peak at longer
wavelengths and a reduced π−π stacking distance. Both phases
can be inherited into thin films upon spin coating and β2 gives
rise to a higher mobility in OFETs and an enhanced EQE in
OSCs compared to β1, which is ascribed to the closer backbone
stacking. Similarly, by tuning the solvent quality, Zheng and Pei
et al. have revealed that BDOPV-2T forms 1D semirigid and 2D
lamellar aggregate structures when dissolved in a good DCB and
a poor toluene solvent, respectively, whereas an intermediate
state between those two structures is found in the mixture of
toluene and DCB.19 Notably, upon film deposition, the
intermediate-state aggregates render a higher OFET mobility
compared to the other two types of aggregates. The authors
attribute this result to the favorable tie chains present in the
intermediate states, providing enough domain connectivity
necessary for efficient charge transport. In contrast, a lack of tie
chains between 1D semirigid aggregates and the presence of
large grain boundaries among 2D aggregates result in lower
OFET mobilities. Moreover, Xi and Pozzo et al. have found the
polarity of nonsolvent added to DPPDTT/chloroform solution
can also result in different types of aggregation−adding polar
nonsolvent such as methanol induces formation of 1-D
nanoribbon aggregates whereas nonpolar solvent like n-hexane
promotes the formation of aggregates with irregular and
amorphous shape.271 An enhancement of OFET mobility
resulting from polar nonsolvent addition is observed.
Except for solvent quality, the solvent selectivity toward

backbone versus side chain can also be leveraged to tune
aggregate structures in solution. Bridges and Segalman et al. have
shown that the ordered aggregates of a cyclopentadithiophene-
alt-thiadiazolopyridine-based polymer CDTPT can form in a
side-chain-selective solvent like hexane.209 The increased length
and branching of side chains renders enough solubility in hexane
and amphiphilicity for those ordered aggregates developing into

lyotropic liquid crystalline phase at high solution concentrations.
In contrast, mutual solvents like chlorobenzene and toluene only
give rise to disordered aggregates which are not capable of
forming LC phase even at elevated concentrations. As a result,
polymers traversing the LC phase develop a higher crystallinity
compared to those from isotropic phase, which further leads to
an increase in OFET mobility. By modulating solvent selectivity
and temperature, our recent work has systematically tuned the
aggregate structures of PII2T into side-chain-associated
amorphous aggregates in a backbone-selective solvent, 1-
chloronapthalene, semicrystalline helical fiber aggregates in a
mutual-selective solvent DCB with both side chain and
backbone stacking, and backbone-stacked agglomerates in a
side-chain-selective solvent decane.16 Surprisingly, we have
found that, compared to semicrystalline aggregates, the
amorphous aggregates in 1-chloronapthalene lead to a higher
degree of alignment and reduced paracrystalline disorder in
solution printed films, giving rise to enhanced OFET mobility.
The mechanism underpinning this counterintuitive result
involves the ability of amorphous aggregates to crystallize into
aligned films under the influence of directional convective mass
transport induced by capillary flow during printing.293 In
contrast, DCB and decane give rise to chiral LC- and
agglomerates-mediated assembly pathways and further lead to
twined and isotropic film morphology, respectively. This work
highlights the importance of investigating the evolution of
solution aggregates in various assembly pathways, which we shall
discuss in detail in section 2.3.
In Figure 15, we summarize possible solution primary

aggregate structures categorized based on their dimensionality.
One-dimensional (1-D) aggregates is the most ubiquitous type
owing to the inherent 1-D geometric characteristic of polymer
chains. We note the several terminologies for 1-D solution
aggregates, including (nano)fibers,16,19,62,241,294−298 (nano)-
ribbons,258 (nano)rods,249,270 (nano)whiskers,299 parallele-
piped fibers271,297 or rods249 etc., are often used across
references.We group these aggregates and unify the terminology
as “1-D fiber-like aggregates”; this group can be further
partitioned into parallelepiped fibers (i.e., ribbons) (Figure
15a−c) and cylindrical fibers (Figure 15d,e) based on the shape
of the fiber cross-section. P3HT has been shown to readily form
1-D fiber aggregates in solution, which can be triggered by poor
solvent addition,14,55,248,249,269,270,291 solution aging,250,251,282

solution temperature,273,274 ultrasonication,270,292 UV irradi-
ation,56,250 etc. Pozzo and co-workers have investigated the
primary P3HT 1-D fiber aggregate structures using SANS and
ultrasmall-angle neutron scattering (USANS) in various
aromatic solvents.297,298 The scattering signal from 1-D fiber
aggregates in p-xylene, toluene, and benzene solutions is best
fitted with a parallelepiped form factor, revealing a (near-
)rectangular fiber cross section 21−25 nm in width and 5−6 nm
in thickness. Later Keum and Hensley et al. have used the same
model for P3HT aggregates in chloroform/hexane mixtures.249

Interestingly, they obtain a similar cross-sectional size of 22.2 ×
5.2 nm2, despite the difference in solvent environment,
concentration and molecular weight. The authors also claim
that the 22.2 nmwidth is close to the backbone length (26.4 nm)
of fully extended P3HT in their work, also the 5.2 nm thickness
is about triple of the lateral width of P3HT monomer (1.8 nm)
with fully extended hexyl side chains. Therefore, they propose an
internal packing structure of the aggregates where the
orthorhombic fiber long axis is parallel to the direction of
backbone π−π stacking (Figure 15a). The authors also argue
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that although backbones are π-stacked in an ordered fashion, the
side chains are presumably in a disordered state since hexane is a
good solvent for the side chains. A similar orthorhombic fiber
structure has been proposed for 1-D aggregates of DPPDTT in
DCB by Liu andWang et al.258 (Figure 15b), a cross section 33−
40 nm in width and 8 nm in thickness is obtained by fitting the
SANS data using a parallelepiped form factor. In this case, the
polymer backbone direction is also proposed to be perpendic-
ular to the fiber growth direction. Xi and Pozzo have also used
the parallelepiped model for the same DPPDTT polymer in
chloroform/methanol mixed solvents.271 The side chain order-
ing along lamellar direction, however, remains unclear for
DPPDTT aggregates, as a high-q structure factor peak (usually
attributed to lamellar stacking241,246) is absent in the scattering
profiles. The parallelepiped fibers long axis can also be parallel to
the polymer backbone direction as demonstrated in the case of
PffBT4T which is high-performance polymer used in both
OFETs and OSCs.62,300 Using a combination of AFM, TEM,
and DLS techniques, Cao and Gu et al. have shown that, when
dissolved in DCB, PffBT4T polymers readily aggregate into 1-D
primary structures with an anisotropic cross section of 2−3 nm
in thickness and 24 or 35 nm in width depending on the side
chain length (Figure 15c).300 Using solution SANS technique,
Deng and Li et al. have also revealed the PffBT4T 1-D fiber-like
aggregates formed in CF solution, although detailed internal
packing structure is not provided.62 Conjugated polymers can
also form cylindrical fiber aggregates with roughly circular cross
sections. Our investigation on PII-2T fiber aggregates (Figure

15d) reveals an isotropic cross-sectional shape, evidenced by a
similar magnitude between fiber width and thickness measured
by AFMon samples freeze-dried from solution.241 A semiflexible
cylinder model is therefore used to fit the solution SAXS
profiles.16,241,295 The fiber diameter is around tens of nanome-
ters depending on the molecular weight and solvent
selection.16,241,295 In contrast to molecular packing within
P3HT or DPPDTT fiber aggregates, the π−π stacking of PII2T
is, on average, perpendicular to the long axis of the fiber
aggregates (Figure 15d). In other words, the fiber growth
direction is along the polymer chain. We further elucidate that
backbones adopt a helical conformation and stack in a staggered
fashion, which is responsible for the emergence of chirality at
high concentrations (discussed in detail later). Besides, lamellar
stacking among side chains is also present within the fiber
aggregates, validated by a structure factor peak at q ≈ 0.25 Å in
SAXS profiles.241,295 Those helical 1-D aggregates are found in
solvents mutually dissolving polymer backbone and side chains,
such as chlorobenzene, DCB and chloroform.16,241,295 As
discussed earlier, when dissolved in a side-chain-selective
solvent decane, PII-2T forms another type of 1-D fiber
aggregates (D ≈ 100 nm) where polymers are strongly
aggregated only through backbone π−π stacking. The lack of
lamellar ordering is evidenced by the absence of SAXS structure
factor peak and is resultant from the solvent affinity toward side
chains. Using a similar set of characterization techniques, we
have recently revealed that an OSC donor polymer PM7
aggregates into 1-D fiber aggregates when dissolved in

Figure 16. Summary of suggested 2-D aggregate structures of conjugated polymers. a) PFO 2-D aggregates and its schematic representations. b)
BDOPV-2T 2-D aggregates and its schematic representations with TEM images on freeze-dried samples. c) PffBT4T 2-D aggregates and its schematic
representations with AFM images on films spin coated from TCB solutions. Figure reproduced with permission from ref 304, Copyright 2008
American Physical Society (a); ref 19, Copyright 2017 John Wiley and Sons (b); ref 62, Copyright 2022 John Wiley and Sons (c).
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chlorobenzene solution (Figure 15e).301 The fiber diameter is
around 20 nm as revealed by AFM imaging and fitting of
solution SAXS profiles using a semiflexible cylinder model.
Polymers within the fiber aggregates are packed through both
backbone π−π stacking along the short axis (corresponding to dπ
= 3.65 Å) and ordered lamellar stacking along the long axis
(dlamellar = 3.8 nm) obtained from solution wide-angle X-ray
scattering (WAXS) and SAXS profiles, respectively. 1-D fiber
aggregates have also been discovered in other polymer systems,
including PBTTT,296 P(NDI2OD-T2),302 BDOPV-2T,19 DPP-
based polymer PDPP-TVT245 and PDPP4T-HD,87,268 although
without determined internal structures and defined cross-
sectional shape.

Besides the ubiquitous 1-D fiber-like aggregates, several
studies have suggested the possibility of forming 2-D aggregates
in solution.19,62,303,304 Knaapila and Monkman et al. have
demonstrated that polyfluorene-based conjugated polymers
aggregate into 2-D structures in solution.303,304 For example,
when dissolved in methylcyclohexane, a poly[9,9-dioctyl-
fluorene-2,7-diyl] (PFO) polymer can form 2-D nanosheets,
which is inferred from a Porod exponent of 2 in solution SANS
profile.303 The nanosheets have a thickness around 3 nm which
corresponds to the thickness of 2−3 polymer chains (Figure
16a). As mentioned earlier, Zheng and Pei et al. have also found
BDOPV-2T polymer chains aggregate into 2-D lamella-like
structures in toluene solution, mainly supported by a SANS

Figure 17. Summary of 3-D network-like aggregates of conjugated polymers. Chemical structures, schematic representations, and TEM images on
freeze-dried samples of a) PII2T, b) PM7 D1 and D2, and c) FBDOPV-4F2T. Figure reproduced with permission from ref 16, Copyright 2022 John
Wiley and Sons (a); ref 301, Copyright 2023 American Chemical Society (b); ref 259, Copyright 2021 John Wiley and Sons (c).
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Figure 18. Formation of secondary network-like structures of conjugated polymers. a) STEM images (top) of P3HT gel networks with features
including nucleation centers, fibrillar roping and branching. Schematic (bottom) of gelationmechanism for P3HT in aromatic solvents. b) AFMheight
images (top), TEM images (middle) of F4BDOPV-2T assemblies obtained by freeze-drying from chloroform solutions with concentrations of 1, 3, and
5 mg/mL. Schematic (bottom) of development of network-mediated assembly with concentration. c) AFM height images (top) of solid-state films by
spin coating DPPDTT/DCB solution (0.05 mg/mL) after aging at 25 °C for 2, 30, and 53 h. Schematic illustration (bottom) of the solution-state
assembly. Figure reproduced with permission from ref 306, Copyright 2012 American Chemical Society (a); ref 309, Copyright 2019 John Wiley and
Sons (b); ref 258, Copyright 2020 American Chemical Society (c).
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Porod exponent of 2.22 (indicating a dimensionality close to 2)
and plate-like objects observed in TEM imaging of freeze-dried
samples (Figure 16b).19 The authors propose that polymer
chains within the aggregates adopt a coiled conformation and
interact with each other through π−π stacking. Recently, Deng
and Li et al. have also proposed a similar 2-D lamellar structure
for PffBT4T-2DT in 1,2,4-trichlorobenzene (TCB) solution,
based on a Porod exponent close to 2 (2.56 at 25 °C and 2.10 at
50 °C) found in SANS profiles.62 The 2-D layer has a thickness
around 2.7 nm obtained from SANS fitting (Figure 16c). It is
worth noting that none of those studies give a detailed internal
packing structures within those 2-D aggregates. Besides, a Porod
exponent between 2 and 3 can also be ascribed to the fractal
dimension of isotropic network-like aggregates instead of a 2-D
sheets. For example, Yi and Hua have suggested that PBTTT
forms isotropic aggregates in chlorobenzene solution and gives
rise to a Porod exponent of 2.23 and 2.43 at 0.9 and 1.2 mg/mL,
respectively.294 Further, SANS fitting is proceeded based on the
assumption that only one population is present in the solution,
which omits the possibility that scattering contribution may
come from more than one species (e.g., dissolved chain and
primary aggregates). In that case, deconvolution may be needed
to reveal the true Porod decay exponent.
3-D isotropic network-like aggregates composed of randomly

oriented polymer chains is another type of primary solution
aggregates. As mentioned earlier, our recent work has shown
that PII2T can form 3-D network-like aggregates when dissolved
in backbone-selective solvent 1-chloronapthalene at high
temperature (115 °C), revealed by TEM imaging (Figure
17a) and SAXS fitting that returns a power law with an exponent
of 3.1 at low q.16 Meanwhile, a blue-shifted, featureless low-
energy absorption peak centered at ca. 640 nm indicates that the
backbone adopts a coiled conformation. Further, a lamellar
stacking structure factor peak present at high q in the SAXS
profile suggests that those coiled backbones are linked by side
chain association (Figure 17a); the absence of a π-stacking peak
in electron diffraction proves that coiled backbones are free from
ordered stacking. We have also found two donor polymers used
in OSCs (PM7 D1 and D2) form network-like primary
aggregates in chlorobenzene (Figure 17b).301 The formation
of network-like structures is revealed by AFM phase imaging of
the freeze-dried samples and is further supported by a Porod
region with slopes between −2 and −3. Electron diffraction and
SAXS measurements reveal that both alkyl chain stacking (dalkyl
= 4.8−5 Å) and lamellar (dlamellar = 3.4−3.5 nm) stacking are
present within the network-like aggregates. Wang and Pei et al.
have proposed that the FBDOPV-4F2T polymer in DCB forms
network-like aggregates composed of coiled polymer chains
(Figure 17c).259 This is inferred from the Porod exponent of
2.07 in SANS which is ascribed to the fractal dimension of the
network and is further demonstrated by imaging the freeze-dried
samples. The SANS data are then fitted with a combined model
involving a semiflexible cylinder form factor plus a fractal model.
Besides these network-like aggregates in which the primary
building units are single polymer chains, network-like aggregates
can also be composed of primarily aggregated 1-D fibers, which
we term as secondary aggregate structures which will be
discussed in detail in Section 2.3.
2.2.3. Characterization of Primary Solution-State

Aggregate Structures. Structural characterization of solution
aggregates often relies on both reciprocal-space scattering and
real-space imaging. SANS/SAXS can be used to extract
structural parameters of solution aggregates once a proper

fitting model is applied. For example, semiflexible cylinder or
parallelepiped model is often used to fit 1-D fiber aggre-
gates,16,241,249,258,271,297−299 and sometimes another semi-
flexible cylinder model is needed to account for scattering
contribution from dissolved polymer chains mainly at high-q
region.16,241,297,298 Parameters such as radius (or width and
thickness), persistence length, contour length of the dispersed
polymer chains and fiber aggregates can be extracted if captured
within the accessible q range. However, the typical lowest q
accessible in SANS/SAXS measurement is around 3 × 10−3 Å,
which makes it challenging to characterize large-length-scale
features. For examples, the fiber length is usually out of the q
range and not captured during SANS/SAXS fitting,241,249,258

and the Guinier knee corresponding to the semiflexible cylinder
radius moves below 0.003 Å if the radius is larger than 60 nm.241

USANS/ultrasmall angle X-ray scattering (USAXS) or SLS
techniques can serve as complementary tools to extend the q-
range. For examples, Pozzo group has extended the lowest
accessible q to 4 × 10−5 Å using USANS and Hua group has
extended it to 8 × 10−4 Å with SLS.294,297 Complementary to
reciprocal-space scattering, real-space imaging on freeze-dried
samples can provide direct visualization of aggregated
structures.16,19,241 The freeze-drying process often involves
solution freezing in either liquid propane-ethane mixture or
liquid nitrogen and subsequent sublimation of solvent under
vacuum, which may result in further aggregation of the polymer
during the process.19 Therefore, in situ microscopy technique
such as liquid-phase TEM can be further explored to better
visualize the solution-state structures.305

2.3. Secondary Solution-State Structures

The aforementioned studies have surmised the important role of
solution aggregates in improving optoelectronic performance,
and some of them have provided detailed structural information
on distinct aggregates. However, the structural evolution of
primary solution aggregates during evaporative solution
processing has been frequently overlooked. It is usually the
secondary aggregates, rather than the primary ones, that directly
template the microstructures in final thin films by defining the
assembly pathways. In this section, we review several works that
investigate the secondary aggregate structures that emerge
during solution assembly.

2.3.1. Secondary Networks. One of the commonly
observed secondary structures is the network-like assembly of
1-D fiber-like primary aggregates.258,298,306−309 P3HT is known
to form gels where primary fibers split and branch to form
interconnected networks.298,306−308 Pozzo group has systemati-
cally studied the gelation mechanism of P3HT solutions using a
combination of (U)SANS, sTEM, rheology, and conductivity
measurements.298,306 As shown in Figure 18a, upon cooling of a
concentrated P3HT solution, the dissolved polymer chains first
aggregate into primary fiber aggregates from nucleation sites.
The dispersed 1-D fiber further grows with time and then
reaches the percolation threshold to form gels. Longer growth
time allows further development with the newly emerged fibers
which may contribute differently to the developing gel
properties such as elasticity and conductivity. They have also
demonstrated that the nanoscale fiber structure is relatively
constant and insensitive to solvent or concentration. For
example, the fiber has cross-sectional thickness (i.e., height) of
ca. 5−6 nm with width of ca. 21−25 nm, which is stable in
various organic solvents over a 5−50 mg/mL concentration
range. They have proposed that as the cross-sectional dimension
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Figure 19.Chiral twist-bent mesophase-mediated assembly of PII-2T and its control by molecular engineering, printing flow, and solvent selectivity. a)
CPOM (top) and TEM (images) of PII-2T solutions at various concentrations. The half-pitch length of the helical fibers is marked with red arrows. b)
Schematic illustration of proposed chiral emergence in multistep hierarchical assembly of achiral conjugated polymers. c) Molecular structures of two
pairs of twisted polymers (PII-2T and DPP-BTz) and the planar counterparts (PTII-2T and DPP2T-TT) (top). CPOM images of the solution- to
solid-state transition of four polymers in a receding meniscus driven by solvent evaporation (middle). CD spectra of polymer films coated from
different printing regimes (bottom). Figure reproduced with permission from ref 295, Copyright 2022 Springer Nature (a, b); ref 83, Copyright 2019
American Association for the Advancement of Science (c).
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is always smaller than the maximum exciton diffusion length
(∼20 nm), most excitons generated within the gel fibers would
effectively dissociate into electrons and holes and be effectively
conducted to the corresponding electrodes. This optimal size for
exciton diffusion, together with the high specific surface area and
ample void space for backfilling with small molecule n-type
semiconductors, makes P3HT networks promising for applica-
tion like OSCs. Yao, Lei, and Pei et al. have investigated the
multiscale assembly process of F4BDOPV-2T and achieved
wafer-scale fabrication by taking advantage of the secondary
network aggregates.309 As shown in Figure 18b, the polymer first
aggregates into 1-D worm-like structures through π−π
interaction driven by using a poor solvent. These primary
aggregate structures grow with concentration and eventually
form a network-like secondary structure during evaporative
assembly. This is evidenced by solution SANS along with TEM
imaging on samples freeze-dried at various concentrations. This
fiber network-mediated assembly pathway allows fabrication of
large-area monolayer films of n-type F4BDOPV-2T with
interconnected fibers which provides significantly high electron
mobilities up to 1.88 cm2 V−1 s−1. The DPPDTT parallelepiped
fibers mentioned earlier also tend to interconnect and form
micrometer-sized secondary networks with solution aging
(Figure 18c). With further aging or increasing concentration,
the networks attain percolation and become nonflowing gels.
This gelation process can be reversed by shearing or solution
heating. It should be noted that these secondary structures are
induced by cooling, aging, or concentrating the dilute ink
solutions. In some cases, polymers readily aggregate into fiber
networks even at low concentration without any solution
treatments. For example, PII2T agglomerates in decane can be
understood as secondary networks composed of randomly
oriented 1-D fibers, which exist in very dilute conditions down to
0.1 mg/mL.16 As another example, PBTTT in toluene has been
suggested to form secondary network aggregates composed of
primary 1-D rod-like aggregated species (∼10 nm in length;
aspect ratio ∼2), which can happen at concentrations below 1
mg/mL.294

2.3.2. Lyotropic Liquid Crystalline Phases. Another
commonly observed solution-state secondary structure for
conjugated polymers is LC mesophases. LC represents
mesomorphic states of matter, where molecules maintain both
the fluidity of liquid and the crystallinity of solids. LCs can be
classified into two main categories: thermotropic and lyotropic
LCs. Thermotropic LC mesophases appear within a certain
temperature range, whereas the phase behaviors of lyotropic
LCs are governed by both temperature and concentration of
molecules in a solvent. The stiffness of semiflexible conjugated
polymers renders a tendency toward thermotropic ordering
when heated above the mesophase transition temperature. The
early discovery of thermotropic LC phases of conjugated
polymers starts in the 1990s, focusing mainly on the second
generation conjugated polymers including PPVs,310 polyfluor-
enes,311−314 and poly(1,4-phenylene-2,5-thiophenes).315 These
early studies, however, mainly aim to investigate the mesophase
structure−photophysical properties.311−314 The exerted influ-
ence of LCmesophases on thin-filmmicrostructures and charge-
transport properties remains unclear until Sirringhaus and co-
workers publish their pioneer work in 2000.316 By annealing the
film of fluorene/bithiophene copolymer F8T2 in the LC phase
on a rubbed substrate, they obtain a high degree of uniaxial
alignment of the polymer chains along the rubbing direction,
which further enhances the charge carrier mobility in transistor

devices. Since then, designing and annealing thermotropic liquid
crystalline conjugated polymers serves as a common practice to
improve structural order and enhance charge carrier mobi-
lity.316−321 Theoretical investigations have also been conducted
to examine the ordering of chains within LCmesophases.322−324

It is typically observed that the organized assembly and high
crystallinity can be facilitated in the LC phase and retained
during the subsequent crystallization upon cooling to room
temperature.320 Formation of lyotropic LC phases, on the other
hand, is facilitated by both the stiffness and amphiphilicity
(imparted by chemical dissimilarity of the backbone and the side
chain209) of the conjugated polymers when dissolved in an
appropriate organic solvent. It has been suggested that the
formation of lyotropic mesophases requires a balanced π−π
interaction among the backbones and van der Waals forces
among the side chains.209,217,286 A wide range of conjugated
polymers have been shown to exhibit lyotropic ordering in
solution, spanning from first generation conjugated polymer
polydiacetylene,325 to later second generation polymers
including polyfluorene,304 PPV,326,327 PPP,203 P3AT,328−330

and poly(p-phenyleneethylene) (PPE),326,331,332 and to modern
third generation D−A polymers such as PII2T,16,83,295

P(NDI2OD-T2),302 ,333 CDTPT,209 ,226 cyclopenta-
dithiophene-benzothiadiazole-based copolymer (CDTBTZ-
C16),334 and DPP/benzotriazole-based polymer DPP-BTz.335

More importantly, lyotropic LCs are of direct relevance to
evaporative assembly wherein polymers traverse the entire
concentration regime necessary for mesophase formation. Given
the sensitivity of LC phase to the external field such as shear flow
and its role in lowering free energy barrier to crystallization, it is
promising to obtain long-range order and high crystallinity from
lyotropic LCs.217,302,326,336,337 Indeed, several recent works have
suggested that a lyotropic LC mediated assembly pathway can
significantly improve in-plane alignment,217,286,302,336 enhance
the film crystallinity and boost the device performance of thin
films.208,209,226 We refer readers to our recent reviews on
understanding and controlling lyotropic LC-mediated assembly
pathways and their influence on solid-state morphology and
electronic properties.293

While the critical role of LC phase on molecular orientation,
alignment, and crystallization has been demonstrated, there is a
lack of detailed structural characterization in those LC phases,
which hinders a fundamental understanding of the LC-mediated
assembly pathway and its tunability. Our group has recently
discovered a lyotropic, chiral twist-bent nematic (Ntb) phase
from an achiral conjugated polymer PII2T with relatively
torsional backbone conformation.295 Combining in situ and ex-
situ optical and electron microscopy, X-ray scattering
techniques, together with molecular dynamic simulations, we
reveal that this Ntb phase features a hierarchical helical structure
which is developed through a multistep assembly pathway
(Figure 19a,b). Wavy helical polymer chains first aggregate into
helical nanofibers in a staggered fashion, constituting the
isotropic phase at relatively low concentrations (<50 mg/mL).
Further increasing concentration triggers the emergence of an
LC phase as spindle-like nematic tactoids surrounded by an
isotropic phase. At ∼ 100 mg/mL, those tactoids tend to merge
into a coherent mesophase domain of aligned, twisted fibers
exhibiting a half-pitch length of 1.3−1.5 μm at micron scales,
which concomitantly shows emergence of chirality. At ∼140
mg/mL, those fibers become thicker, and their packing gets
denser, giving rise to a reduced half-pitch length of 0.7−1.4 μm.
Increasing concentration further to 200 mg/mL results in a
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zigzag twinned morphology with a domain width of 0.5−1 μm.
In addition to the helicity at micron scales, we further

demonstrate the existence of molecular and nano scale helicity
usingMD simulations and high-resolution transmission electron

Figure 20. Impact of chain conformation on film alignment and molecular orientation. a) Chemical structures (top), molecular structures determined
by single crystal X-ray diffraction on small molecule analogues (middle), and schematic representation of chain alignment and highest OFETmobility
for PhF2,3, PhF2,5, and PhF2,6 polymers. b) Schematic illustration of the inferred flow-controlled chain planarity of PII2T and resultant assembly and
crystalline domain alignment. c) Schematic illustration for the effect of chain planarity on molecular orientation for isoindigo-based polymers. d)
Optimizedmolecular configuration for PDPP-T and PDPP-BT. e) Schematic representation of crystalline packing structures of PDD-T and PDPP-BT
revealed by 2D GIWAXS. Figure reproduced with permission from ref 206, Copyright 2017 American Chemical Society (a); ref 83, Copyright 2019
American Association for the Advancement of Science (b); ref 343, Copyright 2013 American Chemical Society (c); ref 346, Copyright 2017
American Chemical Society (d, e).
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microscopy, respectively. With detailed structural character-
izations on this chiral LC-mediated assembly pathway with
hierarchical helical structures, we further explore its tunability by
printing flow, molecular engineering, and solvent environ-
ment.16,83 When printed in the evaporation regime in meniscus-
guided solution coating, the Ntb phase is readily observed
through in situ cross polarized optical microscopy (CPOM)
imaging of the receding meniscus (Figure 19c), and the
developed twisted polymer/nanofibers can be inherited into
resultant thin films, giving rise to relatively lower conjugation
length and degree of alignment. However, increasing strain rates
in the transition regime stretches out the twisted chains and thus
eliminates the Ntb phase, resulting in highly planar chain
conformation and enhanced in-plane and out-of-plane align-
ment. Due to backbone planarization, a maximum 4-fold
increase in the hole mobility is achieved compared to films
printed in the evaporation regime mediated by the Ntb phase.
Besides printing flow, the removal of Ntb phase can also be
realized through molecular engineering to promote backbone
planarity. As shown in Figure 19c, by comparing two pairs of
twisted D−A conjugated polymers (PII-2T and DPP-BTz) and
their planar counterparts (thieno-isoindigo-bithiophene-based
polymer, PTII-2T, and diketopyrrolopyrrole-thienothiophene-
based polymer, DPP2T-TT), we found the twisted backbone
conformation is conducive to forming Ntb phase whereas planar
conformation eliminates the mesophase, evidenced by the
absence of LC phase in meniscus preceding the dried film for
planar PTII-2T and DPP2T-TT. Further, the emergence of the
lyotropic Ntb phase is sensitive to the solvent selectivity: the Ntb
phase of PII-2T only forms in solvents (e.g., DCB,
chlorobenzene, toluene) mutually dissolving backbone and
side chains but is absent in solvents selective to either backbone
(1-chloronapthalene) or side chains (decane).16 We elucidate
that the constituting nanofibers in LC phase only form in mutual
solvents where a balanced backbone vs side chain interaction
prevails. In contrast, the side chain selective solvents give rise to
solution agglomerates with strongly packed chains through π−π
interactions, which is incapable of being disentangled or aligned
under printing flow; backbone selective solvent leads to
amorphous network aggregates linked by side chain association,
which renders a direct crystallization pathway whereby growth
of π-stacked crystals can be guided by the solution-coating
process. As a result, distinct film morphologies are obtained by
modulating the assembly pathway via solvent selectivity.
2.3.3. Characterization of Secondary Solution-State

Structures. The reciprocal-space scattering and real-space
imaging techniques for primary solution aggregates are still valid
to probe the nanoscale structures within those secondary
assembly. Besides, the secondary structures can be micrometers
in size, which offers an opportunity to visualize through optical
microscope. For example, CPOM serves as a powerful tool to
investigate LC phases-mediated assembly pathways. The
emergence of lyotropic LC phase can be readily observed
under CPOM once the concentration surpasses a threshold
value. Besides, LC phase may exhibit distinct textures under
CPOM, such as the Schlieren textures from nematic phase209

and stripe texture of Ntb phase,
295 which is informative to phase

evolution driven by concentration increase during evaporative
film printing. Besides, imaging (SEM, TEM, and AFM) on
freeze-dried samples can provide nanoscale structural insights in
the LC phases, such as the organization of fibril building blocks
and resultant pitch in Ntb phase.

295 Circular dichroism (CD)
spectroscopy is routinely used to test possible chiral assembly of

conjugated polymer in solution and their chiroptical proper-
ties.338 Moreover, various state-of-the-art in situ measurements
have been developed for deciphering assembly pathways of
organic electronics and organic photovoltaics. We refer the
readers to the comprehensive review article by Richter,
DeLongchamp, and Amassian.339

2.4. Impact of Conformation, Primary, and Secondary
Aggregate Structures on Film Morphology

This section focuses on understanding of how film morphology
depends on polymer solution-state conformation, primary
aggregates, and secondary aggregate structures in solution.
Specifically, we focus our discussion on the degree of alignment,
crystallinity, andmolecular orientation in the solid-state of direct
relevance to charge and exciton transport in horizontal and
vertical devices such as transistors and solar cells. Recent
advances have showcased strong correlations between solution-
state structures and film morphology, which highlights the
importance of understanding and controlling the solution-state
structures mentioned above.

2.4.1. Role of Molecular Conformation. It has been
suggested that a planar and linear polymer backbone
conformation is conducive to improving the solid-state chain
alignment. For example, Wang and Bazan have reported a
significant impact of backbone linearity of clopentadithiophene-
difluorophenylene copolymers on their self-assembly and chain
alignment on nanogrooved (NG) substrates (Figure 20a).206

Chain linearity is tuned by the different placement of fluorine
atoms on the phenylene structural units, resulting in different
arrangements of F···H noncovalent interactions in model
compounds PhF2,3, PhF2,5, and PhF2,6. As revealed by single
crystal X-ray diffraction from small molecule analogues, for the
PhF2,3 molecule, the F···H interactions between the DFPh core
and the CDT units render a pseudo cis conformation where the
methyl groups of two CDT units point toward the same
direction; for the PhF2,5 molecule, the F···H interactions cause
the methyl groups of the two CDT units to point in opposite
directions (pseudo trans); for the PhF2,6 molecule, the two
CDT units are also in a pseudo trans conformation. The
difference in cis vs trans conformation observed in small
molecules can be further extrapolated to polymers as
demonstrated by DFT calculations. Therefore, a more linear
backbone is expected for PhF2,5 and PhF2,6, relative to PhF2,3.
Intriguingly, the GIWAXS measurements on films deposited on
NG substrates reveal that two linear polymers adopt a
significantly higher degree of alignment than the curved
polymer. The high degree of alignment in PhF2,5- and PhF2,6
films further give rise to enhanced OFET mobility up to 4.2 and
5.7 cm2 V−1 s−1, respectively, which are significantly higher than
that of PhF2,3 (2.8 cm2 V−1 s−1) showing inferior degree of
alignment. Except for linearity, our work on flow-induced chain
planarization of PII2T has demonstrated that chain planarity is
also crucially important for obtaining highly aligned thin-film
morphology (Figure 20b).83 As mentioned earlier, the Ntb phase
assembled by helical polymer chains is readily inherited into thin
films printed in the evaporation regime, resulting in poor
alignment with twinned domains aligned parallel to the printing
direction. Grazing incident X-ray diffraction (GIXD) measure-
ments reveal a dichroic ratio (RGIXD) of ∼0.64 for films printed
in the evaporation regime. However, the increased strain rate in
the transition regime induces chain planarization, which further
improves the fibril alignment along the chain direction
evidenced by high RGIXD reaching 11.4. Chen and Han et al.
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have reported that the macroscopic alignment of IID-based
conjugated polymers can be improved by planar conforma-
tion.340 Among three model compounds with varied donor
moieties including thieno-[3,2-b]thiophene (IID-TT), bithio-
phene (IIDDT), and benzodithiophene (IID-BDT), IID-TT
shows the most coplanar conformation as evidenced by the
theoretical calculations and the most red-shifted absorption
onset in both solution- and solid-state. The IID-TT films
obtained through solvent vapor enhanced drop-casting exhibit
the highest degree of alignment evidenced by optical dichroic
ratio of 2.08 higher than that of IIDDT (1.07) and IID-BDT
(1.33).
The relationship between chain conformation and degree of

crystallinity currently remains an open question for conjugated
polymers. On one hand, it is intuitive that increasing the chain

rigidity can potentially improve the intra- and intermolecular
ordering and thus contribute to a high degree of crystallinity. For
example, the highly crystalline PBTTT polymer with higher
rigidity (lp = 9 nm53) imparted by the fused thienothiophene
unit shows a higher degree of crystallinity than the moderately
crystalline parent polymer P3HTwith a lower rigidity (lp ≈ 3 nm
when regioregular52).36 On the other hand, modern D−A
polymers tend to be less crystalline than P3HT/PBTTT, despite
the fact that they are typically featured by fused-ring, rigid
building blocks and thus have more rigid conformation than
thiophene-based polymers. For example, the IDTBT polymer is
nearly amorphous regardless of its exceptionally high rigidity
with lp = 131 nm.51 One plausible explanation is that a certain
degree of conformational freedom is required to assist the chain

Figure 21. Effect of extent of aggregation on film alignment, crystallinity, and molecular orientation. a) Schematic illustration of well-dissolved and
aggregated polymer in solution and solid-state. b) OFET mobility of various polymers when alignment direction is parallel (red) and perpendicular
(black) to the transistor channel. c) Grazing incidence X-ray diffraction profiles of P3HT films obtained from the UV irradiated solutions. d) CPOM
images of P3HTfilms spin coated on glass fromP3HT/chloroform solutions UV irradiated for various times. e) OFETmobilities of P3HT pristine and
UV-irradiated films. f) Evolution of absorption spectra of difluoroben-zothiadiazole-based polymer solution in mixed solvents of chloroform and TCB.
g) Schematic illustration of the polymer molecular orientation that is modulated by aggregation in solution. Figure reproduced with permission from
ref 12, Copyright 2015 American Chemical Society (a, b); ref 56, Copyright 2014 JohnWiley and Sons (c−e); ref 18, Copyright 2016 JohnWiley Sons
(f, g).
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segments in packing into crystallites and thus achieving high
crystallinity.51

Currently, there is a controversy regarding the dependence of
out-of-plane molecular orientation (i.e., face-on vs edge-on)
within crystallites on molecular conformation: some works have
demonstrated that a planar, linear conformation facilitates
development of face-on molecular orientation,341−343 whereas
others have suggested the opposite.344−346 For example, Chen
and Frećhet et al. have observed an increased preference for
edge-on orientation with improving chain planarity for IID-
based conjugated polymers (Figure 20c).343 The chain planarity
is systematically improved by substituting thiophenes for phenyl
rings within the IID unit, which is supported by DFT
calculations and UV−vis absorption spectroscopy. GIXD
measurements on spin coated films reveal that planar polymers
favor face-on orientation whereas polymers with a twisted,
helical backbone display a preference for edge-on packing. The
authors argue that a face-on packing is energetically favored for a
planar conformation due to the maximization of van der Waals
interactions between the rigid π-conjugated backbone and
substrate surface. The cofacial π−π interchain interactions
subsequently guide other chains to adopt a similar orientation
during crystallization, eventually producing films comprising
face-on oriented crystallites. In contrast, the twisted backbone
precludes strong polymer−substrate interactions and thus
experiences negligible energy benefit for adopting a face-on
orientation. Therefore, the solution-state aggregates created by
intermolecular π−π and/or lamellar interactions may play a role
in governing the molecular packing and giving rise to a
preferentially edge-on orientation. Similarly, Lee and Yang
have found an increase in face-on crystallite population with
enhancing the chain planarity in D−A polymers containing
thieno-benzo-isoindigo (TBIG) and IID acceptor units and a
bithiophene donor.341 The ratios of TBIG and IID units have
been systematically tuned to vary the chain planarity, resulting in
4 polymers (PTBIG-100, PTBIG-75, PTBIG-50, and PTBIG-
25). Using a combination of DFT calculations, UV−vis
absorption spectroscopy, and GIXD measurements, the authors
have revealed that an increase in TBIG unit fraction leads to
improved chain planarity and stronger preference for edge-on
orientation in spin coated films. Lee and Cho et al. have also
found a planar, linear 9-bis(2-ethylhexyloxy)naphtho[1,2-b:5,6-
b′]dithiophene (NDT)-based polymer PNDT adopts a
preferentially face-on orientation, whereas its twisted, curved
counterpart PBDT has a tendency to adopt an edge-on
orientation.342 There exist, however, several studies that
contradict the observation that planar chain favors face-on
orientation. For instance, Jeon and Kim et al. have found PDPP-
T having a planar chain conformation exhibits an edge-on
molecular orientation in spin coated films whereas its twisted
counterpart PDPP-BT adopts a face-on assembly (Figure
20d,e).346 This is consistent with conformation-molecular
orientation relationship reported in two other works.344,345

Based on the concentration-dependent solution-state absorp-
tion spectroscopy, the authors propose that the planar PDPP-T
polymer readily aggregates as concentration increases during
evaporative assembly, leading to edge-on orientation guided by
solution aggregation; the lack of aggregation of PDPP-BT chains
in solution is responsible for a preferential face-on orientation.
This works has suggested that molecular conformation is not the
sole factor that governs the molecular orientation. The solution-
state primary aggregates or even secondary structures may exert

significant influence on the packing orientation, which we shall
discuss in detail below.

2.4.2. Role of Primary Solution-State Aggregates.
Recent studies have reported that films fabricated from
aggregated ink solutions often exhibit higher degree of
alignment than those from dissolved solutions.12,13,15,72 For
instance, Kim and Noh et al. have printed several chemically
diverse polymers using off-center spinning process and found
that solution aggregation is a prerequisite for obtaining highly
aligned film (Figure 21a).12 Using a combination of AFM,
GIXD, polarized UV−vis absorption, and polarized-charge
modulation microscopy, they have concluded that the strong
alignment of polymer chains occurs at the top film surface rather
than in the bulk, which is critical to OFET devices. As shown in
Figure 21b, the highly aligned feature gives rise to high charge
transport anisotropy in films of solution-aggregated polymers
such as P(NDI2OD-T2) and DPPT-TT. In contrast, P3HT
films from molecularly dissolved chlorobenzene solution barely
show any transport anisotropy due to poorly aligned
morphology. Chu and Reichmanis et al. have demonstrated
the macroscopic alignment of P3HT films can be significantly
enhanced by aging-induced aggregation in corresponding ink
solutions.250 This is attributed to the reasoning that fiber
aggregates significantly reduce tortuosity and entanglement
effect of long polymer chains during blade coating process. Luzio
and co-workers have also found, when cast from aggregated
solution in toluene or mesitylene, P(NDI2OD-T2) films exhibit
highly aligned, hundreds-of-micrometers-wide region with
remarkable molecular orientational order.13,333 Using bar
coating, they have obtained a high degree of alignment in both
bulk and top surface of the film, which is quantified by dichroic
ratio of 7.7 and 4.8 obtained from bulk-sensitive GIWAXS and
surface-sensitive NEXAFS measurements, respectively.13 This
further leads to significant charge transport anisotropy that
electronic transport is more favorable along the fibril axis parallel
to the bar-coating direction. Conversely, films fabricated from
solutions in DCB, which is a less-aggregating solvent for
P(NDI2OD-T2), barely show any alignment and transport
anisotropy. The authors thus conclude that the existence of
solution aggregates is necessary to obtain a high degree of
alignment in printed films.
It has also been noted that solution-state aggregation is

conducive to enhancing the resultant film crystallin-
ity.14,15,56−58,269 Reichmanis group has found that inducing
solution-state aggregation of P3HT can dramatically increases
the corresponding film crystallinity and further boosts the
charge transport characteristics.55−57 For instance, as shown in
Figure 21c, a gradual increase in the intensity of (100) lamellar
stacking peak in the film is observed with increasing the UV
irradiation time of the precursor solutions.56 This is ascribed to
an increase of size and/or number of crystallites due to enhanced
solution-state aggregation. Besides, with increased UV irradi-
ation time, the film birefringence under CPOM progressively
enhances (Figure 21d), which is another indicator of increased
molecular ordering and/or crystallinity. As a result, the OFET
mobility increases concomitantly in films fabricated from
aggregated solutions (Figure 21e). Reichmanis group has also
enhanced the film crystallinity by poor solvent addition and
ultrasonic irradiation of P3HT solution, which is also modulated
through the control of solution-state aggregation.55,57 Similarly,
Chen and Frećhet et al. have also demonstrated the importance
of solution aggregation on enhancing the film crystallinity in a
DPP-based polymer system.15 They have synthesized two types
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of DPP-based polymer backbone: PDPP3F with 3 furan units
and PDPP2FT with 2 furan and 1 thiophene units within each
repeating unit, substituted with either linear n-hexadecyl (C16)
or branched 2-butyloctyl (BO) side chains. Based on solution
NMR, UV−vis absorption, and DLS measurements, among 4
polymers, the PDPP3F−C16 shows the strongest tendency to
aggregate in solution due to a relatively linear backbone and
ineffective linear solubilizing side chains. GIXD measurement
reveals that PDPP3F−C16 spin coated films show the highest
correlation length (Lc = 3.9 nm) extracted from the full width at
half-maximum (fwhm) and the closest π−π stacking distance (d
= 3.52 Å), which correlates well with the strong tendency to
aggregate in solution. In contrast, other 3 less aggregated
polymers show Lc ranging from 1.1 and 2.2 nm, and d between
3.68 to 3.85 Å. Besides, the authors also demonstrate that
enhancing solution aggregation by poor solvent addition can
enhance the film crystallinity of PDPP3F−C16 and PDD3F-BO
polymers. Therefore, those results suggest that solution-state
aggregation of conjugated polymers is conducive to high film
crystallinity.
In addition to film alignment and crystallinity, solution-state

aggregation has a significant impact on the molecular

orientation.15,17,18,62,67,71 A notable work done by Li, Müllen,
and Pisula et al. has shown that the molecular orientation of
difluorobenzothiadiazole (FBT)-based polymers can be tuned
by controlling their solution aggregation.18 When dissolved in
chloroform, the polymers aggregate into 1-D fiber-like structures
as evidenced by AFM imaging on drop-cast samples. However,
progressively adding TCB, which serves as a better solvent for
the polymers, decreases the extent of aggregation as suggested
by blue-shifting and decreasing in intensity of the lowest-energy
absorption band (Figure 21f). Importantly, the molecular
orientation in drop-cast films is tuned from edge- to face-on
when using pure chloroform to pure TCB solvent (Figure 21g).
The authors speculate that the change in the molecular
orientation is associated with different extents of aggregation
which affect the relative polymer−polymer and polymer−
substrate surface interactions. Namely, (relatively) isolated
polymer chains in TCB tend to “lie flat” to maximize their
interactions with the substrate. Conversely, the intermolecular
π−π interaction between aggregated chains in chloroform is
strong enough to compensate for the energy barrier required for
chains to “stand up” on the substrate. This work highlights that
an edge-on orientation is more favorable when ink solution is

Figure 22. Effect of distinct aggregate structures on film alignment, crystallinity, and molecular orientation. a) CPOM images of PII-2T films oriented
at 0° and 45° relative to the polarizer/analyzer with arrows indicating the film coating direction. b) AFM phase images (left), orientation mapping
analysis (middle), and pole figures of the fiber orientation distribution with S2D values (right) for films printed using the three solvents. The arrows
indicate the coating direction. c) fwhm of π−π stacking (010) and lamellar stacking (200) peak fromGIXD. The error bars are from the peak fitting. d)
Hole mobility in OFET devices measured at φ = 0° and φ = 90°. e) Schematic illustration of the determinant role of solution-state supramolecular
assembly in the molecular orientation of conjugated polymer films. f) 1D GIWAXS in-plane and out-of-plane profiles of PffBT4T-2OD thin films.
Figure reproduced with permission from ref 16, Copyright 2022 John Wiley and Sons (a-d); ref 62, Copyright 2022 John Wiley and Sons (e, f).
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highly aggregated. Similarly, in the work mentioned previously
by Chen and Frećhet et al., the highly aggregated PDFF3F−C16
polymer adopts an edge-on orientation whereas more soluble
PDPP2FT-C16 polymer adopts a mixed orientation in spin
coated films;15 the former system shows a highRin/out (defined as
the ratio of in-plane to out-of-plane π−π scattering intensities in
the GIXD pattern) between 11.94 and 15.87 whereas the Rin/out
for the later system ranges from 1.51 to 2.31. Additionally, they
have found that promoting the solution aggregation of PDPP3F-
BO by poor solvent (methanol) addition leads to a greater
preference for edge-on orientation. The ratio Rin/out is found to
increase from 1.9 to 4.2 when methanol fraction in solution
increases from 10% to 30%. Nahid and McNeill et al. have also

shown that decreasing the solvent quality leads to a higher
degree of edge-on orientation of P(NDI2OD-T2) at the air/film
interface: as revealed by NEXAFS measurements, the average
backbone tilt angles with respect to the substrate increase from
∼60° for good solvents (xylene:1-chloronaphthalene mixture
and DCB) to ∼62°−63° for solvents with intermediate quality
(chlorobenzene and chloroform), and eventually to ∼67° for
poor solvents (toluene and xylene).17 Wang and Han et al. have
found that P(NDI2OD-T2) films spin coated from chloroform
solution show a mixed orientation, whereas the edge-on content
progressively increases from 38% to 54% upon adding 4 vol %
ethylene glycol (considered as a poor solvent) into the
solution.67 Taken together, these works suggest that enhancing

Figure 23. Effect of lyotropic mesophase on film alignment, crystallinity, and molecular orientation. a) CPOM images of a film coated on a transistor
substrate. The red arrows indicate the printing direction. b) Polarized optical absorption spectra parallel (red) and perpendicular (black) to coating
direction. c) CPOM image of a 20 mg/mL P(NDI2OD-T2) solution in chlorobenzene sandwiched between two glass slides. Solution evaporation
from the sample edge gives rise to a concentration gradient. d) CPOM image of concentrated PCDTPT-HD solution in hexane indicating emergence
of lyotropic LCmesophase. 2D-GIWAXS data (left), in-plane line cuts (middle), and OFET transfer cuves (right) for PCDTPT-HD film cast from e)
chloroform and f) hexane solutions. g) CPOM image of a lyotropic LC mesophase in a concentrated (100 mg/mL) DPP-BTz solution. h) In situ
CPOM image of the receding meniscus during solution coating of 10 mg/mL DPP-BTz in chlorobenzene solution. (i) Schematics of lyotropic LC-
mediated assembly of DPP-BTz with distinct out-of-plane orientation at the top vs in the bulk film. Figure reproduced with permission from ref 302,
Copyright 2018 American Chemical Society (a−c); ref 209, Copyright 2016 American Chemical Society (d−f); ref 335, Copyright 2020 American
Chemical Society (g−i).
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the extent of solution-state aggregation is conducive to forming
or increasing the extent of edge-on orientation in the
corresponding films. However, this rule of thumb may not be
universal and may not translate to other polymeric systems. For
instance, Li and Han et al. have found a negative correlation
between the extent of solution aggregation of PCDTPT-ODD
and the edge-on content in the resultant drop-cast films.71 When
the polymer is cast from solution in chloroform which is the least
aggregating solvent among the selected ones, the highest edge-
on content (∼75%) is obtained in the film, whereas the lowest
film edge-on content (∼55%) is obtained when the film is cast
from in isooctane solution where the polymer shows the highest
aggregation tendency. Based on the in situ GIWAXS measure-
ment during film formation, they have proposed that the face-on
and edge-on crystalline regions are produced from ordered
aggregates and disordered polymer chains in solution,
respectively. Besides, in addition to the extent of aggregation,
different internal structures of the solution aggregate may give
rise to distinct molecular orientation, which will be discussed
below.
As discussed earlier, not all aggregates are conducive to

improving the film morphology,281,284 and distinct aggregate
structures may largely modulate the film alignment, crystallinity,
and molecular orientation.16,19,62 For example, our group has
found that the PII-2T amorphous aggregates in hot 1-
chloronaphthalene solution (backbone selective solvent) give
rise to an exceptionally high degree of alignment in films
prepared by meniscus guided coating (Figure 22a,b). In
contrast, the semicrystalline agglomerates in decane (side
chain selective solvent) are incapable of being disentangled or
aligned, resulting in almost isotropic films.16 The semicrystalline
1-D fiber aggregates in DCB (mutual solvent) develop into
twinned domains as a result of an Ntb mesophase mediated
assembly, leading to biaxial alignment in coated films. Besides in-
plane alignment, the paracrystalline disorder goes from the
lowest to the highest from 1-chloronaphthalene, DCB, to decane
coated films, which is estimated from the fwhm of GIXD peaks
(Figure 22c). Owing to the high degree of alignment and
reduced paracrystalline order, the 1-chloronaphthalene films
show the highest mobility in OFET devices (Figure 22d). Zheng
and Pei et al. have also investigated the effect of BDOPV-2T
aggregate structures on the resultant film crystallinity by
extracting the coherence length (Lc) from GIXD patterns.19

The results indicate that 1-D fiber-like (in DCB) and 2-D
lamella-like (in toluene) structures lead to a Lc of 13.5 and 12.1
nm, respectively. Mixing DCB and toluene solutions gives rise to
larger 1-D aggregates representing a transitional structure
between 1-D and 2-D with an increased Lc of 15.1 nm. Deng
and Li et al. have reported that the paracrystallinity disorder is
reduced from 15.71% to 11.69% when PffBT4T films are spin
coated from 2-D lamellar aggregates in TCB compared to those
from 1-D fiber aggregates in CF.62 Besides, they have also found
1-D aggregates facilitate edge-on packing in films whereas 2-D
aggregates are conducive to face-on packing (Figure 22e,f).
2.4.3. Role of Secondary Solution-State Structures.

Recent studies have suggested that a lyotropic LC mediated
assembly pathway can significantly improve in-plane alignment,
enhance film crystallinity, and boost device performance of thin
films. Trefz and Ludwigs et al. have achieved high degree in-
plane alignment in bladed coated P(NDI2OD-2T) film with
high optical dichroic ratio (Figure 23a,b), reaching up to 18,
along with a concomitant charge transport anisotropy of up to
14.302 As shown in Figure 23c, the lyotropic characteristics of the

polymer are directly observable under CPOM in a concentrated
solution sample. The authors also demonstrate the film
morphology tunability by increasing the oriented domain size
upon solvent vapor annealing, which is presumably mediated by
the lyotropic LC phase. Schott and Sirringhaus et al. also have
fabricated highly aligned films of liquid crystalline DPP-BTz
using soft blade solution shearing.336 Optimal temperature and
printing speed enable a high structural anisotropy in films
printed from chlorobenzene solution, evidenced by an optical
dichroic ratio up to 14 and charge transport anisotropy larger
than 10. Kim and co-workers have proposed a molecular design
rule for achieving lyotropic mesophase of thiophene-phenylene-
based polymers with direct alignment capability in meniscus-
guided coating.217 When the design rule is satisfied, the polymer
traverses a lyotropic LC-mediated assembly pathway and shows
an exceptionally high emission dichroic ratio of 16.67 in the
resultant film, which further leads to more than 3 orders of
magnitude faster anisotropic hole mobility along the chain
alignment direction than the orthogonal direction. In contrast,
polymers with design requirements unfulfilled barely show any
alignment in coated films due to the incapability of forming
lyotropic LCs. The development of high degree of in-plane
alignment induced by lyotropic LC during meniscus-guided
coating of CDTPT is investigated byWu and Richter et al. using
in situ UV−vis absorption spectroscopy.334 A significant
increase in the film absorption anisotropy is only detectable
50 s after the meniscus passage, corresponding to a volume
fraction of polymer larger than 0.5 in the drying meniscus. The
authors propose that the bulk alignment is mediated by lyotropic
LC phase and appears at high concentration driven by solvent
evaporation. Persson and DeLongchamp et al. have drawn a
similar conclusion that bulk alignment of P(NDI2OD-T2) film
can be established through lyotropic LC phase and occurs very
late in the meniscus drying process,347 evidenced by in situ
GIWAXS and UV−vis reflectance data.
Besides in-plane alignment, Segalman and co-workers have

demonstrated that lyotropic LC-mediated assembly also gives
rise to high crystallinity and charge-carrier mobility in the solid-
state.209 They have found that PCDTPT polymer with 2-
hexyldecyl (HD) side chains forms lyotropic LC consisting of
ordered aggregates in a selective solvent hexane (Figure 23d),
whereas mesophase is absent when aggregates dissolve in a good
mutual solvent such as chloroform. GIWAXS reveals increased
crystallinity and larger crystallites in films cast from lyotropic
hexane solutions to those from isotropic chloroform solutions
(Figure 23e, f). As a result, charge-carrier mobility is enhanced
when the assembly is mediated by LC mesophase (Figure 23e,
f).
Moreover, the out-of-plane molecular orientation distribution

can also be directed by lyotropic LCmesophase as demonstrated
in one of our recent works.335 Using CPOM, a lyotropic LC
phase of DPP-BTz in chlorobenzene is readily observed in
concentrated solution and at the meniscus front during solution
coating (Figure 23g, h), and its molecular and mesoscale
structural attributes are characterized using SAXS and in situ
GIWAXS. A preferred face-on orientation is revealed in the bulk
of the liquid crystalline layer whereas an edge-on orientation
prevails at the top air−liquid interface in the meniscus (Figure
23i). We elucidate that side chains tend to stick out of the top
interface to minimize the surface energy, leading to a
predominantly edge-on orientation. In contrast, the molecules
in the bulk liquid layer may adopt a twisted backbone
conformation and a chiral helical assembly, leading to an overall
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broad yet preferentially face-on orientation. This unique
molecular orientation distribution developed in the mesophase
is subsequently transferred into the thin films upon drying,
which showcases an effective strategy to control the out-of-plane
orientation in a mesophase-mediated assembly pathway.
Unlike lyotropic LCs with intrinsic orientational ordering and

fluidity that can guide long-range orientational order during film
processing, the secondary solution network-like assembly
usually represents an isotropic and disordered state where
primary aggregated fibers are randomly oriented and inter-
connected.258,298,306−309 Although it has been suggested that
special gel network processing (involving heating tomolten state
and subsequent mechanical shear) can produce highly aligned
polymer films, it is usually observed that these network-like
structures are readily inherited into the solid-state, resulting in
poorly aligned films.16,258,309,348 Besides, although the constitut-

ing primary fibers are suggested to improve the film crystallinity
as discussed above, it is unclear how their secondary network-
like assembly can have additional contribution to the
crystallinity. It also remains an open question how these
network-like structures can affect the molecular orientation in
the final solid-state. Nevertheless, the secondary networks
structures that are preserved into the solid-state films are found
to show enhanced electronic properties.306,349,350 For example,
Malik and Nandi et al. have found that, when compared to films
cast from dilute solutions without gelation, P3HT films slowly
dried from concentrated solutions containing gels exhibit ∼10-
and ∼50-fold increase in conductivity in undoped and doped
state, respectively.349,350 Newbloom and Pozzo et al. have also
shown the conductivity of P3HT gel networks (up to 7 μS/m)
prepared from aged, high-concentration solution is significantly
higher than those reported for films from solution without

Figure 24. Representative examples of main classes of small molecule NFAs.
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gelation process (0.678 μS/m).306 They have also demonstrated
the conductivity can be enhanced by increasing the branching
within the networks and the significant percolation enables
effective charge transport over large distances (with samples as
thick as 2 mm). As mentioned earlier, through a fiber network-
mediated assembly pathway in dip-coating, Yao and Pei et al.
have fabricated wafer-scaled transistors showing high electron
mobilities up to 1.88 cm2 V−1 s−1, which is comparable or even
better than that of spin coated films but with almost 1 order of
magnitude smaller contact resistances.309

It has also been demonstrated that the formation of secondary
gel networks can have a significant impact on the device
performance of OSCs.351−358 For example, an early work by
Huang and Chang et al. has shown that aging-induced P3HT
gelation in concentrated xylene solution can improve the PCE of
P3HT:PCBM based OSCs, reaching 3.78% after optimizing the
gelation time.351 The authors propose that solution gelation
alters the morphology of the photoactive layer, leading to
nanoscale phase separated structures of P3HT:PCBM which
can increase the maximum electrical output due to the increased
efficiency of charge separation, charge transport, and/or photon

absorption. In a more recent work by He and Lee et al., the
P3HT gel networks prepared by rapid solution cooling are
shown to have nanosized pores using cryogen-based SEM.353

The porous network structures provide a continuous pathway
for charge transport and large interfacial area with PCBM phase.
As a result, the presence of those networks in the OSC
photoactive layers leads to an enhanced PCE of 3.9% compared
to that of reference cells (2.7%). Similarly, Li and Song et al. have
obtained a PCE of 2.35% in P3HT:PCBM BHJs fabricated from
solution containing gels, which is 5.6 times higher that of devices
from solutions without gelation.355

3. ASSEMBLY OF NFA
In this section, we will focus on the assembly of conjugated
organic small molecules, in particular NFAs, relevant to OSCs.
Since their introduction, NFAs, have played the key-role in
overcoming the drawbacks from their fullerene-based counter-
parts such as their thermal and photochemical instabilities,
limited tunability of electron affinities, limited absorption in the
UV−visible region of the solar spectrum, and time-consuming
purification.359,360 NFAs are also remarkable absorbers due to

Figure 25. a) Schematic of a typical A−D−A NFA molecular structure. b) Supramolecular synthons of common interactions observed in crystalline
structures. c) Typical molecular packing modes in single crystals. d) Molecular stacking formed in NFAs, reproduced with permission from ref 435,
Copyright 2020 Royal Society of Chemistry.
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the highly tunable physicochemical properties and absorption
that expands to the near-infrared (NIR) region of the
electromagnetic spectrum (780 to 2500 nm).361,362 The quest
for effective property modulation of OSCs has motivated the
progressive synthetic design of NFAs with distinct classes of
molecular architectures.360 In a broad sense, some of the most
common small molecule NFAs can be classified as subphthalo-
cyanines (SubPCs), subnaphthalocyanines (SubNCs),363 trux-
enones,364 perylene diimides (PDIs),365 fluorene- and carba-
zole-based acceptors,366 indacenodithiophene- (IDT),
indacenodithienothiophene- (IDTT), and benzodithiophene
(BDT)-based acceptors (Figure 24).367

Within the rich diversity of molecular architectures of NFAs,
the specific molecular interactions and solution processing
conditions have the capacity to influence the assembly pathways
and improve device performance.368,369 As noted elsewhere, one
of the key aspects of evolution of OSCs is understanding and
exploiting the self-assembly pathways of neat components and
BHJ blends.31 Compared to the complex assembly pathways of
conjugated polymers forming primary and secondary aggregates
in solution as discussed in Section 2, small molecules,
particularly NFAs, do not exhibit as complex concentration-
driven pathways during evaporative solution processing. Instead,
direct crystallization and amorphous-to-crystalline transition
have been reported.370 The fundamentals of such pathways will
be presented in Section 4.1.1. Most research studies report that
the molecular assembly of NFAs mainly affect the crystal
packing structures in the solid-state. Therefore, in this section,
we will mainly focus on the crystal packing and polymorphism of
NFAs in the solid-state which is largely determined by the
molecular features of NFAs and various forms of intermolecular
interactions. Relevant fundamentals of polymorphisms of
organic electronic crystals were covered in our prior review.40

Due to the rapid progression and evolution of NFA materials,
our discussion will focus on assembly and crystal engineering
aspects of several main classes of NFAs. Discussions of
individual classes have been reviewed extensively in previous
publications.30,359,371−373

3.1. Structural Features and Assembly Control of Neat NFAs

This section focuses on the current understanding of
correlations of structural features with morphology and crystal
packing of common NFAs. Morphology, as the link that
connects molecular structure with device performance, is of
fundamental importance for the development of more efficient
OSCs.374 A comprehensive review by Gu, Liu, Zang et al.
focuses on key parameters such as material interaction and
crystallization. Here, special emphasis will be given to high-
efficiency acceptor−donor−acceptor (A−D−A), where the D
unit can be extended to more complex DA′D cores (e.g., A−
DA′D−A) NFAs, which are the frontline of OSC development
due to being closer to the threshold of practical application
(Figure 25a).375

In the context of molecular architecture, A−D−A NFAs are
considered push−pull structures constructed by connecting an
electron-rich core (D) with an electron deficient end-group
(A).376,377 A−D−A NFAs are typically decorated with side
chains that allow for a high degree of structural tunability and
solubility processability and miscibility (Figure 25a).151,359 This
section will provide an overview of current strategies to control
molecular assembly of NFAs and the structural underpinnings
for relevant properties. Specifically, we will focus on the
crystallographic landscape of NFAs, which is intrinsically related

to the molecular architecture and processing. In the discussion,
aspects of crystal engineering378,379 of OSCs and their impact on
OSC morphologies will be covered.

3.1.1. Crystallographic Landscape of NFAs. Molecules
in crystals are held together by a combination of attractive and
repulsive forces induced by surrounding molecules through
weak, noncovalent (i.e., supramolecular) interactions.380 The
crystal packing principle aims to maximize density, minimize
free volume and packing energy. To gain a better understanding
of the molecular interactions and supramolecular architectures
and synthons381 of NFAs, a variety of X-ray diffraction
techniques (e.g., single-crystal X-ray diffraction (SCXRD),
powder X-ray diffraction (PXRD), two-dimensional WAXS
(2D-WAXS), GIXD have been employed on pristine NFA
systems. In particular, SCXRD facilitated by synchrotron
radiation beamlines have resulted particularly useful in obtaining
unambiguous structural data from NFAs single crystals,382

which tend to grow smaller compared to analogous organic
molecules making data collection harder on conventional X-ray
diffractometers.151 Methods to successfully grow high quality
single crystals of OSCs include slow evaporation,382 slow
precipitation of the mother liquor by cooling,383 antisolvent
vapor diffusion,384 liquid−liquid interfacial precipitation.385,386

Combined crystallographic characterization approaches have
provided holistic understanding of the molecular assembly and
morphologies in monolayers and thin films.11,387 Crystallo-
graphic databases (e.g., Crystallography Open Database,388 The
Cambridge Crystallographic Data Centre389,390) provide a
unique resource to deposit, and share obtained data sets to the
scientific community, particularly with the rapid advancement of
data science approaches to predict and generate improved
chemical systems for OSCs.391

3.1.1.1. Supramolecular Synthons and Interactions. As
discussed in the previous section, judicious manipulation and
modification of intermolecular interactions in NFAs can have a
profound impact on the crystal packing motifs of OSC
materials.378 The ability to control crystal packing relies on
noncovalent, intermolecular interactions (i.e., supramolecular),
as well as known supramolecular synthons (i.e., structural units
within supramolecular architectures or molecular crystals that
can be formed/assembled by known or conceivable synthetic
operations using intermolecular interactions),378,381 which is the
basis of the field of crystal engineering. Themolecular packing of
various small molecule NFAs and optoelectronic materials378

has been extensively reviewed, providing useful design elements
and guidance for the design of future OSCs. In this section, we
will discuss various strategies to control the assembly, crystal
packing and molecular arrangements in the solid-state of various
representative systems, as well as components of the supra-
molecular toolbox of intermolecular interactions (Table 1 and
Figure 25b,c).
3.1.1.1.1. π−π Interactions. Broadly speaking, π−π inter-

actions encompass the contacts between the π-orbitals of a
molecular system.378,392 Pioneering work by Hunter and
Sanders outlined the geometrical requirements for π−π
interactions and geometries, which can be broadly categorized
in face-to-face, edge-to-face, and offset π-stackingmodes.393 The
model takes in consideration a combination of electrostatic,
induction, dispersion and repulsion energies, where the major
contributor being typically electrostatic and van der Waals
components. The ideal fixed separation of two π-atoms is
typically in the order of ∼3.4 Å. Since the most widely available
electronicmolecules are highly conjugated, π−π interactions can
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be a powerful tool to dictate the overall packing and resulting
properties in NFAs. Specifically, π−π interactions have been
identified to provide one of the most significant charge transport
channels:394 stronger π−π stacking and shorter displacement
would lead to more effective charge transfer and higher device
performance.394,395 π stacking modulation has also been related
to enhanced mechanical properties,396 thin film morphology
and stabilities.397,398 In addition to the most common modes of
π−π interactions, structurally related variations (e.g., cati-
on−π,399 anion−π,400 hydrogen bond−π401) derived from π
contacts have also been described and exploited in crystal
engineering. Further, radical-based π−stacking (i.e., pancake
bonding)402−404 has also been used toward chemical design of
novel OSC architectures.50 Current strategies to influence the
π−stacking in organic electronics include the incorporation of
processing additives,405 substrate selection,406 chemical mod-
ification,407 and cocrystallization.408,409

3.1.1.1.2. Hydrogen Bonding. Widely considered as the
“master-key” interaction in crystal engineering because of its
potential to design multifunctional materials,410 a hydrogen
bond, according to IUPAC, encompasses the attractive
interaction between a hydrogen atom from a molecule or a
molecular fragment X−H in which X is more electronegative
than H, and an atom or a group of atoms in the same of a
different molecule, in which there is evidence of bond
formation.411 In the context of organic electronics and OSCs,
hydrogen bonding, while less common, has been demonstrated
to serve as a long-range hole transport channel,412 and to be able
to control processability,413 morphology414,415 and solar cell
efficiency.413,416 Hydrogen bonds have also been utilized to
enforce π−π interactions in aromatic molecules through
molecular templates,417−419 and to act synergistically with π-
stacking to improved organic photovoltaic efficiency.420,421

3.1.1.1.3. Halogen Bonding. Halogen bonding is another type
of highly directional, electrostatically driven supramolecular
interaction that involves an electronically depleted outer lobe in
a half-filled p-type orbital (i.e., σ-hole) in a halogen atom.422

According to the IUPAC definition, a halogen bond occurs
when there is evidence of a net attractive interaction between an
electrophilic region associated with a halogen atom and a
nucleophilic region of another chemical entity.423 Depending on
the geometry, halogen bonds can be classified as type I
(symmetrical interactions where θ1 = θ2) and type II (bent
interactions where θ1 ≈ 180° and θ2 ≈ 90°). Also, depending on
the interacting molecular motifs, halogen bonds can range from
10 kJ/mol for weak interactions (e.g., N···Cl contacts) to 150
kJ/mol for strong interactions (e.g., I2···I− adduct).424 While the

incorporation of halogens into the molecular structure of OSC
materials has been primarily motivated by the electron-
withdrawing nature of halogens (i.e., increased absorption of
IR light), it has been evidenced that halogen bonding can also
improve morphology and packing efficiency such as in the case
of Y3, ITIC, IT-4Cl,425−428 and the stability and PCE of a Y6-
based OSC.429

3.1.1.1.4. Other Relevant Short Contacts for OSC Design. In the
design of functional OSCs, weak supramolecular interactions
(e.g., chalcogen bonding, van der Waals, weak hydrogen
bonding) have been used to provide conformational locking
and achieve planarity/twisting in the molecular structure of
NFAs.174,430−432 For instance, it has been revealed by
microcrystal electron diffraction that in electron-rich NFAs
(e.g., β-ITIC-Th) sulfur atoms play an important supporting
role in the formation of S···S and S···H short intermolecular
contacts between the thienothiophene rings of IDTT backbones
and the pendant thiophenes, resulting in themost distortedNFA
backbone reported to date.433

Based on the above interactions, specifically, A−D−A type
NFAs show various molecular packing behavior depending on
the intermolecular coupling between donor and acceptor
moieties, affecting the dimensionality of molecular assembly.
A-to-A type J-aggregation (chain-like) and A-to-A type clusters
can be observed in ITIC derivatives, while A-to-D type clusters
can be formed in N3 molecular aggregates.435,436 Thus, research
groups have established design elements and strategies to
modulate and control the confinement, extended packing, and
crystallization of NFAs. The strategies can be broadly
categorized as 1) core engineering, 2) end-capping group
engineering, 3) side chain engineering, and 4) halogenation and
single-atom substitution (Figure 25).

3.1.2. Backbone Engineering. In order to maximize π−π
interactions (i.e., considered as the primarily driving force for
self-assembly) and reduce system energy,437 NFAs are typically
designed with fused aromatic rings as backbones.361 As shown in
Figure 26a, the type of extended packing and electronic
properties can be significantly influenced by the length of the
backbone and conjugation as demonstrated by crystal structures
of ITIC (backbone length: 27.6 Å), 4TIC (25.1 Å) and 6TIC
(28.7 Å). Specifically, ITIC molecules pack in a “2D brickwork”
architecture through “end-to-end” π−π stacking, generating 2D
transport pathways (Figure 25c). The 2D brickwork layers
assemble into lamella structure via van der Waals interactions
between adjacent side chains. 4TIC, having a shorter backbone,
organizes into a tight 3D web structure via the end group π−π
stacking with X-assemblies as the basic geometry. 6TIC shows
different organization hierarchies including a zigzag assembly,
hydrogen bonding 2D assembly, 2D layers and a 3D structure
facilitated by additional π−π stacking. For these cases, 4TIC and
6TIC exhibit 3D transport channels.438 Similarly, substitution of
benzene ring for a naphthalene ring in the backbone resulted in
NDIC, which showed an increased PCE in blends, and broader
optical band gap compared to IDIC. Both IDIC and NDIC have
a planar conformation (i.e., enhanced π−π stacking and charge
transport) as demonstrated by DFT calculations and crystal
structures.439 High backbone planarity has also been linked with
an increase of OSC efficiencies; in addition to covalent bonding,
noncovalent interactions introduced by heteroatoms such as O,
S, N, or unsaturated bonds (i.e., ring-locking strategy)440 have
the potential to “lock” the backbone planarity. One example is
the use of chalcogen bonding (e.g., O···S or S···Se) to improve
the planarity, fine-tuning of their optical energy gap, and the

Table 1. Representative Supramolecular Interactions and
Energies Used in the Design of OSCsa

Supramolecular Interaction
Energy

(kcal mol−1) Examples

π−π interactions 2−10 phenyl···phenyl, graphite
Hydrogen bond (weak) <12 C−H···O, O−H···π,

C−H···π
Hydrogen bond
(moderate)

16−60 DNA, acids, alcohols

Hydrogen bond (very
strong)

60−120 O−H···O−, F−H···F−

Halogen bond 1−42 N···Br, N···I, S···I, I···I
van der Waals 0.25−2 CH3···CH3, CH3···phenyl
aAdapted with permission from refs 434 and 378, Copyright 2007
John Wiley and Sons and 2019 Elsevier.
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HOMO and LUMO levels in IDTO-T-4F, IDTO-Se-4F, and
IDTO-TT-4F.441 An alternative strategy to improve OSC
performance is the addition of bulky functional groups (i.e.,
2,4,6-tri-isopropylphenyl) to a nonfused aromatic core,

enhancing the conformational stability of the planar core
structure, in a similar way to the use of noncovalent
conformational lockers,432 and in generating a 3D inter-
penetrated network that facilitates electron transport.442

Figure 26. a) Chemical structures and single crystal structures of ITIC, 4TIC, and 6TIC. b) Molecular structures of acceptors (Y5, BT-LIC, BT-L4F,
and BT-BO-L4F) and their single crystal packing with π−π interlayer distance and intermolecular stacking pattern. Figure reproduced with permission
from ref 438, Copyright 2022 John Wiley and Sons (a); ref 447, Copyright 2021 American Chemical Society (b).
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3.1.3. End-Capping Group Engineering.The selection of
an appropriate electron-withdrawing end group in NFAs is one
of the most effective and easily accessible strategies to obtain
high-performance OSCs.443,444 The choice of the end group is
directly related to the optoelectronic properties and photo-
voltaic performance of acceptor molecules.359 Specifically, the
energy offsets of the LUMO and HOMO between donors and
acceptors can facilitate charge transfer, as electron-withdrawing
groups (e.g., carbonyl, cyano) can downshift LUMO levels.361 A
comprehensive review comprising typical end group moieties
used in NFAs (e.g., derivatives of rhodanine, cyanide groups, 2-
(3-oxo-2,3-dihydroinden-1-ylidene) (IC), diketopyrrolopyrrole
(DPP), and malononitrile) describes the individual features of
the molecular motifs and the overall effect on NFAs.445 In terms
of molecular packing of NFAs, modulation and decoration of
end groups provide a platform for increasing supramolecular
interactions (e.g., end-group π−π stacking, F···S, F···H, S···S),
which result in improved light harvest capabilities and better
morphologies of NFAs in blended films (i.e., donor and acceptor
phases with high crystallinity have appropriate sizes for charge
generation and transport).446,447 For instance, it has been shown
that π-extension446 and halogenation448 strategies in end groups
can synergistically promote face-to-face (cofacial) π-stacking,
system crystallinity, reduce internal reorganization energies, and
improve PCEs.112,449 A related strategy, isomeric substitution,
(i.e., changing substitution site and connecting position) can
modulate the intermolecular packing and aggregation of NFAs
and morphologies of blends.450 Li and Mark et al. reported the
impact of end group functionalization (π-extension and
fluorination) in A−DAD−A type NFAs, Y5, BT-LIC, BT-L4F,
and BT-BO-L4F (Figure 26b). The linear π-extension and
fluorination lead to red-shift of optical absorption with broader
bandwidth, and lower the reorganization energies, facilitating
the fast exciton dissociation. In particular, the extended end
groups by the π-extension were observed to enhance
intermolecular electronic coupling owing to their enlarged π-
overlap and to have preferential face-on orientation. Although
BT-L4F exhibited the largest intermolecular coupling, its high
coupling feature resulted in reduced solubility and miscibility in
the blend system, which can be improved by elongating alkyl
side chain (BT-BO-L4F). The effect of side chain and
halogenation will be discussed further in the next sections.
3.1.4. Side Chain Engineering. Side chain engineering is

an important strategy to improve the solubility and aggregation
properties of conjugated polymers in OSCs.451 Similarly, for
small-molecule NFAs, the influence of side chains has shown a
profound effect on the molecular packing of highly conjugates
systems.398 For instance, DFT calculations of NDI derivatives
with alkyl side chains of varying lengths demonstrated that the
introduction of longer chains does not significantly affect the
energy levels of molecular orbitals but has a significant impact on
the molecular packing efficiency. NDIs in slipped stacks (Figure
25c) with longer side chain show decreased mobilities (i.e.,
displacement of π−π stacking along the short axis). Systems with
a herringbone packing (Figure 25c) show an opposite trend (i.e.,
charge mobility increases with alkyl side chain) due to more
efficient overlap of π orbitals).398 A similar effect in the long-
range structural ordering has been observed for IDTT
derivatives, in which side chains with increased length (i.e.,
increased van der Waals contacts) reduce the end-group π−π
stacking of TIC motifs, whereas shorter side chains promote π−
stacking.151 Generally, extended side chains have also shown
increased solubility (i.e., better microphase separation) and

processability for device fabrication.452 Recent studies show the
installation of branched alkyl and alkoxy chains to NFAs results
in an increase in interdigitation of the supramolecular
architecture, facilitating isotropic charge transfer and achieving
higher mobilities and improved morphologies.362,384,453−455

Similarly, the addition of electron-rich units to side chains (e.g.,
thienylhexyl group) have also shown an increase in the n-type
mobility of ITIC-based systems.384

3.1.5. Halogenation and Single-Atom Substitution. It
has been noted that fluorination of organic semiconductors and
NFAs results in (1) down-shifting HOMO and LUMO levels,
(2) increased supramolecular interactions (e.g., F···H, S···F, π···
F) that modulate packing, crystallinity, and improve charge
transport,28,456 (3) absorption properties of neat NFAs based on
the position of fluorine atoms.408,445,449 A systematic study
demonstrated that fluorine incorporation in a series of
benzodifurandione-based oligo(p-phenylenevinylene)
(BDOPV) resulted in significant changes in electron mobilities
and supramolecular architectures of the n-type organic
molecule.395 When larger halogens are incorporated in the
NFA architecture (e.g., Cl, Br), stronger halogen bonding
capacity arises from the increased σ-hole, which leads to more
effective down-shifting the energy levels compared to fluorina-
tion.422,427,457 For instance, the precise positioning of chlorine
atoms at the IC end groups in an IDTT backbone was able to
increase the planarity, level of interpenetration (i.e., 3D
interpenetrated network) of the extended structures, and
provide stronger π−π interactions, ultimately providing better
PCE due to the more ideal isotropic transmission properties of
the 3D network.458,459 The single atom substitution strategy in
the backbone with large heteroatoms has also been linked to an
increase in planarity and charge carrier mobilities. For instance, a
Y6-based derivative with a selenium atom instead of the central
sulfur in the acceptor moiety showed a more efficient exciton
dissociation, better charge transportation and lower extent of
charge recombination.460

3.1.6. Polymorphism in NFAs. The increasing structural
diversification of NFAs has been accompanied by the realization
of structural polymorphism (i.e., the ability of a compound to
crystallize in more than one crystal structure).40,461,462

McCrone’s statement “[ . . .] the number of forms known for
that compound is proportional to the time and money spent in
research on that compound.”463 particularly holds true for NFAs,
which is an emerging powerhouse of OSCs. The proper
understanding and control of polymorphism in NFAs can
pave the way for unparalleled and unique opportunities for the
proper tunability and diversification of OSC materials. Indeed,
one should consider not only the many combinations resulting
from hundreds of donors and acceptors (small molecule or
polymer), but also with the type of polymorph or arrangement of
the neat NFA system and its influence in the blend.29,95,464−467

However, due to the nature of BHJ device fabrication,
characterization of most NFAs and blends has been mainly
carried out and studied on thin films,438 generating challenges in
identifying the presence of polymorphs (i.e., films have been
observed to confine transient metastable polymorphs at room
temperature).468,469 In addition, poor capacity of NFAs to
crystallize as single crystals have limited the dependability of
SCXRD for structural characterization and study of structure−
property relationships. Although several reviews and reports
have highlighted the unique properties and opportunities of
crystalline NFAs (e.g., crystal packing),22,23 there remains a need
to provide a clear and concise analysis dedicated to poly-
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Figure 27. a) Chemical structures of PDI acceptors and their possible molecular packing structures. The headland positions of PDI (C2, C5, C8, and
C11) are denoted by arrows in the PDI8. b) Molecular conformation of PDI dimer, trimer and tetramer from DFT models. c) Molecular structure of
triperylene hexaimides (TPH) and the slipped 3D stacking mode of TPH. d) Molecular structure and crystal assembly of isomeric PDI-fused
corannulene acceptor, corannurylene pentapetalae (CRP). Figure reproduced with permission from refs 477, 480, and 482, Copyright 2014 American
Chemical Society (a); ref 481, Copyright 2014 American Chemical Society (b); ref 483, Copyright 2016 American Chemical Society (c); ref 483,
Copyright 2021 Chinese Chemical Society (d).
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morphism and its opportunities for the advancement of OSCs.
Polymorphs in NFAs have been primarily observed for main

series of A−D−A and A−DA′D−A type systems,95,466,467,470,471

which will be discussed in the following sections.

Figure 28. a) Crystal structures of polymorphs 1 and 2 of ITIC indicating end group−end group π−π interactions with boxes and S···π and H-bonding
interactions with dotted lines. b)Molecular structures of ITIC and its derivatives and corresponding 2DGIWAXS patterns of the different polymorphs
observed at low- and high-temperature. c) Chemical structures of ITIC and PC71BM (top), unit cell of ITIC (polymorph 2) and simulated molecular
packing morphologies of thin films of ITIC and PC71BM (bottom). Figure reproduced with permission from ref 386 and 470, Copyright 2019 John
Wiley and Sons (a); ref 471, Copyright 2021 John Wiley and Sons (b); ref 436, Copyright 2017 Royal Society of Chemistry (c).
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3.2. Structure−Property Relationships in Major NFA Series

In this section, we will summarize some of the topical literature
reports of representative NFA series showcasing the molecular
evolution from original development to current high-performing
architectures. Structure and property design that have led to
state-of-the-art OSCs will also be discussed. Selected examples
of small molecule NFAs will provide a comprehensive insight
with connections to morphology, electron mobility and exciton
behavior. Correlation of structural packing with property
development will provide a molecular snapshot of design
elements that have paved the way for efficient OSCs.
3.2.1. PDI Series. The design for PDI systems comprises an

electron-withdrawing imide group, which provides a high
electron affinity, and a central rylene framework of linked
naphthalene units that facilitate high electron mobility and
tunability by chemical modification.472 Most of the typical PDI
molecules involve A−D−A configuration and range from
monomers to more sophisticated oligomers (e.g., trimer,
tetramer) (Figure 27).472−475 Monomeric PDIs show a higher
propensity to aggregate due to the strong intermolecular π−π
stacking, leading to the formation of micrometer-sized domains.
Although the increased π−π stacking facilitates charge transport,
too large crystalline domains by strong self-aggregation prevent
efficient exciton dissociation in the blend film.476 Early
generations of PDI-based NFAs involved the use of a monomer
with the capacity to molecular diversification and functionaliza-
tion at the ortho, bay, and/or imide positions (Figure 27a).472,477

By introducing substitutions at the headland positions, the PDI
molecules has been shown to organize in slip-stacked structure,
which is more like J-aggregate and inhibits formation of excimer,
a short-lived dimeric molecule. Felter and Grozema et al.
investigated the relation between molecular packing, exciton
diffusion and charge transport behavior using two monomeric
PDIs with different alkyl chains.478 Octyl-imide substituted PDI
(PDI-octyl) forms large crystalline aggregates, whereas the bulky
branched chains in hexylheptyl-imide substituted PDI (PDI-
hexhep) reduces intermolecular π−π stacking between PDI
cores, which is generally introduced for improving solubility.
PDI-octyl showed higher charge carrier mobility (0.32 cm2 V−1

s−1) as well as longer exciton diffusion length (60 nm) than those
of PDI-hexhep (0.02 cm2 V−1 s−1 and 20 nm), implying the
importance of solid-state packing on charge transport and
exciton diffusion.
Multi-PDI arrays with π−core extended and twisted

structures can form various 3D molecular architectures that
facilitate isotropic charge transport and suppress detrimental
self-aggregation. As shown in Figure 27b, fusion of PDIs by
ethylene bridges induces the steric congestion at the fusion
point, creating helical structure and inducing an intense long
wavelength transition.479,480 More recently, star-shaped accept-
ors based on PDIs have combined the advantages of NFAs (e.g.,
strong light absorption, tunable energy levels, solubility,
morphological stability) while maintaining fullerene-based
acceptor properties (high electron mobility and isotropic
charge-transport properties). Additional advantages include
the intramolecular charge transfer, wide absorption range,
inhibition of excessive aggregation, and improved exciton
dissociation due to the 3D molecular geometry (i.e., reduced
energy gap, Eg) (Figure 27c,d).481−483 Recently, combining a
PDI with IDT and 2FIC units in both sides resulted in the
formation of an A−DA′D−A architecture with strong
absorption, delocalized frontier orbitals, suitable energy levels

and favorable face-on packing, which are helpful for exciton
generation and dissociation.484

3.2.2. ITIC Series and A−D−A type Acceptors. Among
fused-ring electron acceptors (FREAs), ITIC have stood out due
to remarkable performance in the past five years. Initially
developed by Zhan et al. in 2015,361 the design of ITIC marked
the first wave of NFAs based on the A−D−A configuration and
became a model compound for further structural modifications
and film morphology optimization studies.361 ITIC is a push−
pull molecule composed of a bulky seven-ring fused core
(indacenodithieno[3,2-b]thiophene), end-capped with 2-(3-
oxo-2,3-dihydroinden-1-ylidene)malononitrile groups, and
with four 4-hexylphenyl groups as side chains. The strategy for
the design of ITIC followed the observations of calamitic shaped
small molecule acceptors, which are characterized by a discrete
separation of electron rich and poor sections, allowing a high
degree of modularity.371,377 A benefit derived from the A−D−A
structure is that the strong intrachain charge transfer between
the donor and acceptor moieties yields narrow bandgaps
(∼1.6−1.2 eV), excellent extinction coefficients (>105 cm−1),
and nearly double absorbance as the PDI-based NFAs. The rigid
backbone of IDT enhances the crystallinity in neat and blended
films, leading to high electron mobilities (∼10−4−10−3 cm2 V−1

s−1).29,485,486 Due to the intense research endeavor, the presence
of polymorphs in single crystals and different phases on thin
films has been observed.386,470 ITIC is known to crystallize in at
least two packing arrangements depending on the growing
conditions. A face-to-face slipped stacking and edge-to-face
packings can be obtained fromCH2Br2/n-heptane and CH2Cl2/
petroleum ether, respectively (Figure 28a).408,436 The observa-
tion suggests there may be more than one energy minimum
packing arrangement in the energy landscapes of small molecule
NFAs.386 The differences in molecular packing show a direct
correlation to the electronic properties by orders of magnitude.
On the one hand, edge-to-face packing, typically driven by S···π
interactions between the cores of two acceptormolecules andH-
bonding interactions (Ar−H···N≡C and Ar−H···O=C) be-
tween the end groups, exhibit only transport of charge along a
1D path, limiting charge transport dimensionality and charge
mobility. On the other hand, face-to-face stacking, stacked
columns, or interleaved bricks of π-stacked molecules provide
greater charge transport directionality and overall carrier
mobility.386,408,436 It was also observed that the ITIC derivatives
showed superior exciton diffusion length over 20 nm to other
NFAs and, in particular, IT-4F exhibited the longest exciton
diffusion length of 45 nm among the ITIC derivatives,135 which
also surpasses those of most of donor polymers.
In thin films, pioneering work on polymorphism of NFAs by

the Martin group showed the presence of at least two crystalline
forms (i.e., low- and high-temperature polymorphs), which were
found in ITIC and its derivatives ITIC-M, ITIC-2F, and ITIC-
Th (Figure 28b).470 The work demonstrated that the metastable
low-temperature polymorphs show continuous 1D-chain or
multidimensional mesh-like structures with poor structural
order along the π−π stacking direction. The high-temperature
phase (ITIC has two phases) reveals a highly ordered structure.
Surprisingly, low-temperature polymorphs exhibited better
charge transport properties, device performance and stronger
light absorption compared to high-temperature polymorphs.
The low-temperature motifs have been also found in similar
high-performing NFAs.277,384,386,459,470 In addition to electronic
properties, a separate study determined the relative stability of
polymorphs of ITIC and ITIC-4F in thermally annealed films by
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photoluminescence and Raman spectroscopy. It was revealed
that for ITIC, the high temperature phases (II and III) show the
highest stability while ITIC-4F shows the opposite trend,
exhibiting less crystallinity at higher temperatures,487 which may
indicate a trade-off between performance and stability. Differ-
ences and similarities between crystal structures and films in the
ITIC system have been explored by the Yi group by a
combination of SCXRD, MD simulations, and mobility
calculations, demonstrating that the thin film possesses higher
electron mobility than those of the single crystals due to a 3D
molecular packing by local π−π stacking interaction between the
terminal IC groups, thus generating an isotropic electron
transport (Figure 28c).436,466 The significant effect of terminal
groups on the crystal structure and film properties in
NFAs436,465 has motivated the generation of ITIC derivatives
and structurally related A−D−A type acceptors through organic
synthesis.151,379,384,386,433,435,458 For instance, as discussed in
Section 3.1.2, the design of structurally related 4TIC and 6TIC

systems, which differ on the backbone length and degree of
conjugation adopt overall 3D crystal structures (Figure 29a).438

For the case of 4TIC, linear stackings and X-assemblies of
molecules generate a 3D web architecture, while 6TIC arranges
into a interlayered zigzag assembly that results in a 3D structure.
Single crystal polymorphism was also reported for the IDIC

system as three forms (i.e., α, β, and γ phases). The
polymorphism in IDIC system exhibited the potential for
efficient modulation of the exciton binding energies. Namely,
the systems exhibited significantly different Eb in the solid-state
change by ≤50% as demonstrated by molecular modeling. On
the one hand, it was observed that the lower crystal density and
dimensionality of the γ-phase increased Eb (>0.3 eV).
Interestingly, higher dimensionality of the α-phase resulted in
a decrease in Eb (0.21−26 eV). The results underline the
importance of polymorph engineering in the context of NFA
acceptors to effectively modulate electronic-related properties.95

Figure 29. a) Chemical structure of IDTBRs. b) Normalized absorption spectra of solutions and films of O-IDTBR and EH-IDTBR. c) Molecular
conformation of O-IDTBR and EH-IDTBR. d, e) Unit cells and crystal structures of O-IDTBR and EH-IDTBR. Figure reproduced with permission
from ref 384, Copyright 2019 John Wiley and Sons (a, c, d, and e); ref 491, Copyright 2016 Springer Nature (b).
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It is relevant to note that the presence of solvent (i.e., crystal
solvate) has been observed to sustain the packing of single
crystals of ITIC and related NFAs, particularly for systems with

high solvent−solute interactions (i.e., high solubility) or for
systems with frustrated molecular packing.467,488 Additional
discussion on the presence of polymorphism and solvent

Figure 30. a) Crystal structure of Y6 showing different views and unit cell. b) Chemical structure of Y6 and processing routes toward different
polymorphs in thin films. c) Chemical structure of branched derivatives of Y6 (including L8-BO), crystal packing of L8-BO molecules. Figure
reproduced with permission from refs 464 and 471, Copyright 2020 John Wiley and Sons (a); ref 472, Copyright 2022 John Wiley and Sons (b); ref
454, Copyright 2021 Springer Nature (c).
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inclusion in NFAs can be found in the meta-analysis of Morse et
al. and the review by Lai and He.379,467

3.2.3. IDTBR Series. The IDT core unit in IDTBR has
advantage of planarizing the molecular structure due to the
increased quinoidal character of phenyl-thienyl bond and the
reduced steric twisting from adjacent α−C-H bonds on the
coupled phenyl rings.489,490 This planar feature induces
significant red-shift of absorption as well as increase of
crystallinity, which is favorable for charge separation and
transport. There are two representative NFAs with the IDT
core unit, O-IDTBR with linear n-octyl alkyl chains and EH-
IDTBR with branched 2-ethylhexyl chains (Figure 29a). The
small change in side chains induces different conformation and
crystal structures, resulting in a considerable change in
optoelectronic and thermal properties such as absorption,
charge carrier mobility, and crystallization temperature384,491

(Figure 29b, c). The unit cells and motifs of O-IDTBR and EH-
IDTBR are displayed in Figure 29d, e. For O-IDTBR,
interdigitated columnar packing motif was observed, where
the terminal electron accepting units (rhodanine and
benzothiadiazole unit) stack in columns (Figure 29d). These
columns result in a 3D network, possibly giving excellent and
isotropic charge transport. On the other hand, for EH-IDTBR,
1D slipped stack packingmotif was observed (Figure 29e). Since
each molecule has only two nearest neighbors with which it can
form π−π stacking, an electron transfer integral (17 meV),
indicating electron coupling and charge transfer between
molecules, is much lower than that of O-IDTBR (50 meV).384

FromOFET devices, low saturationmobility of 0.05 cm2 V−1 s−1

was obtained for EH-IDTBR, while O-IDTBR exhibited much
higher saturation mobility of 0.12 cm2 V−1 s−1, which is
attributed to the changes in intermolecular packing by side
chains. Exciton lifetimes of O-IDTBR and EH-IDTBR were also
obtained via time-resolved PL decay measurement, exhibiting
561.5 and 898.3 ps, respectively, much longer than that of ITIC
(305.3 ps). It is worthy to note that a long singlet exciton lifetime
was found to be a key parameter to maintain an efficient device
operation at negligible HOMO offset.492 Thus, this result
confirms a potential of IDTBRs as good acceptors for efficient
exciton dissociation. According to the other literature, EH-
IDTBR showed a exciton diffusion length (15 nm) which is
comparable to those of donor polymers.135 Interestingly, the
exciton diffusion length of EH-IDTBR is shorter than that of
ITIC (25 nm) even with its longer exciton lifetime, which is
caused by relatively low exciton coupling parameters possibly
due to 1D slipped stack packing.
3.2.4. Y Series and A−DA′D−A type Acceptors.

Molecular engineering inspired by the high efficiency using
NFAs with a 3D network packing led to the development of the
Y series of NFAs. “Y” has been used to name A−DA′D−A type
acceptors with the key feature of containing an electron-deficient
(A′) segment into the middle of the central D conjugated
building blocks to form a fused DA′D backbone.493 In fact, the
first A−DA′D−A type acceptor (BZIC) combined a thiophene
unit (D) with a benzotriazole unit (A′) to form a coplanar
interfused DA′D. The backbone of BZIC is decorated with ICT
acceptors and has sp2-N instead of sp3-C of ITIC to promote
increase π electron delocalization and charge trans-
fer.328,329,392,393 After realizing solubility and film morphology
with blended polymers were a limiting factor for Y1−Y3 as seen
by AFM micrographs, chemical optimization of Y compounds
evolved to include a benzothiadiazole (BT) to promote
additional intermolecular S···S and S···π interactions in

Y6.267,329,392,394,371 SCXRD revealed that banana-shaped Y6
overlaps with two adjacent molecules through the IC end group
staking to form a twisted 1D transport channel. The other set of
Y6 molecules form another 1D channel, which arranges into a
2D network with the first set. Y6 further interacts with efficient
face-to-face π-core interactions with a pathway built from closely
packed indanones to generate a 3D network (Figure 30a).464,494

The crystal packing proved to exist in neat and blended films
with PBDB-T-2F according to GIWAXS measurements and
molecular dynamics simulations.495 The singlet exciton lifetime
of Y6 was found to be 1016 ps, leading to efficient exciton
splitting in the blend film even with small HOMO offset.492 In
addition, it was observed that Y6 has a long exciton diffusion
length of∼40 nm,21,135 which is much longer than those of high-
performing donor polymers.
In a similar fashion to ITIC, Y6 has also exhibited a rich

polymorphism of at least five crystal phases, in addition to an
oriented glassy microstructure, which paves the way for
additional processing routes toward more efficient systems
using additives or thermal annealing (Figure 30b). In the study,
an annealed phase exhibited electron mobilities as high as 2.4
cm2/(V s),471,496 surpassing even single crystal thin-film
transistors.497

Several NFAmolecules inspired by Y6 have been designed via
modifications on alkyl chains, halogenation, single atom
substitution, and backbone.374 For instance, the addition of
branched chains to the beta position of the thiophene units on a
Y6 core led to major improvements in molecular packing and
blend morphologies. Specifically, single crystals of branched
system L8-BO exhibit three π−π packing motifs, which can
provide more charge-hopping channels (vs two packing motifs
of Y6). It is suggested that a relatively strong electronic coupling
enables L8-BO with high electron mobility in thin films.
Compared to Y6, the L8-BO neat thin film features a π−π
stacking peak and has a better structural order. In addition, AFM
morphology revealed the films to be relatively more homoge-
neous than other examples, indicating a good morphological
stability.454

4. ASSEMBLY OF POLYMERS AND NFA IN THE BLEND
In previous sections, we have discussed the assembly pathways
of conjugated polymers and NFAs induced by various forms of
intermolecular interactions and their impact on the neat film
morphology and optoelectronic properties. In this section, we
will shift our focus to blend systems relevant to OSCs. The
photoactive layer of most high performing OSCs consists of an
interpenetrating network of phase-separated donor and acceptor
materials or BHJ morphology which substantially influences the
device performance of OSCs.498−501 Compared to a bilayer
architecture where the donor and acceptor materials are
sequentially deposited in a layer-by-layer fashion, the BHJ
structure enables larger donor−acceptor interfacial area which
enhances charge generation and device performance of
OSCs.23,24,502 Since BHJ morphology is a blend of donor and
acceptor materials, it is not only influenced by the molecular
assembly of donor and acceptor molecules, but also by their
miscibility, relative crystallization behaviors, and nonequili-
brium conditions such as the drying kinetics.280,502−507 As a
result, all of these factors need to be considered for establishing
the relationship between the molecular assembly pathways and
the BHJ morphology.
To better understand how molecular assembly affects BHJ

morphology, it is necessary to examine the crystallization and
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phase separation processes that occur during evaporative
solution processing. Crystallization is induced by solvent
evaporation during film deposition and is closely tied to the
molecular assembly processes discussed in Sections 2 and 3.
Meanwhile, the phase separation process is unique to blend
systems and determines the microphase-separated structure
responsible for efficient charge generation in OSCs. This section
aims to demonstrate how phase separation and crystallization
pathways, along with film drying conditions, impact the blend
film morphology and device properties of OSCs. We will first
introduce the fundamentals of solvent evaporation-induced
phase transitions, focusing on crystallization and phase
separation processes of donor and acceptor materials, and
explain how these processes determine blend film morphology.
We will then provide specific examples of OSCs emphasizing the
importance of molecular assembly, crystallization, and phase
separation processes on the morphology and device properties
of OSCs. We will also include some examples of how processing
conditions can affect these processes. For further reading on
similar topics, we recommend referring to previous outstanding
reviews.34,35,183,339 Compared to prior reviews, we will give
special emphasis on the molecular assembly of polymer/NFA
blends.
4.1. Fundamentals of Crystallization and Phase Separation
Processes and Their Impact on the Blend Film Morphology

Since the microstructure of the BHJ-based OSCs plays an
essential role in the device performance, it is necessary to
understand how it forms and what factors contribute to the
formation of BHJ morphology for efficient charge generation
and transport. OSCs are typically fabricated using various
solution processing techniques such as spin coating, blade

coating, and slot-die coating, which involve the use of a blend
solution comprising donor and acceptor materials. Thus, the
thermodynamics and kinetics of crystallization and phase
separation processes during film deposition are the primary
factors affecting the BHJ morphology. In this section, we will
focus on the fundamentals of these processes and their impact
on the blend morphology of OSCs.

4.1.1. Fundamentals of Crystallization. In Sections 2 and
3, we discussed how various molecular assembly pathways can
impact the solution-state properties, neat film morphology and
optoelectronic properties of conjugated polymers and small
molecules. For conjugated polymers, the self-assembly process
can lead to various types of aggregated structures in the solution-
state which ultimately govern the film morphology, whereas for
small molecules, molecular assembly largely impacts the crystal
packing structures in the solid-state. Complementary to the
molecular views presented in Sections 2 and 3, in this section, we
present a thermodynamic and kinetic view of the process of
solution crystallization, summarizing both classical and non-
classical nucleation theories and illustrate how molecular
assembly processes can be involved.
For both conjugated polymers and small molecules,

crystallization is induced either by undercooling from the melt
or supersaturation from solution. In the case of OSCs,
crystallization of conjugated organic molecules occurs via
supersaturation upon solvent removal. The simplest theory to
describe the crystallization process is the classical nucleation
theory which is developed by Gibbs at the end of the 19th
century.508 Although this theory may not apply to conjugated
organic molecules, it provides a basic understanding of the
nucleation and growth process. According to this theory, the first
step of crystallization is the formation of a stable nucleus of

Figure 31. a) The Gibbs free energy diagram for nucleation. b) The free energy landscape comparison for classical nucleation and nonclassical
nucleation theories and c) their corresponding schematic illustrations. d) Illustration of molecular assembly process in two types of PDI derivatives in
solution. e) Crystallization pathway where the nucleation barrier is bypassed via aggregation of the subcritical nuclei. Figure adapted with permission
from ref 370, Copyright 2018 American Chemical Society (d); ref 510, Copyright 2016 Springer Nature (e).
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critical size which acts as the center of crystallization.509 Once a
stable nuclei is formed, repeat units start to add to the nucleus to
form a crystal until there is no remaining crystallizable material
or solvent is removed completely. Therefore, the most critical
step of crystallization is the nucleation process. However, the
formation of a nucleus is thermodynamically unfavorable with a
positive free energy change (ΔG) which is equal to the sum of
the free energy change of phase transformation (or volume free
energy) and the free energy change for the formation of a surface
(or surface free energy) as illustrated in Figure 31a. When
solubility is exceeded, the volume free energy change is always
negative and acts as the driving force for crystallization because
the solid-state is more stable than the liquid state; however, the
surface free energy change is always positive because forming a
surface requires free energy. Quantitatively, the Gibbs free
energy change for a spherical nucleus as a function of the radius
of the nucleus can be expressed as shown below where the first
term corresponds to the volume free energy change whereas the
second term represents the surface free energy change:

= +G r G r
4
3

4v
3 2

(10)

where ΔGv is the bulk free energy change and γ is the interfacial
free energy between the nucleus and the surroundings. Based on
the equation above, competition between the bulk free energy
and the surface free energy terms, therefore, determine the
critical nucleus size, r*, below which the nucleus is unstable and
easily dissolve back into the solution:

* =r
G

2

v (11)

Although the formation of a nuclei is determined by
thermodynamic factors discussed above, nucleation kinetics is
also an important consideration since fast drying during film
deposition could kinetically hinder the nucleation process.
According to the classical nucleation theory, the steady-state rate
of nucleation per unit of volume and time can be generally
expressed in terms of Arrhenius equation as shown below:
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where k is the Boltzmann constant, and A is a pre-exponential
factor that is related to the molecular kinetics of the nucleation
process.511 This equation can be further modified by the Gibbs−
Thomson relationship to obtain the rate of nucleation caused by
supersaturation which is relevant to solution crystallization:512
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where B is a constant related to the nucleation thermodynamics
and S is the supersaturation parameter defined as the ratio of the
solution concentration and the saturation concentration at a
given temperature. This equation implies that increasing
supersaturation increases the rate of nucleation in solution. It
is important to note that these rate equations apply under the
isothermal condition in a closed system where an enclosed
solution is quench cooled to surpass the solubility limit and kept
at constant temperature and supersaturation level for nucleation
to take place. During an evaporative crystallization process
relevant to organic electronic solution deposition, mass,
momentum and heat transfer closely couple with the
crystallization process to determine the spatial and temporal

evolution of supersaturation level and nucleation rate. We refer
the readers to recent numerical simulation work to describe the
process.513

Compared to small molecules, the nucleation and growth of
polymers are much more complex due to the ability of a single
polymer chain to be incorporated into multiple nuclei and the
large conformation change (and thus entropic penalty) required
for a polymer chain to be incorporated into a nucleus or crystal.
As a result, polymers often form far less perfect crystals featuring
paracrystalline disorder and coexistence of crystalline with
amorphous domains. Depending on the rigidity and molecular
weight of the polymer chain, as well as the solidification rate
determined by the processing conditions, polymers can either
form chain-folded or chain-extended crystallites.35 For instance,
flexible polymers such as P3HT often undergo chain-folding to
form 1D nanowhiskers and 2D nanoribbons upon crystallization
with the width direction along the backbone and the length
direction along the π−π stacking direction.514 However, more
rigid donor−acceptor conjugated polymers are harder to fold
during crystallization, resulting in chain-extended crystallites
with the length direction along the backbone and the width
direction along the π−π stacking direction, which is in stark
contrast to the chain-folded crystallites.515 Considering these
characteristics, semicrystalline conjugated polymers have been
modeled by the fringed-micelle model, which describes their
solid-state as bundle-like crystalline polymers with chain-
extended structures embedded in an amorphous polymer
matrix.516 One of the most commonly used models to describe
the crystal growth kinetics of conjugated polymers is the
Hoffman−Lauritzen theory,517 which is based on a secondary
nucleation theory to describe the lamellar growth of chain-
folded crystallites. However, for more rigid donor−acceptor
conjugated polymers, there is no widely accepted theory to
describe the crystallization process due to the complex assembly
pathways induced by various intermolecular interactions as
discussed in Section 2. For a more extended discussion on
characteristics of conjugated polymer crystallization, we refer
the readers to our recent review.293

Although the above classical nucleation theories are useful in
understanding the crystallization process of somematerials, they
may not directly apply to conjugated polymers and small
molecules. The reason is that the assembly pathways of these
materials can be highly complex, and crystallization can be a
multistep process rather than a simple one-step monomer-by-
monomer addition process implied by the classical nucleation
theory. As discussed in Sections 2 and 3, conjugated organic
molecules, particularly conjugated polymers, can form aggre-
gates of various structures even in dilute solutions, which can
then form secondary structures before crystallization. This
pathway is nonclassical in that the free-energy landscape of
crystallization is rather complicated, with one or more local
minimum corresponding to the formation of intermediate
structures such as primary and secondary aggregates.510,518

One of the most widely known nonclassical nucleation
mechanism is a two-step nucleation with one local minimum
(Figure 31b) which indicates formation of metastable
prenucleation clusters or primary aggregates.509,519 The
formation of such prenucleation aggregates can reduce the
energy barrier for nucleation so that nucleation happens at
supersaturation levels lower than estimated by the classical
nucleation theory.510 An example of such a two-step process is
amorphous-to-crystalline transition, in which molecules first
form amorphous aggregates in solution before forming the
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crystalline nuclei.520,521 Figure 31c illustrates this two-step
nucleation process in comparison with direct crystallization
(classical nucleation) where nucleation happens via monomer-
to-monomer addition to form a critical nucleus which further
grows to give the final crystallite. Two-step nucleation has been
observed in many systems including inorganic nanoparticles,522

proteins,523 and colloidal particles.524 It has also been reported
that conjugated small molecules can crystallize via the
amorphous-to-crystalline transition.370,525 In particular, Tsarfati
et al. has shown the crystallization mechanism of two derivatives
of perylene diimide molecules (PDIs) in solution via direct
imaging using cryo-TEM.370 The authors found that one type of
PDI first forms spherical aggregates which then lead to fibrous
crystals as illustrated in Figure 31d (top) upon dissolving the
PDI molecules in water/tetrahydrofuran mixture. Interestingly,
they observed that the other type of PDI first forms an initial
diffuse amorphous phase which densifies to form needle-like
crystals as illustrated in Figure 31d (bottom). Although these
two processes are mediated by two distinct structures of
amorphous phases, crystallization in both cases occurs by (1)
initial densification resulting in amorphous precursors which
then lead to (2) early ordering and (3) concurrent evolution of
order and morphology. Compared to direct crystallization
where molecules need to overcome a high free energy barrier of
nucleation, amorphous-to-crystalline transition requires a much
lower free energy barrier and thus occurs more rapidly.510 This
could also be one of the reasons why aggregated polymer ink
solutions often lead to improved crystallinity as compared to
nonaggregated solutions.14,15 In particular for conjugated
polymers, 3D amorphous network-like aggregates that we
discussed in Section 2.2.2 could be crystallizing via the
amorphous-to-crystalline transition during solution processing;
however, the crystallization pathway of these primary aggregates
is unknown and requires further investigation.
Other than having one local minimum in the free energy

landscape (two-step nucleation), two or more local minima may
occur corresponding to formation of more than one
intermediate structures such as secondary or even tertiary

aggregates.518 For conjugated polymers, we have previously
discussed that secondary aggregates such as fiber network or LC
phases can be formed during evaporative solution processing,
typically following formation of primary aggregates. The
formation mechanism of these secondary aggregate structures
and their crystallization mechanism is not fully understood; it
could involve, for instance, self-assembly of polymer nanofibers
into orientationally ordered LC phases followed by thin film
crystallization, all driven by solvent evaporation and concen-
tration increase.295 For conjugated small molecules, such a
complex concentration-driven assembly pathway is rarely
reported since small molecules typically have lower molecular
weight and weaker intermolecular interactions in the solution-
state. Nevertheless, some perylene diimide based molecules
have shown lyotropic LC phases in solution, indicating that their
assembly pathways can be as complex as conjugated
polymers.526

Although the nuclei or intermediate structures are thermo-
dynamically unstable, it is possible for them to be kinetically
stabilized via aggregation.510,527 This occurs when the collision
rate of molecules is faster than the dissolution rate, or when the
molecules tend to readily aggregate via strong intermolecular
interactions. In such cases, two or more subcritical nuclei (r <
r*) can combine to form postcritical nuclei (r > r*), which is past
the critical free energy barrier as shown in Figure 31e.510 Once
the aggregates with sizes above the critical radius are formed,
they become stable and do not dissolve back into the solution,
even at low supersaturation. For instance, the semicrystalline 1D
fiber-like aggregates of conjugated polymers discussed in Section
2 may be stabilized by the strong intermolecular interactions
even if they are not thermodynamically stable. In many cases,
metastable structures can be stabilized by kinetic factors, thus
making it complicated to understand the exact crystallization
mechanism of conjugated organic molecules undergoing
molecular assembly processes.
Furthermore, solvent drying kinetics is also important for

crystallization as it sets the duration for phase transition as well
as the temporal profile of concentration. Let us take the two-step

Figure 32. a) Schematic representation of the lattice model which shows regular solution (left) and polymer solution (right). b) The Gibbs free energy
diagram as a function of the solute composition at three different χ values. c) Binary phase diagram which displays UCST behavior. d) Simulated
morphology for spinodal and binodal phase separation. Figure reproduced with permission from ref 339, Copyright 2017 American Chemical Society
(b); ref 529, Copyright 1998 IOP Publishing (d).
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amorphous-to-crystalline transition of conjugated organic
molecules for instance. Although this transition has a lower
free energy barrier than direct crystallization, nucleation can still
be kinetically hindered due to fast solvent removal, resulting in
poorly crystalline or amorphous thin films. The same principle
can be applied to systems that exhibit multistep assembly
processes such as liquid crystalline mediated pathways. Any step
during this multistep assembly process can be kinetically
hindered, resulting in thin films that are either governed by
the LC phase or the aggregated phase prior to the formation of
LC phase. In addition to drying kinetics, crystallization of
conjugated organic molecules during solution processing is also
sensitive to many other parameters such as temperature,
solution printing speed or regime, substrate chemistry, and
confinement which have been extensively reviewed in other
works.293,528

4.1.2. Fundamentals of Phase Separation. The phase
separation behavior between the donor and acceptor materials is
largely determined by their relative miscibility which can be
explained using the Flory−Huggins theory, derived from a
lattice-based model. Figure 32a represents how solvent and
solute molecules are arranged on a lattice for regular solutions
such as a solution of small molecules in comparison with
polymer solution. The main distinction between a regular
solution and a polymer solution is the number of possible
rearrangements of the solute and solvent molecules on the lattice
site, which determines the entropy ofmixing. A polymer solution
has a lower entropy of mixing than regular solution because
polymer molecules have fewer rearrangements on the lattice as
compared to small molecules. In addition to the entropy of
mixing, solvent and solute molecules form attractive or repulsive
interactions, resulting in the enthalpy of mixing. Combining
these two terms, the Gibbs free energy of mixing per unit volume
for a solution with single solute component can be derived as
shown below:

= + +G
RT N

ln ln1 1
2

2 1 2 (14)

where ϕ1 and ϕ2 are the volume fractions of the solvent and the
solute respectively, χ is the Flory−Huggins interaction
parameter between the solvent and the solute which is
dependent on temperature, and N is the degree of polymer-
ization for a polymer solute. If the solute is a small molecule
instead of a polymer, N is equal to 1. The first two terms in this
equation are related to the entropy of mixing, which, as
previously stated, arises from the number of different arrange-
ments of the solvent and solute components on a lattice and thus
always acts to promote mixing. The entropy term for a polymer
is less than that of a small molecule since the N factor is much
larger than 1. The last term in the equation above represents the
enthalpy change during mixing, which can either oppose mixing,
promote mixing, or form ideal mixtures. Whether this enthalpic
term is favorable for mixing is primarily determined by the
Flory−Huggins interaction parameter, χ. A negative value for χ
indicates that there is a net attraction between species, increasing
the miscibility of the components, whereas a positive value
indicates that there is a net repulsion, which can lead to phase
separation of the components.189 Furthermore, based on this
equation, the Gibbs free energy as a function of the solute
composition at different χ values can be graphed shown in
Figure 32b.339 Depending on the value of the interaction
parameter, the diagram exhibits either one or two minima,
implying the likelihood of phase separation in solution. At

equilibrium, the chemical potential of each species ( )G

i

should be equal in each phase. For systems that exhibit one
minimum, theminimum is the only condition which satisfies this
requirement; therefore, no phase separation takes place.
However, for systems that exhibit two minima, phase separation
can occur depending on the initial condition. For starting

Figure 33. Ternary phase diagram composed of donor, acceptor, and solvent for a) a system with good solubility and low miscibility and b) a system
with poor solubility and high miscibility, c) a system with partial miscibility and medium solubility. The dashed arrows indicate the phase separation
pathways upon solvent removal and the colored region indicates the solubility limit for the donor and acceptor materials inside which S−L phase
transition can occur upon crystallization of the components. d) Schematics of phase separation pathways corresponding to the dashed arrows from the
ternary phase diagrams. The blue background represents solvent.
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separation will occur spontaneously.
Since the interaction parameter χ is dependent on temper-

ature, the Gibbs free energy diagram can be converted to the
commonly used binary phase diagram of temperature versus
composition as shown in Figure 32c, which displays a solution
with an upper critical solution temperature (UCST) feature. In
other words, the phase diagram exhibits a maximum point or the
critical temperature, above which the solution exists as a
homogeneous phase at all concentrations. It is also possible for a
solution to exhibit a lower critical solution temperature (LCST)
feature depending on the relationship between temperature and
the interaction parameter χ. However, regardless of whether the
solution exhibits UCST or LCST the phase diagram represents
three regions divided by the binodal and spinodal curves. The
binodal curve separates the homogeneous (one phase) phase
from the phase-separated (two-phase) region while the spinodal
curve separates the stable and unstable regions within the two-
phase region. If the initial solution composition falls within the
spinodal curve, the solution becomes unstable and leads to
spontaneous phase separation of solvent-rich and solute-rich
phases, a process known as spinodal decomposition. Within this
unstable region, small fluctuations in concentration drive large-
scale liquid−liquid (L−L) phase separation as displayed in
Figure 32d (left). On the other hand, if the initial solution
composition lies within the metastable regime or in between the
spinodal and binodal curves, small concentration fluctuations
are not enough to drive phase separation into the binodal.
Instead, L−L phase separation occurs by the nucleation and
growth mechanism, resulting in droplet like phase-separated
structures shown in Figure 32d (right).529

In OSCs, the situation becomes more complicated since the
solution is a mixture of three components which are solvent (S),
donor (D), and acceptor (A). In this case, the Flory−Huggins
equation includes additional terms in both its entropic and
enthalpic contributions to reflect these three components in the
system as shown:34,530
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Like the binary phase diagram, a ternary phase diagram
(Figure 33a) of solvent, donor, and acceptor mixture can be
constructed from the equation above. Different from the binary
phase diagram which represents phase separation as a function
of temperature, in the ternary phase diagram, phase separation is
induced by solvent removal as indicated by the dashed arrows in
Figure 33a. The dashed arrows represent two phase separation
pathways of the blend solution upon solvent removal which are
(1) no phase separation, (2) L−L phase separation which can be
either due to nucleation and growth or spinodal decomposition.
In addition to L−L phase separation, solvent removal can lead to
solute molecules to aggregate or crystallize upon reaching their
solubility limit as indicated by the dashed arrow (3) in Figure
33b. This type of phase separation is often referred to as solid−
liquid (S−L) phase separation or crystallization which can occur
after the components reach their solubility limits and when the
components are highly miscible. If the components reach the
two-phase region and their solubility limits at the same time as
shown in Figure 33c, it is also possible for both S−L phase
separation and L−L phase separation to take place at the same
time or sequentially. In this case, the relative kinetics of these
two processes will dictate which phase separation process will
dominate. For instance, if crystallization is rapid, the donor and
acceptor materials crystallize first after reaching their solubility
limit, thereby possibly delaying significant L−L demixing. On
the other hand, if the crystallization of the components is
kinetically hindered even after reaching their solubility limit, L−
L phase separation will dominate the phase separation process
followed by crystallization of the components. Figure 33d
displays these four phase separation pathways where (1) no
phase separation, (2) L−L phase separation, (3) S−L phase
separation, and (4) the combination of S−L and L−L phase
separation. In fullerene-based OSCs, L−L phase separation is
commonly reported due to the tendency of fullerenes to vitrify
during solidification, resulting in domains that lack long-range

Figure 34. Schematic representation of various phase separation and crystallization pathways and their corresponding BHJ morphologies where mesh-
colored regions indicate mixed phases, whereas solid colors indicate pure phases. One-phase solution undergoing a) no phase separation, b) L−L phase
separation, c) S−L phase separation, d) S−L and L−L phase separation.
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order in the solid-state.35 Meanwhile, S−L phase separation is
commonly observed in nonfullerene based OSCs due to the
likelihood of nonfullerene acceptors to crystallize during film
deposition and their improved miscibility with the donor
polymers compared to fullerenes. We will later discuss how each
of these phase separation pathways combined with the
crystallization behavior of the components and drying kinetics
can impact the blend morphology of OSCs in Section 4.1.3.
4.1.3. Effect of Phase Separation and Crystallization

Pathways on the Blend Film Morphology.During solution
processing, both crystallization and phase separation processes
described earlier play an important role in determining the blend
film morphology. These processes are largely influenced by
thermodynamic and kinetic factors such as miscibility, solubility,
crystallization rate as well as film drying kinetics. In this section,
we will summarize how these factors could impact phase
separation and crystallization pathways and determine the final
film morphology. First, let us consider the thermodynamic
factors that affect phase separation and crystallization processes,
which are determined by the miscibility and crystallization
tendency of the donor and acceptor materials. In the simplest
case, if the donor and acceptor materials are miscible and both
are noncrystallizable, no phase separation takes place and the
resulting BHJ morphology will exhibit an intimately mixed
amorphous domains of donor and acceptor materials as shown
in Figure 34a. On the other hand, if the materials are immiscible
or poorly miscible, L−L phase separation will likely dominate
the phase separation process, and the components will then
crystallize within their respective domains upon reaching their
saturation limits.531,532 Studies have shown that if phase
separation is dominated by L−L demixing, the final blend film
leads to large donor and acceptor domains due to their strong
repulsive interactions or poor miscibility.530,533 The BHJ films
that are formed via L−L demixing (spinodal decomposition or
nucleation and growth mechanisms) often lead to domains that
are at least an order of magnitude higher than the exciton
diffusion length, which significantly reduces the probability of
charge separation.534 This type of large scale L−L demixing has
been observed in polymer:fullerene systems in which fullerene
molecules form large droplet-like amorphous domains.535−537

Shown in Figure 34b is the illustration of L−L phase separation
process followed by crystallization of the components leading to
three possible blend film morphologies depending on the
crystallization tendency of the components. If both components
are noncrystallizable or amorphous, the final BHJ morphology
forms large-scale phase-separated amorphous domains (B1). If
only one of the components is crystallizable, crystallization will
take place in the phase rich in the crystallizable component,
leading to a mixture of large crystalline and amorphous domains
(B2). On the other hand, when both components are
crystallizable, crystallization can take place sequentially in their
respective domains after L−L phase separation, forming large
crystalline domains (B3). Besides forming large domain sizes,
each domain is overly pure and forms sharp interfaces due to the
poor miscibility of the components.538

When the donor and acceptor materials are highly miscible
and one or both components are crystallizable, crystallization
(S−L phase separation) can occur preceding L−L phase
separation (Figure 34c). Depending on the crystallization
behavior of the donor and acceptor materials, two possible
scenarios can happen. If one of the components is non-
crystallizable or amorphous, it can be excluded from the
crystalline region of the other component to the mixed region as

shown in C1.539,540 This process is driven by entropy since
molecules can move freely outside the closely packed region.
However, if this process is diffusion limited, the amorphous
component will accumulate in the crystalline region, thereby
lowering the rate of crystallization of the other material.541 On
the other hand, if two crystallizable materials are present but
have different crystallization rates, then the material with higher
crystallization rate will crystallize first followed by the other
component, leading to sequential crystallization. The slow
crystallizing component, therefore, can either crystallize in a
confined environment such as the interlamellar regions or is
excluded out of the crystallized regions to form separate
crystalline regions. If diffusion is rapid and crystallization is slow,
segregated crystallization occurs, but if diffusion is slow and
crystallization is rapid, crystallization occurs in the interlamellar
region of the other component.531,542,543 C2 from Figure 34c
illustrates the blend film morphology for the rapid diffusion case
where the two components form segregated crystalline domains
surrounded by intermixed regions. In partially miscible
polymer:fullerene OSCs, Kohn and Hüttner et al. observed a
displacement of PCBM molecules into the interlamellar region
of P3HT, leading to 10 nm-wide lamellar domains.544

Interestingly, these authors reported that the crystallinity of
P3HT is not affected by the displacement of PCBM into P3HT,
but instead crystallization of PCBM is hindered by the
miscibility of PCBM and P3HT which explains why PCBM
typically leads to amorphous domains in polymer:fullerene
OSCs causing the donor polymer crystallization to determine
the blend film morphology.545

In partially miscible systems with at least one crystallizable
component, S−L phase separation can also couple and concur
with L−L phase separation as shown in Figure 34d. In this case,
rather than thermodynamics, kinetics of these two processes
determines the final morphology. If S−L phase separation is
kinetically favored, the components would crystallize first,
thereby changing the composition of the remaining liquid phase
to higher solvent content which could delay L−L phase
separation.34 Eventually this delayed L−L phase separation
would result in smaller phase-separated domains as compared to
large-scale phase-separated morphology of immiscible/poorly
miscible system as previously discussed. D1 and D2 from Figure
34d show the hypothetical blend filmmorphologies correspond-
ing to this type of phase separation pathway depending on
whether one or both components are crystallizable. Besides
forming small domain sizes, due to the partial miscibility of the
components, this type of morphology could also contain mixed
domains and rougher interface as compared to the morphology
caused by L−L phase separation.538 If, on the other hand,
crystallization is kinetically hindered, the film morphology will
likely lead to large phase-separated domains shown in Figure
34a. Therefore, inducing S−L phase separation by depleting the
solutes via aggregation or crystallization delays large-scale L−L
demixing and yields smaller donor and acceptor domains which
are favorable for charge generation.34 Due to this reason, poor
solvent additives have been successfully utilized to decrease the
domain sizes of large droplet-like domains of polymer:fullerene
based OSCs to facilitate early solution aggregation.537,546,547

Although thermodynamic parameters determine the equili-
brium state morphologies, kinetics of these processes relative to
the solvent drying time eventually sets the extent of phase
separation and crystallization processes. For instance, when
solvent dries too fast, there is not sufficient time for either
crystallization or phase separation to occur, leading to an
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intermixed morphology similar to the case of highly miscible
amorphous components (A from Figure 34a). However,
different from A, such a morphology is kinetically trapped;
therefore, upon thermal annealing, the blend morphology will
reach its thermodynamic equilibrium state as determined by the
miscibility and crystallizability of the components. For a system
dominated by L−L phase separation, both experimental and
simulation results have shown that increasing the drying time

increases the phase-separated domain sizes, which could be
detrimental to charge generation.548 On the other hand, S−L
phase separation dominated systems, increasing the drying time
will likely enhance the crystallization of the components by
allowing for sufficient time for crystallization, but this could also
lead to large crystalline domains that are unfavorable for charge
generation. For a system where both S−L and L−L phase
separation occur, studies have shown that increasing the solvent

Figure 35. Schematic illustration of three regimes in the χ−ϕ diagram. The three regimes represent cases when χ values are high, medium, and low and
the percolation threshold is indicated by the purple dashed lines. Figure adapted with permission from ref 185, Copyright 2018 John Wiley and Sons.

Figure 36. a) TEM images of PBDTTPD:PCBM[70] blend films processed in chlorobenzene with different molecular weights as indicated. b)
Combined USAXS and SAXS measurement intensity versus the scattering vector, q, for PBDTTPD dissolved in chlorobenzene solution. The
intermediate Guinier knee region is indicated by black and blue daggers for the 36 and 41 kDa solutions. c) Illustration of polymer aggregation in low
Mn and high Mn solutions. d) Current density versus voltage characteristics for PBDTTPD:PCBM[70] based solar cells processed from
chlorobenzene. e) The differential internal quantum efficiency versus applied bias voltage. Reproduced with permission from ref 537, Copyright 2014
John Wiley and Sons (a−e).
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drying time could be effective for enhancing the crystallization
and delaying L−L demixing, thereby yielding small phase-
separated domains in the blend film.533

In addition to the domain sizes and crystallinity of the blend
film, domain purity and composition of the mixed phase region
is critical for the device performance ofOSCs and largely depend
on the miscibility of the donor and acceptor materials.185,186,549

In particular, the best performance can be achieved when
composition of the mixed region is near the percolation
threshold.185,507 However, in a system with high miscibility of
donor and acceptor materials with impure domains, the
composition of the mixed region cannot reach the percolation
threshold and thus leads to high charge recombination and low
FF.507 Region I from Figure 35 demonstrates a system with high
miscibility (low interaction parameter, χ) where the maximum
achievable purity as indicated by the binodal composition is
below the percolation threshold. Similarly, the system with poor
miscibility (region III) exhibits an overly pure mixed phase
which is also prone to significant device performance loss. In this
case, the morphology needs to be kinetically quenched (e.g.,
rapid drying) near the percolation threshold for efficient charge
transport. On the other hand, such a kinetically trapped
morphology is thermodynamically unstable and prone to over
purification that can lead to significant loss of device
performance or burn-in degradation.180 Recently, however,
Ghasemi and Ade et al. showed that the stability of hypo-
miscible (high χ) systems depend on the activation energy of
diffusion of the acceptor to the polymer donor phase.186

Therefore, even though hypo-miscible systems are thermody-

namically unstable, they can be kinetically stabilized if NFAs
exhibit high activation energy of diffusion. Nevertheless, the best
device performance and stability can be obtained when the
miscibility lies within region II in Figure 35 where the
equilibrium composition of the mixed phase is close to the
percolation threshold.
4.2. Impact of Assembly Processes and Processing
Conditions on BHJ Morphology and Device Properties

In Section 4.1, we discussed the fundamental principles of
crystallization and phase separation processes and how they can
affect the blend film morphology of OSCs. In this section, we
will delve deeper into these concepts and provide relevant
examples from the existing literature on OSCs. We will focus on
how the molecular assembly of donor and acceptor molecules in
blend systems is closely related to phase separation processes,
and how their relative crystallization behavior and miscibility
can influence the blend morphology and device performance of
OSCs. Additionally, we will explore how processing conditions
can impact phase transition. By analyzing these various factors,
we can gain a comprehensive understanding of how they
collectively impact the morphology and device properties of
OSCs.

4.2.1. Impact of Donor Polymer Assembly. In polymer:-
fullerene based OSCs, large droplet-like domains are typically
observed, leading to large scale L−L phase separation.530,535,537

However, donor polymer aggregation in solution can influence
the blend film morphology by changing the phase separation
pathway from L−L demixing to S−L phase separation.530,533

Figure 37. a) Chemical structures of the polymer donors and acceptor molecule, O-IDTBR. b) Solution UV−vis spectroscopy of the donor polymers
illustrating the extent of aggregation in the solution. c) Illustration of the phase separation pathways and the resulting blend film morphologies. d)
Schematic representation of PffBT4T-2OD:O-IDTBR blend films with different acceptor contents. e) JSC versus O-IDTBR content. Figure adapted
from ref 506, Copyright 2020 John Wiley and Sons (a, c); ref 554, Copyright 2018 American Chemical Society (b); ref 555, Copyright 2020 John
Wiley and Sons (d, e).
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For instance, Bartelt and McGehee et al. investigated the effect
of molecular weight of the donor polymer on BHJ morphology
and device properties of PBDTTPD:PCBM[70] system.537

Shown in Figure 36a is the TEM images of the blend films of
PBDTTPD:PCBM[70] system cast from varying molecular
weight (Mn) of the PBDTTPD polymer. With increasing Mn of
the donor polymer, the blend film morphology changes from
forming large fullerene-rich domains to small fibrillar network-
like domains, which resulted in a substantial enhancement in the
PCE (Figure 36d). Investigating the solution-state aggregation
of the polymer at different Mn using a combined USAXS and
SAXS measurement, the authors found that high Mn polymer
solutions exhibit Guinier knees in the intermediate scattering
region marked by the double daggers in Figure 36b which are
attributed to the formation of small, ordered aggregates. LowMn
polymer solutions, on the other hand, do not show these bumps
in the intermediate q regime, implying that these polymers only
lead to agglomerates of single polymer chains (Figure 36c). This
result indicates that the polymer with high Mn has a stronger
tendency to self-assemble in solution, and the resulting ordered
aggregates act as seed sites to initiate polymer aggregation
during film deposition and facilitate the formation of polymer
fibrils. Further investigating the cause of the poor performance
in the low Mn polymer system, the authors discovered that low
molecular weight devices suffer from significant amounts of
geminate recombination as evidenced by the differential
(internal quantum efficiency) IQE, ΔIQE, which varies
significantly with respect to the bias voltage (Figure
36e).550−553 This increased recombination loss is attributable
to the extensive phase separation of low Mn blend films which
leads to overly pure domains. The formation of overly pure
domains is detrimental to the device performance of OSCs as it
indicates that the concentration of PCBM[70] in the mixed
regime is below the percolation threshold.537 Similarly, Qian and
Hou et al. showed that the primary solution-state aggregation is
beneficial for forming proper domain sizes in the blend film
although it has little Influence on the molecular orientation and
crystallinity of the blend.505 Compared to the previous case,
these authors modified the extent of solution-state aggregation
by thermally treating the solution at 90 °C and cooling back to
30 °C before spin coating, which reduced the solution-state
aggregation. When the thermally treated solution was used to
fabricate polymer:fullerene basedOSCs, the device performance
was reduced from 6.67% to 4.72%, clearly indicating the
importance of primary solution-state aggregation of polymers on
the device performance of polymer:fullerene based OSCs.
In polymer:NFA systems, L−L phase separation can also

occur if the donor and acceptor materials exhibit poor
miscibility. In this case, donor polymer aggregation can affect
the phase separation pathways, which in turn dictate the
morphology and device performance of OSCs. For instance, Yi
and So et al. demonstrated that donor polymer aggregation
ensures proper domain sizes and purity in the blend film by
inducing early S−L phase separation and preventing L−L phase
separation.506 Shown in Figure 37a is the molecular structures of
the donor polymers and the small molecular acceptor, O-IDTBR
used in this work. The authors infer that PffBT4T-2OD and
PffBT4T90-co-3T10 polymers exhibit strong aggregation ten-
dency as compared to PffBT3T-2OD revealed by their red-
shifted UV−vis spectra exhibiting fine vibronic features (Figure
37b).554 Due to its weak aggregation tendency in solution,
PffBT3T-2OD:IDTBR system undergoes L−L demixing,
forming highly purified domains that limit exciton dissociation

and charge transport similar to the polymer:fullerene systems as
previously discussed. On the other hand, the strongly
aggregating polymers undergo fast aggregation prior to L−L
phase separation, thereby forming smaller donor−acceptor
domains which lead to stronger PL quenching andmore efficient
exciton dissociation (Figure 37c). The authors also find that the
strongly aggregating polymers showed good miscibility with the
NFA, leading to well-mixed domains which promote both
charge generation and transport. Similarly, using the strongly
aggregating donor polymer (PffBT4T-2OD) and the same
acceptor molecule, IDTBR, Hamid and McCulloch et al. found
that L−L phase separation can occur in this system when the
acceptor content in the blend solution is increased (Figure 37d).
At low acceptor content, polymer aggregation dominates phase
separation, whereas at high acceptor content, L−L demixing
dominates themicrostructure formation, resulting in highly pure
isolated large domains which substantially decreased the JSC
(Figure 37e).555

L−L phase separation, however, is not commonly observed in
polymer:NFA systems since donor polymers exhibit higher
miscibility with NFAs than with fullerenes due to their structural
similarity556 and matching surface energies.557,558 This suggests
that in polymer:NFA systems, S−L phase separation or
crystallization of the donor and acceptor materials likely
dominate the blend film morphology; therefore, the final
morphology will strongly depend on the assembly of neat
materials including their aggregation and crystallization
behavior. Prior studies suggest that excessive aggregation and
crystallization of donor polymers is detrimental to the device
performance of polymer:NFAs as they can lead to large domains
that limit charge generation.559−561 A notable work done by Li
and Yan et al., therefore, has proposed that donor polymers with
reduced crystallinity match better with NFAs.560 By simply
changing the position of the fluorine substitution group of highly
crystalline PTFB-P polymer, these authors synthesized donor
polymer, PTFB-O, with reduced crystallinity which enhanced
the device performance from 7.85% to 10.13% when blended
with a small molecule acceptor, ITIC. This improved device
performance was mainly attributed to forming smaller domain
sizes which led to more efficient PL quenching and an improved
JSC. Meanwhile, in polymer:fullerene based OSCs, PTFB-O
showed a much lower PCE of 6.53%. Similarly, several studies
have achieved proper domain sizes in polymer:NFA systems by
reducing the crystallinity and aggregation property of the donor
polymers via molecular design.562−564 For instance, Yan and co-
workers synthesized two donor polymers (PfBTAZ and
PfBTAZS) which have nearly identical chemical structures
with the only difference being the regiochemistry of the alkyl
chains.564 Although the crystallinity of the two polymers is
nearly identical based on their neat film GIWAXS, the domain
sizes almost doubled in the PfBTAZ:O-IDTBR system. Using
neat film characterization of PfBTAZ with AFM imaging, the
authors suggest that this polymer tends to aggregate into large
polymer fibers ranging from 100 to 200 nm whereas PfBTAZS
shows much smaller surface features (30−50 nm) suggesting
that the strong aggregation property of this polymer is
responsible for the large domains observed in the blend film.
To avoid forming large domains in the blend, Yan and co-

workers suggest that using donor polymers with temperature-
dependent aggregation (TDA) property can give highly
crystalline and yet reasonably small polymer domains in both
polymer:fullerene and polymer:NFA systems.275 Polymers with
TDA property can be fully disaggregated at high temperatures;
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however, upon cooling at room temperature during film
deposition they can form highly crystalline but reasonably
small domains in the blend film which are beneficial for efficient
charge generation and transport.275,280,565 TDA property of
donor polymers is often inferred from the temperature-
dependent UV−vis spectroscopy in which a drastic blueshift
occurs in accordance with the disappearance of the vibronic fine
features with increasing temperature, indicating disaggregated
solution.32,566 Although TDA approach has been utilized in
many polymer:fullerene280,504,505 and polymer:nonfuller-
ene275,565−567 systems to achieve highly crystalline phases with
proper domain sizes, several reports suggest that it may not be
appropriate for controlling the morphology in all-polymer based
OSCs.568−570 Furthermore, research studies also show that
when using donor polymers with TDA property, careful tuning
of processing parameters, particularly processing temperature, is
often required for the optimal morphology and device
performance, making it challenging to control the morphol-
ogy.339,571 To overcome this issue, Seo and Kim et al. has
synthesized PBDB-Bz donor polymer by replacing the thienyl
side chains of PBDB-T with side chains with extended 2D
conjugation which led to strong aggregation behavior in solution
independent of the solution temperature as compared to PBDB-
T which exhibits TDA property.572 When blended with
P(NDI2OD-T2) polymer acceptor, PBDB-Bz:P(NDI2OD-
T2) not only exhibited higher device performance than

PBDB-T:P(NDI2OD-T2) but also showed processing temper-
ature-insensitive performance. The authors suggest that this
processing temperature-insensitive behavior of PBDB-Bz based
devices is likely due to the interpenetrating network of the donor
polymer which persists even at high temperatures; however, the
detailed nature of the solution-state aggregate structure of this
polymer has not been reported.
In most blend systems used for OSCs, the donor polymer

solution-state aggregation, particularly the structure of the
primary aggregates, is not well-characterized and is often
inferred from the neat films, which are not representative of
the solution state. However, in our recent work, we show that
BDT-based donor polymers can aggregate into distinct
structures in solution dictated by the polymer backbone
conformation. The solution-state structures of the polymer
aggregates were unveiled by SAXS and freeze-dried imaging,
which largely modulate the blend morphology and device
properties in NFA based OSCs.301 This work highlights the
importance of probing the precise structure of solution-state
aggregates, not just the extent of aggregation. As shown in Figure
38a, we synthesized three donor polymers (PM7, PM7 D1, and
PM7 D2) where PM7 D1 and D2 polymers are made more
conformationally flexible than PM7 by cracking open the ketone
ring on the acceptor unit of PM7. Driven by both π−π and
lamellar stacking, the more rigid PM7 forms semicrystalline
fiber-like aggregates with ∼20 nm diameter as determined by

Figure 38. a) PM7, PM7 D1, and PM7 D2 molecular structures. b) SAXS profiles for PM7, PM7 D1, and PM7 D2 solutions. c) Schematics showing
the aggregate structures of PM7 as a comparison with PM7 D1 and D2 polymers. Figure adapted with permission from ref 301, Copyright 2023
American Chemical Society (a, b, and c).
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solution SAXS and freeze-dried AFM and TEM imaging. On the
other hand, the more flexible PM7 D1 and D2 formed polymer
network-like aggregates. Using SAXS, we determined that these
network aggregates are composed of well-solvated polymer
chains exhibiting Porod slopes between −2 and −3 in the low Q
region, indicating a fractal or a network-like structure (Figure
38b). These two types of aggregate structures showed distinct
temperature dependence: the PM7 fiber aggregates dissolve and
lose their crystalline order at high temperatures, leaving the
polymer network-like aggregates behind in the solution state; in
contrast, the network aggregates of PM7 D1 and D2 remain
stable independent of the solution temperature as depicted in
Figure 38c. We further demonstrated that these network
aggregates, regardless of the polymer system, led to blend
films with smaller domains, stronger π−π stacking, more face-on
preferred molecular orientations, and higher PCEs as compared
to the fiber aggregates and showed stronger processing

temperature-resiliency. As described in Section 2, donor
polymers used in OSCs may form other types of primary
solution-state aggregates; however, the detailed nature of these
aggregates and their assembly pathways are rarely reported,
making it challenging to establish a clear understanding of how
the precise structure of donor polymer aggregates impacts the
blend morphology and device properties.

4.2.2. Impact of NFAAssembly. In Section 3, we discussed
how molecular design approaches are used to tune the
crystallinity and molecular packing of A−D−A or A−DAD−A
based NFAs. In blend systems consisting of polymer:NFA,
molecular assembly of NFAs also influences the crystallinity and
molecular packing in the blend film and has a drastic impact on
the device performance of OSCs. In particular, end-capping
group engineering is one of the most commonly used
approaches to tune the crystallinity and molecular packing of
the NFAs in the blend. A notable work by Li and Hou et al.

Figure 39. a) Chemical structures of the terminal group, DCI, and the four NFAs (IT-OM-1, IT-OM-2, IT-OM-3, and IT-OM-4) where methoxyl
group is substituted on different sites of the DCI unit. b) Current density versus voltage relationship of OSCs using the four NFAs blended with PBDB-
T polymer. c) Face view (top) and side view (bottom) images of the optimized molecule structures via DFT calculations at the B3LYP/6-31G(d, p)
level. d) 2D GIWAXS patterns of the neat acceptor films. Figure reproduced with permission from ref 573, Copyright 2017 John Wiley and Sons (a−
d).
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showed that the substitution position of electron-withdrawing
functional group on the end group of IT-OM acceptor impacts
its molecular packing in both neat and blend films.573 Shown in
Figure 39a is the molecular structures of four IT-OM acceptors
where the methoxy group is substituted on different positions of
the dicyanovinylindan-1-one (DCI) terminal group, leading to

IT-OM-1, IT-OM-2, IT-OM-3, and IT-OM-4, respectively.
When these acceptor molecules are blended with PBDB-T
donor polymer, PBDB-T:IT-OM-2 shows the highest device
performance (Figure 39b). By investigating the molecular
geometry of these acceptor molecules with density functional
theory (DFT) calculations, the authors determined that IT-OM-

Figure 40. a) Chemical structures of INIC, FINIC, and PBD-SF molecules. b) Current density and voltage relationship comparison of PBD-SF:INIC
and PBD-SF:FINIC devices. c) INIC stacking modes along π plane (top) and perpendicular to the π plane (bottom). Two different conformations of
INIC are represented as red and gray in the figure. d) FINIC stacking modes along π plane (top) and perpendicular to the π plane (bottom). Three
different conformations of FINIC are color coded as red, gray, and blue. e)Molecular structures of BT-BO-LIC, BT-BO-L2F, and BT-BO-L4F. f) Left:
Unit cells of the three NFAs. Middle: Visualization of the stacking directions. Right: Stacking modes of the three NFAs showing the π−π stacking
distances. The colors represent different components of the NFA: red - the end groups, blue - thieno[3,2-b]thiophenepyrrole unit of the core, green -
thiadiazole unit of the core. Figure adapted with permission from ref 576, Copyright 2020 John Wiley and Sons (a−d); ref 577, Copyright 2021 John
Wiley and Sons (e, f).
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2 and IT-OM-3 acceptor have excellent planarity whereas for IT-
OM-1 and IT-OM-4, the DCI terminal groups are distorted
from planarity due to the steric hindrance of the methoxy unit
with its adjacent groups (Figure 39c). This terminal group
distortion dramatically increases the π−π stacking distance as
observed from the neat film GIWAXS patterns (Figure 39d)
where IT-OM-1 exhibits the largest π−π stacking distance of
4.24 Å, whereas IT-OM-2 is the shortest around 3.44 Å. IT-OM-
2 also exhibits the largest coherence length as compared to the
other acceptor molecules indicating its strong crystalline order
which leads to high electron mobility. In addition to changing
the position of substitution on the end group, the substituents
can also be varied to modulate molecular stacking. In particular,
fluorine substitution is commonly used to lower the LUMO
level, extend the absorption range, and enhance intermolecular
interactions by forming noncovalent F···S and F···H inter-
actions.28,29 Notably, Dai and Zhan et al. synthesized INIC3, an
A−D−A type acceptor molecule, with two fluorine substitutions
on each terminal group which enhanced the device performance
drastically from 7.7% to 11.5% owing to its downshifted LUMO
level, red-shifted absorption spectrum, and enhanced crystal-
linity in the blend film.574

Besides crystallinity, the crystal packing of NFAs, particularly
3D packing motifs, in the blend film is crucial for efficient charge
transport and is largely influenced by modifying the terminal
groups, side chains, and the fused ring core.151,453,575,576 By
fluorinating both end groups and side chains of INIC with 8
fluorine atoms, Dai and Zhan et al. developed a fullerene-free
acceptor, FINIC, which led to a substantial enhancement in the
device performance from 5.1% to 14.0% when using PBD-SF as
the donor polymer (Figure 40a, b).576 Interestingly, the
resulting blend film not only exhibited closer π−π stacking but
the crystal structure changed to a 3D network formed through
C−H···O hydrogen bonding, F···S interactions and π−π
stacking for FINIC; in contrast, INIC forms a “honeycomb”
motif solely through π−π stacking (Figure 40c, d). Due to its
strong intermolecular interaction and favorable packing
geometry which enables multiple charge transport channels,
FINIC leads to an order of magnitude higher electron mobility
and a more balanced hole and electron mobility in the blend film
as compared to INIC, thus yielding reduced charge recombi-
nation and higher FF. Furthermore, despite its enhanced
crystallinity and more ordered packing in the blend film, the
domain size of PBD-SF:FINIC blend film remains small and
comparable to that of PBD-SF:INIC. By varying the degree of
fluorination of the terminal groups in A−DAD−A type acceptor,
BT-BO-LIC, as shown in Figure 40e, Zhang andMarks et al. also
demonstrated how molecular packing of this NFA can be
manipulated.577 Shown in Figure 40f is the crystallographic
packing structures of nonfluorinated BT-BO-LIC, difluorinated
BT-BO-L2F, and tetrafluorinated BT-BO-L4F, indicating that
fluorination of the terminal group promotes intermolecular
interaction via forming more end-group-to-end-group (EG-EG)
stacking and decreasing the π−π stacking distance. Due to the
close packing structure with multiple end-group charge
transport pathways, the device performance of PM6:BT-BO-
LIC drastically increased from 9% to 16.8%.577 Similarly, Lai and
He et al. investigated changing the substitution position of the
electron-withdrawing group on the terminal unit of an A−D−A
type acceptor ITIC.458 The authors synthesized two types of
ITIC-2Cl, namely ITIC-2Cl-δ and ITIC-2Cl-γ, by varying the
position of the chlorine groups on the terminal units. Compared
to the linear stacked crystalline structure of ITIC-2Cl-δ, ITIC-

2Cl-γ exhibits closely packed 3D interpenetrating network
structure, which is responsible for its efficient charge transport,
reduced bimolecular recombination, and enhanced device
performance from 11.51% to 13.03%. Besides end-group
engineering, modifying the alkyl side chains by increasing the
length or introducing branched alkyl side chains has shown
effective in manipulating the packing structure of NFAs to
enhance the charge transport in polymer:NFA systems.151,454

Although crystallinity and crystal packing of NFAs are critical
for efficient charge transport in polymer:NFA based systems,
excessive aggregation or crystallization of NFAs can cause
oversized domains, which are detrimental for charge generation
in OSCs. This suggests that the assembly of NFAs has a
substantial influence on the domain sizes of the blend films. In
particular, PDIs, one of the early nonfullerene systems used for
OSCs, are well-known for their strong self-aggregation proper-
ties and molecular stacking tendency, leading to oversized
domains in the blend film.578 Due to their unfavorable phase
separation, molecular engineering approaches have been
extensively utilized to reduce the backbone planarity and
aggregation tendency of PDIs to control their domain sizes in
the blend film.579,580 For example, introducing multiple PDI
units to the phenyl core and constructing twisted backbone by
linking two PDI units with a π bridge or functionalizing the PDI
chromophores have effectively suppressed the crystallization of
PDIs in the blend film.578,581−583 Notably, Zhan and co-workers
developed a star shaped PDI (S(TPA-PDI)) with a triphenyl-
amine (TPA) core which showed reduced molecular aggrega-
tion and enhanced charge transport owing to its three-
dimensional structure.584 Alkyl side chain engineering, such as
increasing the length of the side chain or changing the branching
point, is also widely used to improve NFA solubility and prevent
excessive NFA aggregation in the blend film.453,454,585 In
particular, Jiang and Yan et al. investigated the effect of the
alkyl side chain branching points of the Y6 molecule on the
blend film morphology of OSCs and discovered that the third
position branched alkyl chains resulted in optimal solubility,
improving the device performance from 15.7% to 16.74%.586 On
the other hand, the fourth position branched alkyl side chains on
Y6 led to excessive solubility which resulted in large domains,
poor domain purity, and edge-on orientation in the blend film,
thus yielding slightly decreased performance of 14.31%.
Similarly, Dong and Huang et al. showed that the solubility of
Y6 in a nonhalogenated solvent, o-xylene, can be enhanced by
increasing the length of its alkyl side chains which led to
photovoltaic performance enhancement from 11% to 16% when
processed from o-xylene with PM6 as the donor polymer.585

4.2.3. Impact of Relative Aggregation and Miscibility
between Donor Polymers and NFAs. Beyond the molecular
assembly of donor polymers and NFAs, relative aggregation and
crystallization of these materials ultimately dictate the phase
separated structures in polymer:NFA systems.127,559,561,587,588

When donor polymers exhibit lower aggregation and crystal-
linity than NFAs, they allow NFAs to control the morphology,
resulting in large acceptor domains in the blend
film.464,559,561,589 Meanwhile, when donor polymer aggregation
or crystallization is more dominant, the morphology is
controlled by the aggregation of the donor polymers. Liu and
Zhang et al. thus suggested that using donor polymers with
moderate molecular weight (MW) leads to optimal morphology
and device performance for PM6:Y6 system, resulting in a PCE
of 17.1%.589 When low MW donor polymer was used, the
crystallization of the acceptor, Y6, dominated the morphology,

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00905
Chem. Rev. 2023, 123, 8395−8487

8457

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


leading to large and impure domains as evidenced by their
RSoXS measurements. On the other hand, when high MW
donor polymer was used, excessive aggregation of the donor
polymer led to overly pure domains which hampered the charge
percolation pathways. By introducing compact bulky side chains
(CBS) at various ratios to a PNDI-based acceptor molecule, Wu
and Bao et al. also tuned the relative aggregation and
crystallization of the donor and acceptor phases in PBDB-
T:PNDI based all-polymer solar cells (Figure 41a).559 The
authors found that the optimal performance was achieved when
CBS loading ratio to the PNDI molecule was 0.5 (Figure 41b).
At this ratio, the donor and acceptor aggregation and
crystallization were balanced, which led to the smallest average
domains size (∼65 nm). In contrast, at low or high CBS loading,
the average domain size reached over >300 nm when either the

donor or acceptor aggregation dominated (Figure 41c).
Eastham and Marks et al. also demonstrated that the
morphology of polymer:NFA system can be templated by either
the donor or the acceptor molecules.561 As compared to
previous works, these authors tuned the aggregation and
crystallization of both donor and acceptor materials. For the
acceptor molecules, three PDI based NFAs with varying
crystallinity (A1 > A2 > A3) shown in Figure 41d were
synthesized, and the aggregation of the donor polymer,
PTPD3T, was tuned by changing the molecular weight as
previously reported.590 Shown in Figure 41e is the relationship
between device performance with respect to donor polymer
molecular weight when using the three NFAs with varying
crystallinity. For the highly crystalline acceptor (A1), the device
performance is insensitive to the molecular weight of the donor

Figure 41. a) Molecular structures of PBDB-T and PNDI with CBS. b) Device performance with respect to CBS loading. c) Illustration of how
balanced aggregation of acceptor and donor crystallinity leads to optimal small-scale phase-separated domains. d) Molecular structures of the PDI
based NFAs with different crystallinity (A1 > A2 > A3). e) Device performance with respect to the molecular weight of the donor polymer when
different acceptor molecules are used. f) Schematics of the acceptor (top) versus donor polymer (bottom) templatedmorphology. Figure adapted with
permission from ref 559, Copyright 2020 American Chemical Society (a−c); ref 561, Copyright 2017 American Chemical Society (d−f).
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polymer as the blend film morphology is dictated by the strong
aggregation of A1. On the other hand, when a less crystalline
acceptor (A2) is used, the morphology is strongly dependent on
polymer aggregation and exhibits optimal performance at high
molecular weight. This result is attributed to the blend
morphology being templated by the donor polymer aggregation
at high molecular weight whereas at low molecular weight, the
poor aggregation of the donor polymer allows the acceptor to
control the morphology. When the acceptor molecule exhibits
the lowest crystallinity (A3), the donor polymer aggregation
templates the blend morphology and suggests that weaker
polymer aggregation is favorable when the acceptor crystallinity

is low. These processes are schematically illustrated in Figure 41f
where either the aggregation of donor or the acceptor dominates
the blend morphology in polymer:NFA systems.
Besides relative aggregation and crystallization of the donor

and acceptor materials, their miscibility is extremely important
for the BHJ morphology of polymer:NFA systems, particularly
the domain purity.591,592 Although in polymer:NFA systems, the
miscibility of donor polymers and NFAs is typically higher than
that of polymer and fullerene acceptors,29,556 which prevents
large-scale phase separation, they are more prone to forming
intimately mixed domains which lead to severe geminate and
nongeminate recombination.29 Therefore, decreasing the

Figure 42. a) Molecular structures of PBDB-T, FOIC, and PTB7-Th. b) JSC and FF as a function of PTB7-Th percentage. c) Crystallinity of the donor
and acceptor phases as a function of PTB7-Th percentage. d) Electron and hole mobility as a function of PTB7-Th percentage. e) Illustration of the
blendmorphology at PTB7-Th percentages of 0, 50, and 100%. Figure reproduced with permission from ref 127, Copyright 2018 JohnWiley and Sons
(a−e).
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miscibility of NFAs and donor polymers to increase the average
domain purity is critical to suppress charge recombination and
enhance charge transport provided that percolation is
maintained. To improve the phase purity of polymer:NFA
systems, molecular engineering of NFAs is an effective strategy
to decrease the miscibility between the donor and acceptor
molecules. For instance, Ma and Tang et al. synthesized a series
of TPIC-X molecules as NFAs with different halogenated end
groups to show that halogenation decreases the miscibility of the
donor and acceptor materials, resulting in a better phase-
separated morphology.593 Similarly, Hou and co-workers
reported that halogenation of IT-M acceptor molecule to obtain
IT-4F decreased its miscibility with PBDB-TF donor polymer,
which improved the domain purity of the blend film and
photovoltaic performance.594 They also observed that simply
replacing the methoxy group substitution on IT-OM acceptors
showed a drastically different phase separated morphology573

which was later correlated to the difference in the miscibility of
the acceptor and donor polymers as suggested by Bredas and co-
workers.595 Besides molecular engineering approaches to tune
the miscibility of the donor and acceptor molecules, introducing
a third component that has lower miscibility with the donor and
acceptor components has also been suggested to improve the
phase-separated morphology.558,596

In addition to domain purity, miscibility can also impact the
crystallinity of the donor and acceptor phases in a blend. This
suggests that the molecular assembly behavior in blends can
deviate from neat systems due to interactions between the donor
and acceptor materials. For example, when the strongly
crystallizing polymer, PTFB-P, is blended with ITIC acceptor,
it loses its crystallinity while it maintains its crystallinity when
blended with fullerene acceptors.560,591 Hu and Yan et al. also
showed that the crystallinity of the small molecule acceptor,
ITIC-Th, in a blend film changes depending on the choice of
donor polymers.591 When the donor polymer is highly miscible
with the NFA, both the crystallinity and the domain purity of the
acceptor phase are reduced, resulting in poor FF.29 These
findings suggest that decreasing the miscibility of the donor
polymers and NFAs can be beneficial for not only improving the
domain purity but also maintaining the crystallinity of the blend
film. However, decreasing the miscibility too much can be
undesirable as it causes overpurity and suppresses percolation
pathways as previously discussed in Section 4.2.1.
When either the donor or the acceptor material exhibits

excessive aggregation, increasing the miscibility between the two
phases or introducing a third component with higher miscibility
can be beneficial for balancing the crystallization of the two
components.597,598 For example, Zhang and Ma et al. achieved
an optimal performance of 12.02% in PBDB-T:FOIC blend
system by adding the third component (PTB7-Th) as the donor
polymer at various ratios (Figure 42a, b). By adding PTB7-Th,
the crystallinity of the acceptor, FOIC, is gradually reduced due
to the high miscibility of PTB7-Th with FOIC (Figure 42c). At
the point when their crystallinity is balanced, electron and hole
mobilities are equally balanced (Figure 42d), resulting in the
optimal JSC and FF observed.127 Figure 42e illustrates how the
crystallinity of the donor and acceptor phases change with
respect to the percentage of PTB7-Th where the optimal
morphology occurs at 50%.Dong andCao et al. also showed that
using P(NDI2OD-T2) acceptor polymer as the third
component suppressed excessive aggregation of NFAs in both
PM6:ITIC-4F and PM6:Y6, which led to a drastic improvement
in their photovoltaic performance.597 The reduced crystalliza-

tion of the small molecule acceptors in the blend films was
attributed to the P(NDI2OD-T2) polymer being localized
inside the acceptor domains due to its high miscibility with the
NFAs, thereby confining the growth of the small molecules.
Similarly, Chen and co-workers used a star shaped acceptor,
TF1, into PM6:Y6 which reduced the excessive aggregation of
Y6 in the blend film due to its strong miscibility with Y6, thereby
enhancing the device performance from 15.62% to 16.67%.598

On the other hand, adding a third component which is more
readily crystallized as compared to the host materials could
enhance the crystallization of the donor and acceptor
phases.21,599 In a notable work done by Zhu and Liu et al., an
average PCE of 19.3%, one of the highest efficiencies reported so
far, was reported when a more crystalline D18 donor polymer
was added to PM6:LB8O system.21 These authors observed that
the blend film formed a double fiber network of donor and
acceptor phases which was facilitated by the addition of D18.
The observation of NFA fibril network crystallization is
surprising and encourages further investigation into the
molecular assembly of NFAs during solution processing.

4.2.4. Impact of Processing Conditions. The BHJ
morphology and device performance of OSCs heavily depend
on the processing parameters during the film deposition process.
In particular, film drying kinetics, which is influenced by
parameters such as the rate of spin coating, processing
temperature, and solvent additives, determines the extent of
crystallization and phase separation processes. Moreover,
processing temperature and solvent additives also affect the
solvent quality, which has a significant impact on the aggregation
and crystallization behavior of the donor polymers and NFAs. In
particular, the blend filmmorphology of OSCs containing donor
polymers with TDA properties strongly depends on the
processing temperature. Additionally, the use of cosolvents,
typically poor solvent additives, can decrease the solubility of the
donor and acceptor molecules, thereby promoting aggregation
and crystallization processes. As a result, the impact of
processing conditions on the morphology of BHJ based OSCs
is challenging to predict since processing parameters can
influence not only the drying kinetics but also the aggregation
behavior of the donor and acceptor materials. Therefore, this
section aims to discuss the complexity of processing parameters
and their impact on the phase transition process during film
deposition as well as their influence on the blend film
morphology and device performance of OSCs.
In polymer:fullerene systems with strong L−L demixing,

longer film drying times have been shown to increase the domain
size and purity of the blend film.530,548 For instance, Kouijzer et
al. observed large droplet-like domains in PDPP5T:PCBM
blend films which coarsened due to Ostwald ripening at longer
drying times or slower spin coating rates, leading to poor device
performance.530 On the other hand, in polymer:fullerene
systems with higher miscibility, slow drying times can induce
aggregation and crystallization of the donor materials in the
blend film, leading to S−L phase separation.600−602 Abdelsamie
and Amassian et al. showed that the degree of aggregation of
P3HT in P3HT:PCBM system can be enhanced by interrupting
spin coating prematurely to extend the drying time.600 Based on
UV−vis measurements of the blend film, they reported a
substantial improvement in the fraction of P3HT aggregates in
the blend film. Using electron diffraction measurements, they
observed increased π-stacking crystallinity of P3HT in the blend
film. Schmidt-Hansberg and Schabel et al. also reported that
increasing the solvent evaporation time during blade coating of
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the same P3HT:PCBM system improves the device perform-
ance mainly due to the aggregation of P3HT.601 These authors
tuned the solvent evaporation time using both nitrogen flow and
stage temperature to find that the best device performance was
achieved when both the stage temperature and nitrogen flow
velocity were the lowest. This result was attributed the strong
aggregation of P3HT as both blend and neat P3HT films (filled
and open symbols respectively in Figure 43a) showed increased
film roughness, suggesting that large-scale morphology features
were formed mainly due to P3HT aggregation. The UV−vis
measurements also indicated a red shift in the P3HT spectra and
enhanced vibronic shoulders, suggesting increased conjugation
length and interchain interactions at slow drying conditions. The
schematics of the film drying process at high and low
temperatures are indicated in Figure 43b, where low temper-

ature drying results in strong aggregation of P3HT, indicative of
S−L phase separation driven phase transition.
In nonfullerene based OSCs where S−L phase separation or

crystallization is typically the dominant pathway, slow drying
kinetics can lead to excessive aggregation of NFAs and form
large phase-separated domains which deteriorate charge
separation.597,602 For instance, Dong and Cao et al. reported
that aggregation of acceptor molecules, Y6 and IT-4F, resulted
in lower device performance when blade coating is used as
compared to spin coating due to slow drying kinetics.597 The
authors found that spin coated PM6:Y6 shows a PCE of 15.8%
whereas blade coated devices only exhibit 13.2%. Adding a small
amount of P(NDI2OD-T2), however, effectively suppressed the
aggregation of NFAs due to its high miscibility with the
acceptors, which resulted in a PCE of 16.5% for blade coated

Figure 43. a) Influence of drying time on film roughness for neat P3HT (open symbols) and the blend film (filled symbols) at different drying
temperatures. b) Schematic comparison of the blend film formation at high temperature drying (left) and low temperature (right) drying conditions. c)
AFM height images for PM6:ITIC-4F comparing spin coated versus blade coated films without and with P(NDI2OD-T2) addition. d) J−V
characterization curves of PM6:Y6 blend under different conditions. e) Schematics of the two different BHJ morphologies obtained at different
processing conditions, leading to PCEs of 5.55% and 15.51% respectively. Figure adapted with permission from ref 601, Copyright 2011 American
Chemical Society (a, b); ref 597, Copyright 2019 John Wiley and Sons (c); ref 603, Copyright 2021 American Chemical Society (d, e).
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PM6:Y6:P(NDI2OD-T2). Figure 43c shows the AFM images of
the PM6:IT-4F blend films, illustrating how blade coating forms
rough films due to the aggregation of IT-4F and how
introduction of P(NDI2OD-T2) leads to a smoother film,
indicating small-scale phase-separated morphology. Processing
the blend films using a high stage temperature to reduce the
drying time has also been shown effective in controlling the
excessive aggregation of NFAs.571,597 Li and Wang et al.
demonstrated that spin coating PBDB-T:INPIC on a hot stage
(100 °C) suppressed the aggregation of small molecule acceptor
and formed small phase-separated morphology.602 On the other
hand, spin coating the blend film under solvent vapor led to
excessive crystallization of INPIC due to the prolonged drying
time. Similarly, using blade coating on a 90 °C substrate with
1,2-dimethylnaphthalene (DMN) as an additive, Li and Xie et al.
reported a PCE of 15.51% for PM6:Y6 in a nonhalogenated
solvent, o-xylene, as compared to 5.55% when processed from

30 °C substrate without DMN as an additive.603 Meanwhile,
when only hot blade coating is used, a PCE of 12.98% was
achieved, clearly indicating the effect of both the substrate
temperature and the additive on the device performance (Figure
43d). The authors suggest that high stage temperature inhibits
the aggregation of Y6 by reducing the drying time, thereby
leading to small-scale phase separation whereas the role of
additives is to induce nucleation of both PM6 and Y6 which
promotes close packing of the molecules. Figure 43e illustrates
this process where blade coating at low temperature leads to
poorly crystalline large-scale phase-separated domains whereas
the combination of high temperature coating and DMN
additives result in smaller domains that are highly crystalline.
Solvent drying kinetics not only influences the extent of

aggregation but also determines the molecular organization and
orientation in the blend film.81,145 In an early work, Lee and Cho
et al. demonstrated that the molecular orientation of donor

Figure 44. a) Chemical structure of the small molecule acceptor, COi8DFIC. b) Absorption spectra of COi8DFIC films cast at room temperature
(RT), at room temperature + solvent annealing (RT + SA), or on 100 °C hot substrate (HS). c) Current density versus voltage curves obtained for
PTB7: COi8DFIC under three casting conditions (RT, RT + SA, and 100 °C HS). d) SPM images of the blend films cast from the three drying
conditions. e) Illustration of the blend filmmorphologies obtained from slow drying (left) versus fast drying (right) conditions. Figure reproduced with
permission from ref 81, Copyright 2019 Cell Press (a−e).
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polymer P3HT in a bilayer device made of P3HT:PCBM, can be
changed from edge-on at slow drying conditions to face-on at
fast drying conditions, which increased the photocurrent
generation.145 More recently, Li and Wang et al. demonstrated
that both molecular orientation and organization of small
molecule acceptor COi8DFIC in a polymer:NFA based BHJ
system can be tuned by changing the solvent drying kinetics.81

The authors tuned the film drying time by using high substrate
temperature during spin coating for fast drying or using solvent
vapor annealing for slow drying, and room temperature casting
for themedium-drying condition.When drying wasmedium and
slow, COi8DFIC formed both edge-on and flat-on lamellar
crystals which were determined from optical microscopy
imaging and GIWAXS measurements. However, at fast drying,
the intensity of the diffraction rings from GIWAXS substantially
decreased, and no crystallites were observed from optical
microscopy, indicating that fast drying inhibits the aggregation
of COi8DFIC into lamellar crystals. Instead, UV−vis absorption

spectra of the neat films broadened and exhibited peaks at both
short and long wavelengths as shown in Figure 44b, indicative of
H- and J-type π−π stacking, respectively. From GIWAXS
measurements, they also observed a strong out-of-plane π−π
stacking peak corresponding to COi8DFIC which suggests
predominantly face-on oriented stacking. When OSCs are
fabricated by blending with PTB7 donor polymer, the fast-
drying condition resulted in the highest performance of 13.4% as
compared to the 9% achieved for slow-drying (Figure 44c). This
substantial drop in the device performance is attributed to the
large-scale phase-separated morphology as evidenced by the
scanning probe microscopy (SPM) images in Figure 44d where
the slow and medium drying conditions show large COi8DFIC
domains indicated by the white regions. Figure 44e shows the
schematics of the blend film microstructures showing large
domains of flat-on and edge-on lamellar crystallites of
COi8DFIC in the slow-drying case and smaller domains of

Figure 45. a) Molecular structures of PM6 and Y6. b) Schematics of the hot slot-die coating where both the slot-die head and the substrate
temperatures are controlled. c) J−V characterization curves for PM6:Y6 system processed at different slot-die/substrate temperature conditions. d)
Molecular structures of PM7 and ITIC-4F. e) PCE of PM7:ITIC-4F based devices fabricated using the slot-die coating method at various die
(solution) and substrate temperatures. f) Schematics of the PM7:ITIC-4F microstructure processing from varying the solution temperatures while
keeping the substrate temperature constant (top) and varying the substrate temperatures while the solution temperature is maintained. Figure
reproduced with permission from ref 571, Copyright 2020 JohnWiley and Sons (a, b, and c); ref 588, Copyright 2020 Royal Society of Chemistry (d, e,
and f).
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predominantly face-on H- and J-type π−π stacking of
COi8DFIC in the fast-drying condition.
Besides controlling the drying kinetics, processing temper-

ature can also directly impact donor polymer aggregation,
particularly when TDA based donor polymers are used.571 Ro
and Yan et al. demonstrated that blade coating of PffBT4T-
2OD:PCBM system where the donor polymer is a TDA based
donor polymer can produce drastically different morphologies
depending on the processing temperatures.503 In particular, the
authors found that processing temperature influences the crystal
orientation, phase-segregated structure, and phase purity,
whereas the blend film crystallinity remains unchanged.503

When processed at 90 °C, the blend film exhibited edge-on
orientation, whereas when processed at 55 °C, it mainly formed
face-on orientation. Furthermore, 90 °C processed film formed
hierarchical structures with high domain purity whereas the 55
°C processed film led to one broad phase-separated structure
with lower domain purity as evidenced by RSoXS measure-
ments. These drastic morphological differences are attributed to
the TDA behavior of the donor polymer which crystallizes
differently depending on the processing temperature. At 90 °C,
the polymer is well-solvated in solution, so the crystallization
likely occurs by nucleation and growth upon reaching
supersaturation late in the drying stage at the air interface,
leading to edge-on crystals. On the other hand, film formation at
55 °C occurs via preaggregation of the polymer solution which
may favor adsorption to the substrate interface, resulting in face-
on crystal orientation.
Similarly, in polymer:NFA systems,Ma and co-workers used a

hot slot-die coating method in which both the solution (slot-
head) and the processing stage temperature are controlled at the
same time.571 The authors achieved nearly the same average
device performances of 15.2%, 15.4%, and 15.6% for PM6:Y6
system (Figure 45a) despite using three different solvents
(chlorobenzene, trimethylbenzene, and o-xylene). The similar
device performances obtained in these three different solvents
were achieved by matching their solution-state aggregation and
drying kinetics using hot slod-die head and substrate (Figure
45b). On the other hand, processing the blend films from room
temperature slot-head and substrate (RT/RT) resulted in poor
device performances with significant performance differences
among the three solvents due to unmatched solution-state
aggregation and drying kinetics (Figure 45c). The inferior
performance of devices fabricated at room temperature is
attributed to the TDA property of PM6, which exhibits strong
preaggregation at room temperature leading to low crystallinity
and large phase-separated domains.604 The Ma group also
investigated the effect of solution-state aggregation and drying
kinetics by systematically tuning the solution and substrate
temperature using the hot slot-die coating method. Using this
approach, they achieved an average PCE of 13.2% for
PM7:ITIC-4F system at 60 °C solution temperature/60 °C
substrate temperature (Figure 45d, e).588 They demonstrated
that the main impact of solution temperature is on the phase-
separated morphology, whereas substrate temperature mainly
impacts the drying kinetics, which determines the extent of
nucleation and growth during crystallization. Based on RSoXS
measurements, the authors found that the blend films processed
from low (20 °C) and high (100 °C) solution temperatures with
the same substrate temperature (60 °C) resulted in large
domains, whereas the medium temperature led to finer domains
as illustrated in Figure 45f (top). This result was attributed to the
TDA behavior of the donor polymer which exhibits strong

aggregation at low temperatures, whereas at high solution
temperatures, the crystallization of ITIC-4F enlarges the
domains as the polymer aggregates dissolved. Meanwhile,
when the substrate temperature is varied while maintaining
the solution temperature at 60 °C, both low (20 °C) and high
(100 °C) substrate temperatures led to poor crystallinity,
whereas the medium substrate temperature showed the highest
crystallinity as illustrated in Figure 45f (bottom). The poor
crystallinity of the blend films processed at low and high solution
temperatures was attributed to the impact of substrate
temperatures on the nucleation and growth of the crystallites.
Using differential scanning calorimetry (DSC) measurements,
the authors showed that nucleation was limited to low substrate
temperatures, whereas at high substrate temperatures, the crystal
growth was restrained by rapid solvent evaporation.
Besides tuning the drying kinetics and processing temper-

atures, using solvent additives and cosolvents are commonly
utilized to tune the phase separation and crystallization
processes during film deposition.34 In particular, the effect of
solvent additives on the BHJ morphology of polymer:fullerene
systems is well investigated in literature.537,605−607 As previously
discussed, these systems can exhibit large-scale droplet-like
fullerene domains or “islands” in the blend film as their phase
separation is dominated by L−L demixing during solvent
removal.530,533,535 In these systems, introducing a less volatile
solvent can change the phase separation pathway by preventing
L−L demixing and allowing for sufficient time for crystal-
lization.530,535,605,608,609 A notable work by Franeker and
Janssen et al., showed that using o-DCB as a cosolvent for
PDPP5T:PCBM[70] solution in chloroform leads to finely
mixed domains as compared to forming micron scale large
domains when processed without cosolvents.535 Using in situ
optical techniques, the authors compared the film drying
processes in solutions with 5% vs without o-DCB to find that
solvent evaporation takes longer in o-DCB added chloroform
solutions due to its higher boiling point as compared to the neat
solvent. As chloroform evaporates first during the spin coating
process, the concentration of o-DCB rises, causing polymer
aggregation in the solution before L−L phase separation takes
place. Moreover, these authors further showed that the type of
cosolvent used can affect the domain size in polymer:fullerene
systems.536 They discovered that the relative polymer solubility
in the cosolvents is the most influential factor that determines
the width of the fiber network observed in the blend film. When
the polymer exhibits poor solubility in a cosolvent, the blend
films formed the smallest phase-separated fiber network,
whereas in the good cosolvents, the width of the fibers became
larger. This finding is attributed to the nucleation and growth
mechanism of the free polymers in solution. If the nucleation
rate is faster than the growth rate, polymers nucleate more easily
than they grow until there is depletion of free polymers. On the
other hand, if growth is faster, the nucleated fibers grow until
depletion, leading to a large fiber network. The effect of poor
cosolvent is, therefore, to decrease the nucleation barrier so that
more nucleus of smaller size can be formed, thereby depleting
the free polymers from growth into large fibers.
In nonfullerene based solar cells, solvent additives are also

commonly used to improve the crystallinity of the donor and
acceptor phases;362,610−612 however, the effect of additives on
the morphology of nonfullerene based OSCs can be very
different from fullerene based OSCs as NFAs can lead to
overcrystallization.141 Song and Baran et al. showed that the
device performance of PTB7-Th:PCBM[70] based OSCs
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significantly improvedwith 3% 1,8-diiodooctane (DIO) additive
whereas the same amount of additive deteriorated the device
performance of NFA based PTB7-Th:ITIC OSCs due to the
formation of coarse morphology.141 Similarly, Alqahtani and
Collins et al. have recently shown that NFAs can be highly
sensitive to additive contents, forming large crystals in the blend
film even when the additive is slightly above the optimal
concentration.613 Nevertheless, solvent additives have been
successfully utilized in numerous polymer:NFA systems,
suggesting its critical role in achieving favorable morphology
and device properties.614,615 Notably, Song and Baran et al.
demonstrated that an ultrahigh JSC value of 27.3 mA/cm2 can be
achieved by using 4% 1-chloronaphthalene (CN) additive in
PTB7-Th:IEICO-4F system, owing to the increased π−π
coherence length of the acceptor, higher domain purity, and
improved face-on/edge-on ratio.614 However, increasing the
CN content to 7% led to a sharp drop in the device performance

due to the formation large domains above 60 nm, which may
correspond to L−L phase separation caused by the slower drying
process.616 Using donor polymer, PTB7-Th, and small molecule
acceptor, COi8DFIC, Zhang and Wang et al. have recently
discovered that solvent additives can impact the molecular
packing of NFAs.617 Shown in Figure 46a is the molecular
structures of the donor and acceptor molecules as well as the
solvent additives, DIO, diphenyl ether (DPE), and CN used to
cast the blend films from a chloroform solvent. As previously
discussed, this small molecule acceptor can form edge-on/flat-
on lamella as well as H- and J-type of π−π stacking depending on
the solvent drying time.81 In this case, the authors found that
using additives enhanced J-type aggregation evidenced from the
emergence of the red-shifted absorption peak as shown in Figure
46b. Particularly when using DIO as the additive, the UV−vis
spectra indicates a strong J-aggregate character which enhanced
the light absorption to longer wavelengths and boosted the PCE

Figure 46. a) Molecular structures of the donor and acceptor molecules and the solvent additives. b) Neat acceptor film UV−vis absorption
spectroscopies without and with the three different additives. c) J−V characterization curves for PTB7-Th:COi8DFIC devices without and with the
three different additives. d) 2D GIWAXS profiles of the PTB7-Th:Coi8DFIC blend films processed without and with additives. Figure reproduced
with permission from ref 617, Copyright 2020 Cell Press (a−d).
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from 8.5% (without additives) to 12.9% (Figure 46c).618 Other
additives also enhanced the device performance owing to their
more pronounced face-on π−π stacking observed from
GIWAXS measurements (Figure 46d). On the other hand, 2D
GIWAXS image of the DIO additive case shows a large number
of sharp diffraction peaks, indicating its highly crystalline nature.
Furthermore, usingmolecular dynamics simulations, the authors
determined that DIO interacts strongly with alkyl side chains of
the acceptor molecule, making them flexible to accommodate
stacking between the acceptor and donor units of the molecule
which leads to the J-type aggregation to form three-dimensional
pathways for charge transport.619

5. SUMMARY AND OUTLOOK
“The Journey is the Destination” (Dan Eldon). Conjugated
molecular systems are living out this quote�it is their journey
from the solution to the solid state that defines the thin film
morphology and (opto)electronic device properties. As the
applications of conjugated molecules are constantly evolving
and continuously taken into new exciting domains such as
thermoelectrics ,620 ,621 photocatalysts ,622−624 spin-
tronics,625−629 their assembly pathway remains crucial to any
new emergent property, yet we have just recently begun to
understand their remarkably complex journeys. In this review,
we focus on molecular assembly pathways of conjugated
polymers and NFA materials to shed light on how their
assembly processes impact the solid-state morphology and
optoelectronic properties. We further discussed how molecular
assembly processes in blend systems relevant to OSCs couple
with phase separation and crystallization pathways during
evaporative solution processing to determine the BHJ
morphology and device performance of OSCs.
We began the review with a summary of the multiscale

morphology−optoelectronic property relationship. We then
shifted our focus to the molecular assembly of conjugated
polymers, beginning with polymer conformation, which is
determined by the chain linearity and planarity, and overall
stiffness quantified by lp. These properties are dictated by the
dihedral distribution, unit angle, and unit length along the
backbone and are significantly impacted by the side chain size,
branching, and orientation. Our discussion then progressed to
the possible primary/secondary aggregate structures in polymer
solutions suggested by the current body of literature.
Conjugated polymers tend to aggregate in ink solutions forming
primary aggregates through backbone and/or lamellar stacking
via π−π and London dispersion interactions, resulting in the
formation of distinct aggregate structures, including 1-D fibers,
2-D sheets, and 3-D networks. These primary aggregates then
develop into secondary aggregates, including lyotropic liquid
crystals (such as nematic and twist-bend nematic mesophases)
and polymer/fiber networks during evaporative assembly, which
significantly influence the neat film morphology and optoelec-
tronic properties.
Following the discussion of polymer assembly, we further

delved into the assembly of NFAs which are widely used in the
state-of-the-art OSCs. Compared to fullerene-based acceptors,
NFAs offer many advantages, one of which is their ability to
assemble or form various crystal packing structures through
noncovalent interactions including π−π stacking, hydrogen
bonding, halogen bonding, and other van derWaals interactions.
These interactions facilitate electron mobility, exciton diffusion
and tunability of optical absorption, making them highly
desirable for use in OSCs. However, the molecular assembly

pathways of NFAs and intermediate solution structures are
rarely reported. It is expected that they either directly crystallize
from solution or form amorphous aggregates which then
undergo amorphous-to-crystalline transition to form the final
crystalline film in the solid-state, but other pathways are possible
and remain to be discovered. Due to scarcity of literature on
their assembly pathways, we instead focused on the crystal
packing and polymorphism of NFAs in the solid-state and their
impact on the electron mobility and exciton diffusion, and
ultimately the device performance of OSCs.
Finally, we discussed how molecular assembly of conjugated

polymers and NFAs can impact the blend morphology and
device properties of OSCs. Since OSCs are often fabricated from
a blend solution of donor and acceptor materials, we have first
emphasized the fundamentals of crystallization and phase
separation processes that occur during solution processing.
Although crystallization is often described by classical
nucleation theories which indicate that crystals are formed by
monomer-by-monomer addition, the complex molecular
assembly pathways of conjugated polymers and small molecules
make the crystallization mechanism diverge from these classical
theories. Instead, crystallization of conjugated organic molecules
can involve multistep processes forming intermediate structures
such as primary and secondary aggregates. In addition to
crystallization, blend solutions of donor and acceptor materials
undergo phase separation depending on the miscibility between
the donor and acceptor materials which ultimately governs the
domain sizes and purity of the blend films. The relative
crystallization of the donor and acceptor materials is also critical
for the microstructures of BHJ morphology. Therefore,
compared to neat systems, establishing a clear relationship
between molecular assembly and BHJ morphology is extremely
complicated and relies on many parameters such as the
miscibility, relative crystallization behavior of the donor and
acceptor phases, and processing conditions.
Although we have summarized works which have provided

invaluable insights into the structural diversity of conjugated
polymers in solution, crystal packing of NFAs, and their impact
on the blend film morphology of OSCs, we highlight some
challenges and future research directions as follows.
5.1. Assembly of Conjugated Polymers

Although many works allude to solution aggregation and
lyotropic liquid crystals of conjugated polymers, thus far only a
few intermediate solution-state structures and corresponding
assembly pathways have been elucidated with structural details.
The following questions often remain unclear: What is the
backbone conformation in the aggregate? What molecular
interactions drive the aggregate formation, such as π−π stacking,
lamella stacking, halogen interactions etc? By what config-
urations do these packing motifs occur? For instance, π−π
stacking could take place in a staggered fashion rather than the
commonly believed cofacial stacking.295 What is the multiscale
morphology of secondary aggregates? What is the ensuing
assembly pathway with increasing solution concentration? And
how do smaller length scale structural features define larger
length scale morphology? Answering these questions requires
extensive characterizations of solution state structures which
remain challenging. The workhorse tools are solution small-
angle X-ray and neutron scattering, electronmicroscopy imaging
and electron diffraction of freeze-dried solutions, temperature
and concentration dependent UV−vis spectroscopy, and
polarized optical microscopy et al. More advanced character-
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ization tools such as liquid-phase TEM could serve as a
promising candidate for in situ visualization of conjugated
polymer assembly pathways at nanometer and even atomic
resolution,630−632 if beam damage can be mitigated. Advanced
techniques are desired to visualize single fibers or single
molecules in the fully solvated state.
Besides elucidating the structures of aggregates, thermody-

namic and kinetic stabilities of intermediate solution state
structures are often unknown. It has been famously shown that
solution aggregates of P3HT keep on evolving over weeks.282,633

Little is known of the metastability and temporal evolution of
solution aggregates of donor−acceptor conjugated polymers,
which is expected to depend on the type of aggregates and their
structures. It could be possible that certain aggregate structures,
while thermodynamically metastable, are self-limiting and thus
kinetically stable.634 This could have profound implications on
stability at the device level.
Further, it is expected that solution aggregation is sensitively

dependent on the environment and processing conditions.
Solvent is expected to play a crucial role in largely modulating
solution state structures. While elegant works have been
reported on solvent effect,16,288 more generalizable principles
are desired to prescribe solvents for a conjugated polymer to
target a particular type of aggregation behavior. Processing
imposes a highly complex environment for the assembly and
aggregation to take place. Much remains unclear about how fluid
flow (flow types, strain rates), multiphase interfaces (solution−
air, solution-substrate, triple phase contact line) and confine-
ment effect (volume confinement, surface confinement) inter-
play with solution aggregation to redefine their structure and
subsequent assembly pathways.
A holy grail is to develop general design principles relating

molecular design with solution aggregation and assembly
pathways, and ultimately with solid-state properties. A major
hurdle to such fundamental studies lies in the lack of precision
and throughput in conjugated polymer synthesis beyond P3HT
and the often very large batch-to-batch variations.635

5.2. Assembly of NFAs

Althoughmany NFAs have been developed and studied for their
application to OSC devices, there is still a lack of understanding
of their molecular assembly behavior, crystallization mechanism
and solid-state packing in both the neat form and in blends.
While crystal structures have often been reported, it is in fact
challenging to grow large, high-quality crystals of NFAs due to
their large molecular sizes and steric effects imposed by side
chains and end groups, as well as the nonspecific nature of π−π
and quadrupole interactions and conformational flexibility.
Further, the complex interplay between side chains, backbone
and end groups and their distinct solvent affinities can give rise
to complex phase behavior and polymorphism which are
understudied. Given the often-unknown phase behaviors and
crystal polymorphism, it remains a question what forms of
assemblies NFA actually adopt when blended with the donor
polymers, which could be distinct from their bulk crystal
packing. Even more challenging to answer is the question of
molecular packing and orientations right at the polymer/NFA
interface.
Besides solid-state packing, assembly pathways of NFAs from

solution to the solid-state are largely overlooked as most studies
tend to focus on relating molecular design directly to bulk crystal
structures in the solid-state. The rich interplay between side
chain, backbone, and end groups as well as the unique shapes of

NFA molecules could give rise to rich solution state structures
and intermediate phases, which are yet to be uncovered.
Advanced in situ characterization techniques mentioned above
and established before could be applied to answering these
questions.339 Given the challenges in predicting crystal
structures of complex and large conjugated molecules, machine
learning approaches could be helpful for establishing NFA
structure-assembly relations and predicting how solid-state
packing affects optoelectronic properties, which then lay the
foundation for developing molecular design rules. Given the
increasing importance of processing and manufacturing in
translating OSCs to the market, investigating nonequilibrium
assembly of NFAs is at least of equal importance to tune the
crystal packing and polymorphism in NFAs in a more controlled
fashion.
5.3. Assembly of Polymers and NFAs in the Blend

Although researchers have heavily relied on molecular design
approaches to improve the device properties of OSCs, increasing
number of studies show the impact of solution-state aggregation
on the blend filmmorphology, thus indicating that themolecular
assembly processes should not be overlooked. It is relatively
well-understood how neat, conjugated polymers and small
molecules assemble from the solution- to the solid-state.
However, in blends, the complexity of crystallization and
phase separation pathways make it difficult to establish a clear
relationship between molecular assembly processes and the
blend film morphology. For instance, in Chapter 2, we have
discussed that conjugated polymers can form various types of
primary aggregates in the solution-state such as 3D network, 1D
fibers, or 2D lamellar crystalline aggregates. However, the
detailed solution-state structures of state-of-the-art donor
polymers and their complex assembly pathways remain
unknown, let alone their molecular assembly pathways during
solution processing. Although some conjugated polymers such
as P(NDI2OD-T2) have been reported to undergo liquid-
crystalline mediated pathways during solution processing,302,333

to the best of our knowledge, such a complex assembly pathway
has not been reported for any donor polymers used in OSCs.
Due to the lack of understanding of molecular assembly in

blends, the morphology control of OSCs thus remains
challenging, relying largely on trial-and-error based approaches
for molecular design and processing parameter optimization.
Furthermore, as the power conversion efficiency of OSCs is
nearing competing technologies, overcoming their poor device
stability has become a major bottleneck for the successful
commercialization of OSCs. Since the morphology of OSCs is
often kinetically quenched for optimal device performance at the
expense of morphological stability, understanding molecular
assembly pathways may offer possibilities to achieving
thermodynamically stable blend films with optimal device
properties.
5.4. Data Science Driven Approaches

Beyond this bottom-up approach to understanding structure−
property relationship in OSCs, researchers are also developing
data science-driven approaches to accelerate material discovery
and device optimization in organic electronics. High-throughput
computation has emerged as a promising strategy for designing
and discovering materials in the field of material science,
utilizing a computational database of thermodynamic and
electronic structure methods.636 In 2011, Aspuru-Guzik et al.
published the Harvard Clean Energy Project (CEP), as a high-
throughput in silico screening of OSC-related molecules with
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the aim of understanding structure−property relationships.637

Based on 26 different molecular fingerprints extracted from the
literature, the CEP database screened up to 1.3 million donor
materials and enabled researchers to design donor polymers and
organic crystals with high hole mobility.638,639 There were a few
studies that established database for donor polymers and NFAs
based on their molecular descriptors and moieties based on
literature data and simulated properties.367,640 Although these
studies sped up the molecular design and screening process at
first, device fabrication and optimization required a significant
amount of human labor time and resources and remained
challenging to test computationally suggested molecules rapidly.
To tackle the labor-intensiveness of material discovery and

device optimization process, high-throughput experimentation
approaches have been developed.641 With the advantage of
solution processing that enables parametric gradients in several
processing conditions,642 researchers could leverage parameters
such as thickness,643,644 precursor solution formula-
tion,49,645−649 and temperature650,651 to optimize the device
performance. Researchers have also implemented self-driven
laboratories based on autonomous robotic experimental plat-
form and combined with machine learning (ML) or artificial
intelligence (AI) to further minimize human resources and
increase the data yield and reproducibility. In 2020, Berlinguette
group has built a modular self-driven laboratory called Ada by
automating thin film fabrication and characterization process to
optimize the hole mobility of fabricated films.652 Brabec group
incorporated a Bayesian optimization algorithm to automate
quaternary OSC device fabrication and photostability testing.653

They also developed AMANDA Line One(autonomous
materials and device application platform), an automated OSC
fabrication and characterization platform to optimize PCE and
photostability of PM6:Y6 blend devices.654 Just very recently,
Xu and collaborators developed Polybot self-driven laboratories
that integrates automated synthesis, characterizations, device
testing and machine learning to accelerate polymer electronics
research.655

These autonomous robotic platforms have paved the way for
high-throughput generation of consistent, abundant, and high-
quality experimental data on molecular and device properties
which is crucial for ML-based property prediction. Further
integrating automated experiments with AI/ML enables inverse
design of materials and processing parameters, making it
possible to “close the feedback loop” between material design,
processing, and device properties. We believe that these AI
based approaches, coupled with insights gained from molecular
assembly, would enable rational design of new materials with
controlled morphology and device properties, bringing us a step
closer to the successful commercialization of organic electronics
and photovoltaics.
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Crystallization-Induced 10-Nm Structure Formation in P3ht/Pcbm
Blends. Macromolecules 2013, 46, 4002−4013.
(545) Kozub, D. R.; Vakhshouri, K.; Kesava, S. V.; Wang, C.;
Hexemer, A.; Gomez, E. D. Direct Measurements of Exciton Diffusion
Length Limitations on Organic Solar Cell Performance. Chem.
Commun. 2012, 48, 5859−5861.
(546) Amb, C. M.; Chen, S.; Graham, K. R.; Subbiah, J.; Small, C. E.;
So, F.; Reynolds, J. R. Dithienogermole as a Fused Electron Donor in
Bulk Heterojunction Solar Cells. J. Am. Chem. Soc. 2011, 133, 10062−
10065.
(547) Woo, C. H.; Beaujuge, P. M.; Holcombe, T. W.; Lee, O. P.;
Frechet, J. M. Incorporation of Furan into Low Band-Gap Polymers for
Efficient Solar Cells. J. Am. Chem. Soc. 2010, 132, 15547−15549.
(548) Negi, V.; Wodo, O.; van Franeker, J. J.; Janssen, R. A. J.;
Bobbert, P. A. Simulating Phase Separation During Spin Coating of a
Polymer-Fullerene Blend: A Joint Computational and Experimental
Investigation. ACS Appl. Energy Mater. 2018, 1, 725−735.
(549) Ye, L.; Li, S.; Liu, X.; Zhang, S.; Ghasemi, M.; Xiong, Y.; Hou, J.;
Ade, H. Quenching to the Percolation Threshold in Organic Solar
Cells. Joule 2019, 3, 443−458.
(550) Albrecht, S.; Janietz, S.; Schindler, W.; Frisch, J.; Kurpiers, J.;
Kniepert, J.; Inal, S.; Pingel, P.; Fostiropoulos, K.; Koch, N.; et al.
Fluorinated Copolymer Pcpdtbt with Enhanced Open-Circuit Voltage
and Reduced Recombination for Highly Efficient Polymer Solar Cells. J.
Am. Chem. Soc. 2012, 134, 14932−14944.
(551) Tvingstedt, K.; Vandewal, K.; Gadisa, A.; Zhang, F.; Manca, J.;
Inganas, O. Electroluminescence from Charge Transfer States in
Polymer Solar Cells. J. Am. Chem. Soc. 2009, 131, 11819−11824.
(552) Marsh, R. A.; Hodgkiss, J. M.; Friend, R. H. Direct
Measurement of Electric Field-Assisted Charge Separation in Polymer:-
Fullerene Photovoltaic Diodes. Adv. Mater. 2010, 22, 3672−3676.
(553) Mihailetchi, V. D.; Koster, L. J.; Hummelen, J. C.; Blom, P. W.
Photocurrent Generation in Polymer-Fullerene Bulk Heterojunctions.
Phys. Rev. Lett. 2004, 93, 216601.
(554) Xu, B.; Pelse, I.; Agarkar, S.; Ito, S.; Zhang, J.; Yi, X.; Chujo, Y.;
Marder, S.; So, F.; Reynolds, J. R. Randomly Distributed Conjugated
Polymer Repeat Units for High-Efficiency Photovoltaic Materials with
Enhanced Solubility and Processability. ACS Appl. Mater. Interfaces
2018, 10, 44583−44588.
(555) Hamid, Z.; Wadsworth, A.; Rezasoltani, E.; Holliday, S.;
Azzouzi, M.; Neophytou, M.; Guilbert, A. A. Y.; Dong, Y.; Little, M. S.;
Mukherjee, S.; et al. Influence of Polymer Aggregation and Liquid
Immiscibility on Morphology Tuning by Varying Composition in
Pffbt4t-2dt/NonfullereneOrganic Solar Cells.Adv. EnergyMater. 2020,
10, 1903248.
(556) Yang, B.; Zhang, S.; Chen, Y.; Cui, Y.; Liu, D.; Yao, H.; Zhang,
J.; Wei, Z.; Hou, J. Investigation of Conjugated Polymers Based on
Naphtho[2,3-C]Thiophene-4,9-Dione in Fullerene-Based and Full-
erene-Free Polymer Solar Cells.Macromolecules 2017, 50, 1453−1462.
(557) Jiang, K.; Zhang, G.; Yang, G.; Zhang, J.; Li, Z.; Ma, T.; Hu, H.;
Ma, W.; Ade, H.; Yan, H. Multiple Cases of Efficient Nonfullerene
Ternary Organic Solar Cells Enabled by an Effective Morphology
Control Method. Adv. Energy Mater. 2018, 8, 1701370.
(558) Naveed, H. B.; Ma, W. Miscibility-Driven Optimization of
Nanostructures in Ternary Organic Solar Cells Using Non-Fullerene
Acceptors. Joule 2018, 2, 621−641.

(559) Wu, Y.; Schneider, S.; Walter, C.; Chowdhury, A. H.; Bahrami,
B.; Wu, H. C.; Qiao, Q.; Toney, M. F.; Bao, Z. Fine-Tuning
Semiconducting Polymer Self-Aggregation and Crystallinity Enables
OptimalMorphology andHigh-Performance Printed All-Polymer Solar
Cells. J. Am. Chem. Soc. 2020, 142, 392−406.
(560) Li, Z.; Jiang, K.; Yang, G.; Lai, J. Y.; Ma, T.; Zhao, J.; Ma, W.;
Yan, H. Donor Polymer Design Enables Efficient Non-Fullerene
Organic Solar Cells. Nat. Commun. 2016, 7, 13094.
(561) Eastham, N. D.; Dudnik, A. S.; Aldrich, T. J.; Manley, E. F.;
Fauvell, T. J.; Hartnett, P. E.; Wasielewski, M. R.; Chen, L. X.;
Melkonyan, F. S.; Facchetti, A.; et al. Small Molecule Acceptor and
Polymer Donor Crystallinity and Aggregation Effects on Micro-
structure Templating: Understanding Photovoltaic Response in
Fullerene-Free Solar Cells. Chem. Mater. 2017, 29, 4432−4444.
(562) Liu, J.; Ma, L.-K.; Li, Z.; Hu, H.; Sheong, F. K.; Zhang, G.; Ade,
H.; Yan, H. Donor Polymer Based on Alkylthiophene Side Chains for
Efficient Non-Fullerene Organic Solar Cells: Insights into Fluorination
and Side Chain Effects on Polymer Aggregation and Blend
Morphology. J. Mater. Chem. A 2018, 6, 23270−23277.
(563) Liu, T.; Huo, L.; Chandrabose, S.; Chen, K.; Han, G.; Qi, F.;
Meng, X.; Xie, D.; Ma, W.; Yi, Y.; et al. Optimized Fibril Network
Morphology by Precise Side-Chain Engineering to Achieve High-
Performance Bulk-Heterojunction Organic Solar Cells. Adv. Mater.
2018, 30, 1707353.
(564) Chen, S.; Zhang, L.; Ma, C.; Meng, D.; Zhang, J.; Zhang, G.; Li,
Z.; Chow, P. C. Y.; Ma,W.; Wang, Z.; et al. Alkyl Chain Regiochemistry
of Benzotriazole-Based Donor Polymers Influencing Morphology and
Performances of Non-Fullerene Organic Solar Cells. Adv. Energy Mater.
2018, 8, 1702427.
(565) Wu, J.; Li, G.; Fang, J.; Guo, X.; Zhu, L.; Guo, B.; Wang, Y.;
Zhang, G.; Arunagiri, L.; Liu, F.; et al. Random Terpolymer Based on
Thiophene-Thiazolothiazole Unit Enabling Efficient Non-Fullerene
Organic Solar Cells. Nat. Commun. 2020, 11, 4612.
(566) Zheng, Z.; Yao, H.; Ye, L.; Xu, Y.; Zhang, S.; Hou, J. Pbdb-T and
Its Derivatives: A Family of Polymer Donors Enables over 17%
Efficiency in Organic Photovoltaics. Mater. Today 2020, 35, 115−130.
(567) Sun, H.; Liu, T.; Yu, J.; Lau, T.-K.; Zhang, G.; Zhang, Y.; Su, M.;
Tang, Y.; Ma, R.; Liu, B.; et al. A Monothiophene Unit Incorporating
Both Fluoro and Ester Substitution Enabling High-Performance Donor
Polymers for Non-Fullerene Solar Cells with 16.4% Efficiency. Energy
Environ. Sci. 2019, 12, 3328−3337.
(568) Xie, B.; Zhang, K.; Hu, Z.; Fang, H.; Lin, B.; Yin, Q.; He, B.;
Dong, S.; Ying, L.; Ma, W.; et al. Polymer Pre-Aggregation Enables
Optimal Morphology and High Performance in All-Polymer Solar
Cells. Solar RRL 2020, 4, 1900385.
(569) Zhang, L.; Ding, Z.; Zhao, R.; Jirui, F.; Ma, W.; Liu, J.; Wang, L.
Effect of Polymer Donor Aggregation on the Active Layer Morphology
of Amorphous Polymer Acceptor-Based All-Polymer Solar Cells. J.
Mater. Chem. C 2020, 8, 5613−5619.
(570) Zhang, Q.; Chen, Z.; Ma, W.; Xie, Z.; Han, Y. Optimizing
Domain Size and Phase Purity in All-Polymer Solar Cells by Solution
Ordered Aggregation and Confinement Effect of the Acceptor. J. Mater.
Chem. C 2019, 7, 12560−12571.
(571) Zhao, H.; Naveed, H. B.; Lin, B.; Zhou, X.; Yuan, J.; Zhou, K.;
Wu, H.; Guo, R.; Scheel, M. A.; Chumakov, A.; et al. Hot Hydrocarbon-
Solvent Slot-Die Coating Enables High-Efficiency Organic Solar Cells
with Temperature-Dependent Aggregation Behavior.Adv. Mater. 2020,
32, 2002302.
(572) Seo, S.; Kim, J.; Kang, H.; Lee, J.-W.; Lee, S.; Kim, G.-U.; Kim,
B. J. Polymer Donors with Temperature-Insensitive, Strong Aggrega-
tion Properties Enabling Additive-Free, Processing Temperature-
Tolerant High-Performance All-Polymer Solar Cells. Macromolecules
2021, 54, 53−63.
(573) Li, S.; Ye, L.; Zhao, W.; Zhang, S.; Ade, H.; Hou, J. Significant
Influence of the Methoxyl Substitution Position on Optoelectronic
Properties and Molecular Packing of Small-Molecule Electron
Acceptors for Photovoltaic Cells. Adv. Energy Mater. 2017, 7, 1700183.
(574) Dai, S.; Zhao, F.; Zhang, Q.; Lau, T. K.; Li, T.; Liu, K.; Ling, Q.;
Wang, C.; Lu, X.; You, W.; et al. Fused Nonacyclic Electron Acceptors

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00905
Chem. Rev. 2023, 123, 8395−8487

8484

https://doi.org/10.1038/pj.2013.5
https://doi.org/10.1002/polb.1987.090250106
https://doi.org/10.1002/polb.1987.090250106
https://doi.org/10.1002/polb.1987.090250106
https://doi.org/10.1002/polb.1987.090250107
https://doi.org/10.1002/polb.1987.090250107
https://doi.org/10.1002/polb.1987.090250107
https://doi.org/10.1021/ma400403c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma400403c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2cc31925j
https://doi.org/10.1039/c2cc31925j
https://doi.org/10.1021/ja204056m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204056m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja108115y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja108115y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.7b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.7b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.7b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2018.11.006
https://doi.org/10.1016/j.joule.2018.11.006
https://doi.org/10.1021/ja305039j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja305039j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903100p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903100p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201001010
https://doi.org/10.1002/adma.201001010
https://doi.org/10.1002/adma.201001010
https://doi.org/10.1103/PhysRevLett.93.216601
https://doi.org/10.1021/acsami.8b15522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b15522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b15522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.201903248
https://doi.org/10.1002/aenm.201903248
https://doi.org/10.1002/aenm.201903248
https://doi.org/10.1021/acs.macromol.6b02733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b02733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b02733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.201701370
https://doi.org/10.1002/aenm.201701370
https://doi.org/10.1002/aenm.201701370
https://doi.org/10.1016/j.joule.2018.02.010
https://doi.org/10.1016/j.joule.2018.02.010
https://doi.org/10.1016/j.joule.2018.02.010
https://doi.org/10.1021/jacs.9b10935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b10935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b10935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b10935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms13094
https://doi.org/10.1038/ncomms13094
https://doi.org/10.1021/acs.chemmater.7b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8TA08769E
https://doi.org/10.1039/C8TA08769E
https://doi.org/10.1039/C8TA08769E
https://doi.org/10.1039/C8TA08769E
https://doi.org/10.1002/adma.201707353
https://doi.org/10.1002/adma.201707353
https://doi.org/10.1002/adma.201707353
https://doi.org/10.1002/aenm.201702427
https://doi.org/10.1002/aenm.201702427
https://doi.org/10.1002/aenm.201702427
https://doi.org/10.1038/s41467-020-18378-9
https://doi.org/10.1038/s41467-020-18378-9
https://doi.org/10.1038/s41467-020-18378-9
https://doi.org/10.1016/j.mattod.2019.10.023
https://doi.org/10.1016/j.mattod.2019.10.023
https://doi.org/10.1016/j.mattod.2019.10.023
https://doi.org/10.1039/C9EE01890E
https://doi.org/10.1039/C9EE01890E
https://doi.org/10.1039/C9EE01890E
https://doi.org/10.1002/solr.201900385
https://doi.org/10.1002/solr.201900385
https://doi.org/10.1002/solr.201900385
https://doi.org/10.1039/C9TC06668C
https://doi.org/10.1039/C9TC06668C
https://doi.org/10.1039/C9TC03697K
https://doi.org/10.1039/C9TC03697K
https://doi.org/10.1039/C9TC03697K
https://doi.org/10.1002/adma.202002302
https://doi.org/10.1002/adma.202002302
https://doi.org/10.1002/adma.202002302
https://doi.org/10.1021/acs.macromol.0c02496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.201700183
https://doi.org/10.1002/aenm.201700183
https://doi.org/10.1002/aenm.201700183
https://doi.org/10.1002/aenm.201700183
https://doi.org/10.1021/jacs.6b12755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for Efficient Polymer Solar Cells. J. Am. Chem. Soc. 2017, 139, 1336−
1343.
(575) Zhang, Y.; Liu, Z.; Shan, T.; Wang, Y.; Zhu, L.; Li, T.; Liu, F.;
Zhong, H. Tuning theMolecular Geometry and PackingMode of Non-
Fullerene Acceptors by Altering the Bridge Atoms Towards Efficient
Organic Solar Cells. Mater. Chem. Front. 2020, 4, 2462−2471.
(576) Dai, S.; Zhou, J.; Chandrabose, S.; Shi, Y.; Han, G.; Chen, K.;
Xin, J.; Liu, K.; Chen, Z.; Xie, Z.; et al. High-Performance Fluorinated
Fused-Ring Electron Acceptor with 3d Stacking and Exciton/Charge
Transport. Adv. Mater. 2020, 32, 2000645.
(577) Zhang, X.; Li, G.;Mukherjee, S.; Huang,W.; Zheng, D.; Feng, L.
W.; Chen, Y.; Wu, J.; Sangwan, V. K.; Hersam, M. C.; et al.
Systematically Controlling Acceptor Fluorination Optimizes Hierarch-
ical Morphology, Vertical Phase Separation, and Efficiency in Non-
Fullerene Organic Solar Cells. Adv. Energy Mater. 2022, 12, 2102172.
(578) Zhang, Z.; Yuan, J.; Wei, Q.; Zou, Y. Small-Molecule Electron
Acceptors for Efficient Non-Fullerene Organic Solar Cells. Front. Chem.
2018, 6, 414.
(579) Kamm, V.; Battagliarin, G.; Howard, I. A.; Pisula, W.;
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