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ABSTRACT: The targeted assembly of a wealth of functional
architectures for soft photonics and electronics relies on a rigorous
understanding of semiconducting polymer phase behavior. While
many useful correlations have been established in the field of
commodity plastics, unifying theories for their semiconducting
counterparts are, however, more challenging to develop because of
the rich phase behavior frequently displayed by these macro-
molecules, due in part to their complex chemical structures
typically based on relatively rigid backbones and elaborate side-
chain motifs. Solid-state structure formation and resulting
properties are therefore especially sensitive to thermal and temporal parameters during processing, rendering device fabrication a
challenging task that too often relies on time-consuming trial-and-error procedures. To understand the thermodynamic and kinetic
factors of plastic semiconductor solidification and, for example, thin-film growth relevant for device fabrication, detailed knowledge
of the intricacies of macromolecular semiconductors’ phase behavior must be gained and ideally combined with temperature/
composition, temperature/confinement, and/or time/temperature/transformation- phase diagrams. This will open pathways toward
a knowledge and methodology platform for the controlled materials assembly of soft electronics/photonics systems very much in
analogy to the approaches used in metallurgy and the inorganic electronic materials field. In turn, a step change in how we design
and process soft electronic products might be achieved, with impact on the broader soft matter area.

■ INTRODUCTION

Semiconducting polymers are generally based on π-conjugated
macromolecules featuring alternating single and double bonds
between sp2-hybridized carbon atoms or heteroatoms.1,2

Unique among plastic materials for their electrical con-
ductivity/semiconductivity, combined often with distinctive
optical properties such as light emission, this special class of
functional polymers has attracted significant interest for next-
generation electronic and optoelectronic devices, from organic
light-emitting diodes to organic photovoltaics and, for example,
soft electrodes for bioelectronics applications. Like all
polymers, semiconducting polymers display properties that
are dependent on their molecular weight, molecular weight
distribution, and chemical structure.3−5 In semiconducting
plastics, backbone rigidity and conformation (planarity versus
torsional disorder) and selected side-chain motifs additionally
play critical roles. Hence, there is a large set of factors that
strongly influence polymer assembly along with various
physical parameters including melting (Tm), crystallization
(Tc), and glass-transition (Tg) temperatures, side-chain
softening,6 and, potentially, liquid-crystalline phase transitions.
As a consequence, to gain full control over the solid-state
structure development of this class of macromolecules, it is
essential to obtain a detailed picture of their thermal phase
behavior. Here, we deliver a perspective on specific processes

and physicochemical parameters dictating the thermal phase

behavior of semiconducting plastics and on methodologies that

have been shown to be powerful for their characterization,

including use of experimentally established nonequilibrium

temperature/composition phase diagrams and time/temper-

ature/transformation diagrams. A detailed picture of the

thermal phase behavior of these complex systems, established

with such a methodology set, can be expected to enable

formation of targeted semiconducting polymer architectures

exhibiting desired optoelectronic characteristics and device

performances. For this we need to build on the knowledge

gained in the commodity polymer area and, more broadly, the

general materials science field.
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■ MOLECULAR WEIGHT, CHAIN CONFORMATION,
AND CHAIN ENTANGLEMENT

The majority of the new generation of polymer semi-
conductors feature relatively low molecular weight and rigid
backbones. This has a significant effect on phase transitions
such as melting and crystallization.7 One reason is that both
attributes (molecular weight, backbone rigidity) influence the
number of entanglements that can occur per chain, which in
turn affects macromolecular assembly. More specifically,
flexible-chain polymers of high molecular weight, such as
many commodity plastics and some semiflexible-chain semi-
conductors like poly(3-hexylthiophene) (P3HT), are charac-
terized by a high (Figure 1a, left) or intermediate (Figure 1a,

middle) entanglement density, especially when processed from
the melt.7 In contrast, in rigid-rod-like polymers (Figure 1a,
right), such as new-generation plastic semiconductors,6,8 a far
smaller number of entanglements form, if any. Accordingly, the
molecular weight between entanglements, Me (indicated in
Figure 1b), often becomes larger than the molecules’ length,
meaning no chain entanglement can occur. This can strongly
affect the material’s solid-state structure development as well as
the phase behavior of the resulting architectures, as the number
of entanglements per chain affects their segmental mobility
and, thus, parameters such as mass transport.9,10

In most classical polymers as well as first-generation
semiconductors such as P3HT, where typically a large number
of entanglements develop per polymer chain and, thus, Me is
small, a solid-state microstructure consisting of interconnected
crystalline lamellae alternating with largely disordered
(amorphous) regions form (Figure 1c, left).7,11,12 In strong
contrast, if the molecular weight M (given, for example, by the
weight-average molecular weight, Mw) is smaller than Me,

readily achieved in rigid-rod-chain polymers, solid-state
structures composed of disconnected, chain-extended crystals
develop (Figure 1c, right).8

Which specific solid-state structurechain-extended crystals
versus two-phase morphology of interconnected crystalline
moieties embedded within an amorphous “matrix”is
developed by a given polymer/processing scenario can be
experimentally identified by employing techniques such as
thermal analysis (Figure 2). The reason is that Tm is directly
correlated to the lamellar thickness, l, of the crystals that form
(chain-extended or interconnected). This can be described by
the Gibbs−Thomson equation.14,15 For semiflexible-chain
materials of low Mw as well as rigid-rod-like polymers (low
and high Mw), l will increase with molecular weight and

Figure 1. (a) Macromolecules can adopt a wide variety of
conformations depending on the backbone flexibility/rigidity. (b)
Representation of an entangled polymer melt or solution, where the
molecular weight between entanglements, Me, important for the solid-
state structure development, is indicated. (c) Schematic representa-
tions of a two-phase morphology composed of interlinked crystalline
lamellae and entangled amorphous regions (left) compared to a
chain-extended crystal where the crystal thickness, l, equals the
polymer chain length (right). Adapted from ref 13.

Figure 2. (a) Differential scanning calorimetry (DSC) heating
thermograms measured with a heating rate of 10 °C/min for melt-
solidified P3HT samples of a range of molecular weights (values given
next to the thermograms, given here with the number-average
molecular weight, Mn). (b) Corresponding DSC heating thermograms
measured for solution-cast P3HT films. Adapted from ref 7.
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eventually reach the length of the constituting macromolecules.
As a consequence, Tm essentially linearly increases with Mw as
well, as observed for the semiflexible semiconductor P3HT
when processed from the melt.7,11 For high-Mw, semiflexible-
chain materials once the polymer chains start to entangle at
sufficiently high molecular weights, which generally is only
found for flexible- and semiflexible-chain macromolecules,
intertwining and folding occur, similar to most classical
polymers.16,17 This typically leads to crystalline moieties of a
thickness l smaller than the chain length of the constituting
molecules.7,11,18 Accordingly, Tm decreases once entangle-
ments form (Figure 2a).7

This behavior can be manipulated by processing the flexible-
chain polymer semiconductor from solution. The presence of a
solvent leads to a reduction in the number of entanglements as
a function of solution composition/concentration and the
quality of the solvent. This has a significant effect especially for
materials of high Mw, where the decrease in number of
entanglements upon dilution results in an increase of l, and
thus in an increase of Tm, as exemplified by the thermograms
measured for solution-processed P3HT (Figure 2b).7 Very
similar to commodity plastics, in the extreme case of highly
diluted solutions single crystals can be produced,19 where the
number of initial nuclei can be controlled through self-seeding
as was shown on P3HT, with the crystals exhibiting unusual
light absorption and highly anisotropic charge transport
properties.20,21

Other important observations can be made on the example
of P3HT that can be translated to many new-generation
materials that usually are of a notably lower entanglement

density because of their more rigid backbone compared to
P3HT. Specifically, for P3HT of low Mw, reduced enthalpies of
fusion are measured compared to longer-chain materials. This
suggests that the structural order in these P3HTs is lower.
Likely, end groups hinder chain packing despite the fact that in
such low-Mw systems, due to the low entanglement density, the
macromolecular chains have relatively high mobility leading to
increased mass transport,7,11 which in many other scenarios
would help formation of crystalline moieties.7,11 Similarly,
chain defects such as region defects in the polymer backbone
can hinder chain packing and, in turn, may affect the polymer’s
phase behavior.22

The enhanced molecular mobility in low-molecular-weight
materials can, moreover, lead to morphological instabilities.23

In hexylthiophene oligomers, for instance, various polymorphs
were identified, which varied in the macromolecular tilt within
the crystalline moieties, leading to different arrangements
within one architecture.24 This has a drastic effect on the local
optoelectronic properties and can be expected to be more
pronounced in more rigid-rod-like polymers, which often are of
low molecular weight.
Various experimental conditions, including exposure of the

material to high temperatures and/or pressure, can further-
more be exploited to direct the final shape and degree of
perfection of the crystalline entities in polymeric semi-
conductors, including their lamellar crystal thickness l. For
instance, similar to commodity polymers such as polyethylene,
crystallization at elevated temperatures can lead to crystalline
entities of increased thicknesses.25−27 This was demonstrated
on solution-grown poly(thiophene) derivatives,28 with pro-

Figure 3. (a) Left: fast differential scanning calorimetry (F-DSC) heating thermograms comparing aged (black) and unaged (red) PIDTBT (top
panel) and PIDTBPD (bottom panel). Enthalpic overshoots (red highlighted areas) are observed when the aging temperatures (indicated on the
right of the graph) were below the glass transition temperature of the materials (see for details refs 6, 38, and 39). Right: extrapolating the enthalpy
recovery between aged and unaged samples of PIDTBT and PIDTBPD (top and bottom panel, respectively) allows determination of the
temperature at which the enthalpy overshoot is zero. This temperature correlates to the onset of the glass transition temperature, i.e., the
temperature at which vitrification sets in upon cooling. (b) Two distinct endotherms appear when annealing samples above the glass transition
temperatures, indicating possible liquid-crystalline or liquid-crystalline-like transitions. For PIDTBPD, the first transition thereby occurs at
temperatures notably below room temperature (around 0 °C), while for PIDTBT the transition is around room temperature with a tail reaching
100 °C. Adapted from ref 6.
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nounced effects on the yield and dynamics of the photo-
generated charge carriers. Even more efficiently, crystallization
under high pressure has led to P3HT structures of nearly fully
extended-chain crystals,29 resulting in excellent bulk charge
transport. The exposure of other conjugated polymers such as
polyfluorenes (PFOs) to high pressure was also shown to
induce notable changes to l, resulting in variations in the chain
conformation and, in turn, a red-shifted photoluminescence.30

The interchain distance was reduced as well.31

The situation becomes more complex when we transition
from semiflexible-chain semiconductors, such as P3HT, where
many classical polymer science tools established for materials
such as polyethylene and polypropylene can be applied, to
more recent, rigid-rod-like polymers, such as poly[2,5-bis(3-
t e t r adecy l th iophen -2 - y l ) th i eno[3 ,2 -b ] th iophene]
(PBTTT),9,32,33 or materials based on indacenodithiophene
(IDT)a widely used structural motif in organic electronics,
where three conjugated aromatic rings are fixed in a coplanar
nature by bridging atoms between these rings to ensure linear
backbones (planar or torsionally disordered) with good orbital
delocalization across the IDT unit.6,34,35

The linear, rod-like character of the backbone critically
dictates the thermal phase behavior of these functional plastics,

including phase transitions such as melting and glass transition,
which can be further manipulated by the selection of a specific
side-chain motif (see, for example, Figure 3). More specifically,
an increase in polymer backbone rigidity leads to smaller
conformational changes between the liquid and the solid state;
hence, the change in entropy of fusion is low. Because Tm is
proportional to the change in enthalpy of fusion while being
inversely proportional to the change in entropy of fusion,13 this
renders Tm to be high.36,37 On the other hand, because of the
more plastic-crystal-like behavior, resulting from the small
difference in the enthalpy of fusion of the solid and liquid
state,37 many plastic semiconductors experience a rich phase
behavior,9 including the occurrence of liquid-crystalline (LC)
phases such as thermotropic (LC phases in the solid state) or
lyotropic (solution LC phases) phases with high degree of
order along at least one molecular direction. Moreover, some
liquid-crystalline-like features can occur, especially above the
side-chain softening temperature, having shown in some IDT-
based polymers to dominate mechanical and electronic
characteristics.6

A challenge in analyzing LC phases as well as side chain
softening temperatures is that they can be difficult to detect
experimentally. It is often intricate, for instance, to distinguish

Figure 4. (top) Differential scanning calorimetry (DSC) heating and cooling thermograms for a typical semicrystalline polymer with a well-
developed glass transition Tg, and a clean melting endotherm (Tm) upon heating; upon cooling, a crystallization exotherm (Tx) is observed.
Generally, a large supercooling, ΔT = Tm − Tx, is needed for the material to solidify, especially for highly entangled samples. (bottom) Materials
that display liquid-crystalline phases, here given with an exemplary transition from a crystalline to a liquid-crystalline phase denoted Tx−n and an
isotropic melting at Tn−i, display typically a small supercooling (here: the difference between Tn−i − Ti−n), while the one between the liquid-
crystalline and the crystalline phase (i.e., Tx−n − Tn−x) may be more pronounced. Adapted from ref 36.
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between LC-phase transitions, solid−solid crystalline trans-
formations, and melting/crystallization processes. In the case
of polymeric species, differentiation between melting/crystal-
lization and LC-mesophase transitions may be achieved based
on how large the magnitude of supercooling is (Figure 4)
because small supercooling generally can be attributed to LC-
mesophase transitions while crystallization usually requires a
pronounced supercooling in polymeric species.36

To better understand LC phases, for example, uniaxial
(nematic) mesoscopically ordered structures specific to, for
example, rod-like poly(alkoxyphenylenevinylene)40 and to
semiflexible poly(alkylthiophenes),40 a number of theoretical
models may be employed.40−46 If the analysis of the phase
behavior of conjugated polymers becomes more complex,
especially when LC phases or LC-like phases above the side-
chain softening are “hidden” behind other endothermic
processes,9,10,47−50 fast differential scanning calorimetry (F-
DSC) can in some scenarios be useful.6,38,39 F-DSC is uniquely
equipped to mimic the kinetics of practical processing
conditions such as spin coating and permits measurements of
thin films of 100 nm thickness and less. It moreover enables
elucidation of the crystallization dynamics and (meta)stability
of systems in conditions far away from equilibrium,51−57 as was
shown on the organic, small-molecule semiconductor 7,7′-
(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b′]dithiophene-2,6-
diyl)bis(6-fluoro-4-(5′-hexyl[2,2′-bithiophen]-5-yl)benzo[c]-
[1,2,5]thiadiazole) (p-DTS(FBTTh2)2).

58 F-DSC assisted in
this case in identifying the metastable phases that this material
can form, including a liquid crystalline transition, by utilizing
ultrafast heating and cooling rates of a few thousand degrees
Celsius per second to vitrify kinetically inhibited phase
transitions while allowing transitions to occur that are not
observable by conventional DSC (Figure 5).51,58

■ VITRIFICATION VERSUS
CRYSTALLIZATION/MOLECULAR ORDERING

Because many recent polymer semiconductors are of a rather
complex chemical design, their crystallization kinetics can be
slow, hindering ordering during solidification. This effect is
evident when quenching these materials from the liquid state,
for example, during spin coating of a thin active layer for an
optoelectronic device where solidification rates are kinetically
ill-defined and are dictated mostly by the solvent evaporation
rate. In this scenario, the rate of solidification can easily exceed
that of molecular ordering. Thus, vitrification dominates; that
is, a glass forms with highly suppressed segmental motion and
a very limited degree of crystallinity.12,18,59 This is especially
common in many next-generation semiconductors, which,
because of their complex chemical structure, are often forced
into a state that is dominated by pronounced disorder over
longer length scales, while some local order may persist.
Postdeposition procedures might, in this scenario, be required
to molecularly order such vitrified structures. This can, for
instance, be done by annealing vitrified systems above the Tg,
which leads to cold crystallization.25,36

Vitrification is a process that can, in some cases, indeed be
intimately related to the glass transition of a polymer. As is the
case in many commodity polymers, the thermal signature for
the glass transition may, however, be ill defined and difficult to
identify with traditional DSC methods that use relatively slow
heating/cooling rates, on the order of a few degrees Celsius per
minute, leading to a relatively low sensitivity. In this scenario,
fast differential scanning calorimetry and oscillatory shear

rheometry can be useful. F-DSC, on the one hand, displays
exceptional sensitivity in measuring weak transitions such as
glass transition temperatures and side-chain melting.6 To
identify Tg, the fast cooling rate of a few thousand degrees
Celsius per second is exploited for the ultrarapid quenching
into an essentially fully amorphous state that can be physically
aged below its glass transition temperature or directly be
reheated above the glass transition. Figure 3 displays, for
instance, the heating thermograms for PIDTBT and
PIDTBPD, two hairy-rod-like polymer semiconductors (see
Figure 3 for their chemical structures) after aging, which leads
to an enthalpic overshoot in a subsequent heating cycle (red
shaded area) in case the aging temperature was below the glass
transition temperature of the material, while corresponding
reference thermograms recorded for samples immediately
heated after quenching, without undergoing an aging step, do
not show any overshoot.6 Analyzing different aging temper-
atures, we can identify a lower aging temperature limit where
no physical aging occurs and no enthalpic overshoot is
recorded. This temperature is the onset of the glass transition
regime.6,38,39 On the other hand, parallel plate rheometry can
reveal multiple relaxation signatures of glass transitions in
conjugated polymers with relatively long side chains. Using
cylindrical “puck” samples of regioregular and regiorandom
P3HT, Xie et al., for example, demonstrated the distinct
temperature dependence of low- and high-frequency relaxation
processes attributed to respectively segmental backbone and
side-chain motion.60 Notably, this technique seems to
overcome many of the challenges of dynamic mechanical
analysis techniquesanother elegant method for the identi-
fication of the glass transition regime that usually requires

Figure 5. Fast differential scanning calorimetry measurements
performed on the small-molecule semiconductor p-DTS(FBTTh2)2
at different heating rates, all from an initially vitrified state. At heating
rates of 100−2000 °C/s, a weak endothermic transition is observed
centered at 80 °C, attributed to a liquid crystalline phase transition
(TSm

h) followed by an exothermic transition related to cold
crystallization (i.e., crystallization in the solid state) of the material
between 90 and 175 °C, depending on the heating rate. Finally a clear
melting temperature endotherm is observed around 195−200 °C. In
contrast, when a heating rate of 5000 °C/s was used, cold
crystallization is prevented; instead, two endothermic transitions
assigned to thermotropic smectic/nematic and nematic/isotropic
mesophase transitions can be observed. The chemical structure of the
p-DTS(FBTTh2)2 is shown in the top inset. Adapted from ref 58.
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mounting of a thin film of the polymer of interest onto a
reinforcing support structure.61,62

In some scenarios, vitrification of a material can be enhanced
intentionally via the use of an additivea so-called vitrifier
that hinders the crystallization of the semiconductor to induce
a fully vitrified structure that is kinetically metastable. As a
consequence, the initially glassy polymer films can be
crystallized in a controlled manner in the solid state.
Depending on the phase behavior of the conjugated polymer
and the vitrifier, various crystallization routes may be accessed,
allowing, for example, manipulation of the nucleation density,
mass transport, and, generally, the crystallization rate and, thus,
crystal size or crystal thickness, as shown on the small
molecular semiconductor, rubrene (Figure 6).63

The vitrifier can be an active material. For instance, in spin-
cast binary systems of P3HT and an electron acceptor
commonly used in photovoltaics, that is, phenyl-C61-butyric
acid methyl ester (PCBM-C61), blending followed by rapid
solvent evaporation leads to fully vitrified films, while neat
P3HT films still would exhibit some degree of crystallinity.

However, annealing of the blend films above the Tg can induce
cold crystallization of at least one blend component, followed
by phase separation.64−66 While partial phase separation
improves the photovoltaic device performance, overcrystalliza-
tion results in excessively strong phase separation and, in turn,
to device degradation. Note: while in neat polymers a
temperature above the single components’ Tg should generally
be employed for annealing, in blends, the Tg of the intermixed
phase often provides the lower temperature limit for
annealing.64 When working with blends, it is thus critical to
determine the Tg not only for each neat blend component but
also for the intermixed phases.39,64

■ CONFINEMENT

It is worth emphasizing that specific chain conformations
adopted by semiconducting polymers, or those of their small
molecule counterparts, are a direct consequence of their
chemical structure. Accordingly, the same material can often
adopt an impressive number of chain conformations, especially
in confined geometries like thin films, frequently with direct

Figure 6. (a) DSC heating (black) and cooling (gray) thermograms of the diphenylanthracene:rubrene binary (50 wt % rubrene), from which the
nonequilibrium phase diagrams, presented in (b), were constructed, as indicated by the red arrows. The data also allow regions to be identified
where the initially amorphous film can be crystallized below and above the eutectic temperature (I and II). The inset shows the chemical structures
of diphenylanthracene and rubrene. (b) Binary composition−temperature diagrams of the diphenylanthracene:rubrene system. Black solid symbols
and crosses indicate crystallization temperatures; gray solid symbols represent melting and eutectic temperatures; red solid symbols are the
measured glass transition temperatures. The liquidus curves for the heating diagram (left panel) can be calculated by using the equation for ideal
solutions. Adapted from ref 63.
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consequences to the material’s optoelectronic properties.
Because this effect strongly depends on environmental factors
during solidification (e.g., substrate temperature, solution
concentration, additives, and degree of confinement), film
formation and, thus, device fabrication often suffer from low
reliability and limited reproducibility.
Confinement also can drastically change the phase behavior

of the polymer.67−69 This is because in confined spaces the
characteristic length scales of physical processes such as
crystallization, phase separation, or conformational transitions
are of a similar order of magnitude as the space available for

these processes to occur. For example, in very thin films, as
typically used in the fabrication of various optoelectronic
devices, reorganization of the macromolecular chains necessary
for the material to crystallize requires a volume that is equal to
or larger than the volume provided by the film. Thus, the
solidification behavior may be altered due to such size
constraint compared to systems with no size limitation. For
instance, intermolecular interactions between the polymer and
substrate, and the physical presence of free surfaces, may affect
the glass transition of polymers when, for example, in thin-film
form. Furthermore, in a confined volume, the maximum extent

Figure 7. (a) Polarized optical micrographs of unconfined (left) and confined (right) crystalline P3HT spherulites. Top micrographs represent a
low spherulite density while bottom micrographs correspond to a high spherulite density. (b) Degree of chain orientation relative to the sample
with the highest chain orientation, marked with an asterisk, with respect to the channel length. Adapted from ref 70.

Macromolecules pubs.acs.org/Macromolecules Perspective

https://doi.org/10.1021/acs.macromol.1c00296
Macromolecules 2021, 54, 5304−5320

5310

https://pubs.acs.org/doi/10.1021/acs.macromol.1c00296?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00296?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00296?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00296?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00296?rel=cite-as&ref=PDF&jav=VoR


of crystal growth may be limited in one or more directions by
(film) geometry and/or by the number of nuclei forming in a
confined volume, which typically is orders of magnitude lower
than the number of nuclei found within the bulk of a
polymer.13,67 Because of the small number of nuclei present,
confinement can in addition significantly affect the crystal-
lization kinetics of a polymer, often enhancing possible
vitrification effects, which can be pronounced in organic
semiconductors due to their complex chemical structure, as
alluded to above.
Crystallization in confinement is, indeed, strongly influenced

by nucleation. This can be exploited. For instance, by
controlling the nucleation density and crystallization under
confinement, a preferential orientation of the crystalline
lamellae parallel to the π-stacking direction may be obtained.
Results have furthermore shown that in P3HT the degree of
chain orientation can increase with decreasing nucleation
density (Figure 7a) and/or increase in confinement (Figure
7b). Thereby, the highest degree of orientation was achieved
when the nucleation density matches the confinement area.70

The effect of confinement is often even more pronounced
when using small-molecule semiconductors. This can be
illustrated on p-DTS(FBTTh2)2 (see Figure 5 for its chemical
structure), which has been shown to be highly sensitive to
spatial confinement on device-relevant length scales.71 By using
as confining media electrochemically grown nanoporous
anodic aluminum oxide (AAO) comprising nanopores of 25,
40, 60, 180, and 400 nm in diameter, with a 100 μm pore
length, it was demonstrated that spatial confinement is an
efficient tool to direct the crystal orientation and overall
texture of this small molecule semiconductor in a controlled
manner. More specifically, clear signs of spatial confinement
were observed in differential scanning calorimetry.71

Yet, to consider the differences in the phase behavior of bulk
samples versus thin films, it is important to note that these

confinement effects only occur when the volume in which the
material is solidified is very limited, like in ultrathin films or
nanopores. For instance, for p-DTS(FBTTh2)2 confined in
nanoporous structures discussed above, drastically reduced
melting temperatures and new phase transitions were observed
only when using pores of a diameter of 60 nm or less.71

Indication for confinement affecting solidification can also be
obtained from the observation that the crystallization temper-
ature, Tc, strongly decreases with decreasing confinement pore
diameter (up to a difference of 50 °C), exemplifying that a
significant supercooling is needed to induce crystallization in
confinement.71 This suggests that bulk p-DTS(FBTTh2)2, like
most organic matter, crystallizes from heterogeneities
(impurities) that are present in the melt. Vice versa, in highly
confined scenarios, the material will crystallize via a
heterogeneity-free nucleation mechanism, such as homoge-
neous nucleation.71 In this context, we like to highlight that, for
example, F-DSC enables the measurement of thin to ultrathin
films, thus overcoming the issue of some other methods that
are limited to characterize only thick films while thin films are
used in devices. In fact, F-DSC allows for the establishment of
the thermal phase behavior of identical structures with respect
to thickness as those used in devices.39

Combining the DSC data with information from X-ray
diffraction, moreover, temperature/confinement phase dia-
grams can be established. Examples of cooling and heating
diagrams for p-DTS(FBTTh2)2 confined in nanopores are
displayed in Figure 8 which summarizes the rich phase
behavior of this semiconducting small molecule as a function
of both temperature and degree of spatial restriction
(quantified in terms of inverse nanopore diameter).71 The
glass transition temperature, Tg, is also included.
Revealingly, such phase diagrams can be used to select

different scenarios to solidify organic semiconductors; for p-
DTS(FBTTh2)2 indicated as pathways I, II, and III in Figure 8.

Figure 8. Temperature/confinement phase diagrams for p-DTS(FBTTh2)2 for cooling (left panel) and heating (right panel), where temperatures
are plotted against inverse pore diameter in nanometers. Gray circles: crystallization temperatures; gray squares: melting temperatures; blue down-
pointing triangles: mesophase formation; blue up-pointing triangles: mesophase melting; dark gray pentagons: glass transition temperatures. The
dark-gray shading corresponds to the temperature/confinement region where p-DTS(FBTTh2)2 is in either a glassy or a crystalline state depending
on the cooling rate applied. Light gray shading corresponds to the region where p-DTS(FBTTh2)2 exclusively is crystalline. Blue shading
corresponds to conditions where a layered mesophase is formed, while the white region corresponds to the isotropic liquid. Cooling pathways I, II,
and III are indicated. Adapted from ref 71.
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Pathway I corresponds to the crystallization of bulk p-
DTS(FBTTh2)2, pathway II to crystallization inside 400 nm
diameter pores (i.e., at weak confinement), and pathway III to

crystallization inside 40 nm diameter pores (i.e., at pronounced
confinement). Depending on the pathway selected, different
crystal textures can be induced in a highly controlled fashion,
which was exploited for the manipulation of properties
including photoluminescence and charge transport character-

istics.71

■ TEMPERATURE/COMPOSITION PHASE DIAGRAMS

The phenomena and processes discussed in the previous
sections often become more complicated when studying
multicomponent systems/blends, common in many organic
electronics and photonics applications. The reason is that
liquid−liquid (L−L), solid−liquid (S−L), or solid−solid (S−
S) demixing processes as well as disorder−order (D−O)
transitions may compete with each other72 as illustrated in the
schematic presented in Figure 9, with significant impact on

Figure 9. Schematic overview of the solidification processes that may occur during drying of a solution that contains a solvent and two solutes, as
commonly used in the organic electronics field to prepare devices. Depending on the thermodynamic interactions between the two solutes, and the
solutes and the solvent, as well as the solidification kinetics, liquid−liquid (L−L) demixing, liquid−solid (L−S) demixing, or vitrification can occur.
Once in the solid state, a vitrified structure can phase separate via binodal decomposition or via crystallization of at least one component. Adapted
from ref 72.

Figure 10. (a) Transmission optical micrographs of solution-cast P3HT:PCBM-C61 films for organic solar cell fabrication, taken during heating
from an initially vitrified state (25 °C), illustrating the cold crystallization of the fullerene, followed by solid−solid phase separation. The crystals
that form are PCBM-C61 primary crystals, only forming at P3HT fractions below 65 wt %. Melting of the P3HT can be inferred from the
characteristic red to yellow transition observed by eye, indicating that its melting point is depressed upon addition of the fullerene, as often
observed when a small molecule is added to a polymer. (b, c) Correlation of organic photovoltaic performance (after thermal annealing at 140 °C)
and phase behavior of P3HT:PCBM-C61 blends. The nonequilibrium temperature/composition diagram in (b) was constructed from first heating
thermograms of solution-cast material, revealing a eutectic behavior with the eutectic temperature occurring at 205 °C and a eutectic composition
at 65 wt % of P3HT. Liquidus lines were constructed with end of melting and end of dissolution temperatures. Crosses represent the onset of
recrystallization while highlighted areas indicate the range of compositions leading to optimum photovoltaic performance given in (c) with the
short-circuit current (Jsc) and the overall device efficiency (ηeff). Adapted from ref 73.
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solid-state structure formation of blends such as those in
organic photovoltaic device layers.73−75

Because all these processes, including liquid−liquid, liquid−
solid, and solid−solid demixing, are temperature- and
composition-dependent, temperature/composition phase dia-
grams can provide highly useful insights into the structure
development of such multicomponent systems. Because they
are constructed from experiments, usually they reflect a
nonequilibrium scenario.
In a most simple manner, temperature/composition phase

diagrams for polymer semiconductors can be established via
optical microscopy,73 as the example of the P3HT:PCBM-C61

binary in Figure 10a illustrates. This is because for many
semiconducting macromolecules, and especially semiflexible
materials such as P3HT, the solid-to-liquid melting transition
can be followed visually via a color change induced by the
polymer chains coiling up more strongly in the liquid phase,
reducing the conjugation length and, thus, in the case of
P3HT, leading to a transition from red to yellow appearance
(Figure 10a).

Using this color change, it can be observed that addition of
the fullerene at small fractions to the P3HT results in a
reduction of the P3HT melting temperature. This effect seems
to level off around 200 °C at P3HT concentrations of 65 wt %
and below. Simultaneously, at these P3HT fractions (i.e., 20,
40, and 60 wt % P3HT), the formation of fullerene crystals can
be found upon heating above 200 °C. These crystals gradually
melt at different temperatures depending on the blend
composition, with more PCBM-C61-rich blends featuring
crystals that melt at higher temperatures.73

These observations indicate a eutectic phase behav-
ior,63,76−78 which is formed by two solids that are typically
immiscible in the solid state over a specific composition range,
while being fully miscible at all compositions in the liquid
phase. This leads at temperatures below 205 °C to temper-
ature/composition regions where two solids coexist (here, a
P3HT-rich phase and a fullerene-rich phase, at temperature
around room temperature), while at higher temperatures
(above 205 °C) either liquid P3HT exists with solid PCBM-
C61 (i.e., the fullerene crystals clearly observed in optical
microscopy) or liquid PCBM-C61 coexists with solid P3HT (at

Figure 11. (a) Schematic representation of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene), PBTTT, solid-state arrangement (top) and
the one of its blends with fullerenes, where cocrystalline regions form with the fullerene intercalated within the PBTTT side chains (bottom). (b)
Top: differential scanning calorimetry first heating thermograms of PBTTT:PCBM binaries. The endotherm at 280 °C is attributed to melting of
crystalline PCBM domains. Bottom: transmission optical micrographs of solution-cast PBTTT:PCBM films which were then heated to different
temperatures at a rate of 10 °C min−1. Melting of the PBTTT:PCBM cocrystal as well as neat PBTTT can be inferred from the characteristic red to
yellow transition observed at elevated temperatures, in good agreement with the thermal analysis data presented on top. For compositions of 75 wt
% PCBM, the blend films crystallize upon heating above 150 °C (see exotherm observed in corresponding heating thermogram presented on top),
which leads to a distinct darkening of these architectures. (c) Experimentally established nonequilibrium temperature/composition phase diagrams
for PBTTT:PCBM-C61 constructed from the DSC and optical microscopy data presented in (b). While more complex, it can be identified that a
single cocrystal phase forms at 40 wt % fullerene content. At higher or lower fullerene fractions, either PBTTT-rich domains coexist with
cocrystalline regions or cocrystal domains coexist with fullerene-rich domains. This has direct consequence on the blend’s optoelectronic
performance. Indeed, based on the temperature/composition diagram plotted from the DSC and optical microscopy data (b), detailed property
mapping can be achieved with respect to composition and temperature sets. Indeed, clear relations can, for instance, be established between short-
circuit current, Jsc, charge generation (given here via the ΔOD obtained from transient absorption spectroscopy), and photoluminescence
quenching, PLQ. The highest charge generation and Jsc are observed where fullerene-rich domains start to develop (indicated as SPCBM) while
highest PLQ is observed in areas where cocrystal formation dominates. Adapted from ref 86.
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P3HT fractions above 65 wt %). At even more elevated
temperatures, above the liquidus lines, a fully miscible liquid
phase is formed.73

Because both the addition of the polymer to the fullerene,
and vice versa the introduction of the fullerene to the P3HT,
lowers the melting point of the other component, typical for a
eutectic phase behavior, a composition can be identified
around 65 wt %, where the lowest melting point in the systems
occurs (that is, the lowest Tm among all blend compositions).
This composition is called the eutectic composition while the
temperature at which a blend of the eutectic composition melts
is called the eutectic temperature (≈205 °C). This behavior
can more quantitatively be followed with differential scanning
calorimetry, leading to a temperature/composition phase
diagram as displayed in Figure 10b.
Most importantly, in direct analogy to metallurgy, temper-

ature/composition phase diagrams can directly be related to
specific blend properties (Figure 10c). For instance, in the case
of the P3HT:PCBM-C61 binary, a direct correlation of
temperature, composition, and photocurrent generation in
photovoltaic cells can be made.73 Specifically, as-prepared
devices display a maximum short-circuit photocurrent, Jsc, at
P3HT fractions close to the eutectic composition (Figure 10c).
After thermal treatment at 140 °C for 45 min, a temperature
within the range where cold-crystallization endotherms are
observed in DSC (indicated with crosses in the phase diagram
in Figure 10b), the short-circuit photocurrent can be
maximized for blend films comprising 50−60 wt % P3HT,
that is, at compositions within a slightly hypoeutectic regime.

This observation can be explained as in the following: Given
that exciton dissociation and charge separation occur at
donor−acceptor interfaces, one requirement for efficient
photocurrent generation is the maximization of the donor−
acceptor solid−solid contact area.79−83 This is likely achieved
for blends of exactly the eutectic composition, where it is
known from metallurgy that a very finely phase-separated
microstructure develops.76−78 However, high photocurrent
additionally requires the existence of percolating, conductive
pathways for the collection of both electrons and holes. Such a
morophology is achieved in blends in which primary fullerene
crystals form, enabling a charge-transport pathway for electrons
through the bulk of the film while the polymeric donor
naturally forms a network by the very virtue of its entangled,
macromolecular nature.84

Temperature/composition phase diagrams can also be
highly useful in blend systems where, for example, the polymer
semiconductor can cocrystallize with the other active
component. This can lead to well-defined single-phase
“cocrystalline” domains (i.e., solid solutions) composed of
molecules of both blend components (see Figure 11a for
schematics of the structural arrangement of neat PBTTT and
polymer:fullerene cocrystalline assemblies).85 A most illus-
trative example of binary blends experiencing cocrystallization
is given by the PBTTT:PCBM-C61 system86another
donor:acceptor blend used in organic photovoltaics. In this
case, the rather complex phase behavior, as determined by
thermal analysis and optical microscopy (Figure 11b), is
dictated by PBTTT-rich and PCBM-C61-rich phases as well as

Figure 12. (a) Energy−temperature−composition diagram of a partially miscible binary polymer:polymer system undergoing LL phase separation.
The Gibbs free energy, ΔG, at a given temperature, T, is plotted against composition. The phase boundaries between the one-phase to the two-
phase regions, including the binodal and spinodal regions, are highlighted. (b) Schematics of the liquid−liquid phase separation process using as an
example a blend between P3HT and poly(ethylene oxide) (PEO) in chloroform. (c) Optical micrograph of a phase-separated P3HT:PEO film after
solvent evaporation. (d, e) AFM topographic images of phase-separated BBL:PTHQx (2:98 wt %) (d) and BBL:PHPT (20:80 wt %) (e). (f) AFM
topographic image of a phase-separated PCE11:PPCBMB (50:50 wt %) thin film deposited by employing convective self-assembly. The chemical
structures of blend components are shown in the insets (c−f). Adapted from ref 13 (a−c), ref 88 (d, e), and ref 89 (f).
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a “cocrystal” phase formed by the two via intercalation of the
fullerene within the PBTTT side chains. This system leads to
two eutectics: one formed at low fullerene contents between
PBTTT and the cocrystalline PBTTT:PCBM-C61 structures
and another one formed at high PCBB-C61 fractions between
PBTTT:PCBM-C61 “cocrystals” and the fullerene (Figure
11c).86

Direct correlations and property mapping with temperature
and compositions can again be made. Blends comprising high
amounts of cocrystalline regions experience higher photo-
luminescence quenching of the polymer, in agreement with the
general view that polymer exciton quenching occurs within
molecularly mixed phases. It is also apparent that both short-
circuit photocurrent, Jsc, and the dissociated polaron yield
(ΔOD), which gives insight into charge generation, rapidly
increase once the fullerene content exceeds the eutectic
composition of the cocrystal:PCBM-C61 binary (≈44 wt %
PCBM-C61), that is, at compositions where relatively phase-
pure primary fullerene crystals start to develop, similar to the
P3HT:PCBM-C61 binary.

86

Blends can also be made of two or more conjugated
polymers. Such blends typically exhibit only partial miscibility
and, thus, tend to undergo liquid−liquid (LL) phase
separation. For example, during cooling, phase separation
proceeds via spinodal or binodal decomposition into
amorphous regions18 or by crystallization and aggregation.
When crystallization does not dominate, polymer:polymer
blends display in most cases an upper critical solution
temperature (UCST),18 where a single phase is only formed
at elevated temperatures and in a region outside the binodal
line (Figure 12a).13 At temperatures above the UCST, binaries
typically exhibit a single energetic minimum as a function of
composition and temperature, thus favoring the formation of a
single phase. Below the UCST the free energy landscape may
exhibit two local minima and thus pushes the system to phase
separate.13 The difference between spinodal and binodal
decomposition can be better understood when plotting a
Gibbs free energy curve (Figure 12a). At a given temperature

Tx, in the spinodal region, the curvature of the free energy as a
function of composition is negative, and thus, a spontaneous
phase separation of the two components can occur (Figure
12b,c). The binodal region located between the spinodal curve
and the two energetic minima exhibits a positive curvature of
the free energy, and thus, metastable blend compositions can
form. Such blends can be rapidly “quenched” into a single-
phase system, although over time and/or at elevated
temperatures, they will eventually reach the equilibrium
phase-separated state.13

A recent example of conjugated binary polymer:polymer
blends is given by the mixture of polyfluorene derivatives with
alternating thiophene-/benzothiadiazole-containing copoly-
mers.87 Such blends, exhibiting a “hydrodynamically” trapped
miscible state (i.e., a dynamic miscibility induced through the
use of external mechanical stimuli), were shown to undergo a
distinct phase separation with self-restorable fluorescence color
changes.87 In addition, the phase separation of blends
composed of poly(benzobisimidazobenzophenanthroline)
(BBL) and poly[(thiophene-2,5-diyl)-alt-(2,3-diheptyl-
quinoxaline-5,8-diyl)] (PTHQx) as well as poly(10-hexylphe-
noxazine-3,7-diyl-alt-3-hexyl-2,5-thiophene) (PHPT), i.e.,
blends comprising an electron and a hole conductor, was
used to alter the final charge transport properties of such
multicomponent systems. It was shown that phase-separated
BBL:PTHQx and BBL:PHPT blends (Figure 12d,e) displayed
a high electron mobility and favored ambipolar charge
transport at high fractions of the hole-conducting polymer.88

Other examples of binary polymer:polymer blends, where
phase separation was exploited to manipulate the systems’
optoelectronic properties, are binary systems of the electron-
donating poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-
(3,3′-di(2-octyldodecyl)2,2′;5′,2′;5′,2′-quaterthiophen-5,5′-
diyl)] (PCE11) and poly[[bispyrrolidino(phenyl-C61-butyric
acid methyl ester)]-alt-[2,5-bis(octyloxy)benzene]]
(PPCBMB) (Figure 12f)89 as well as blends of the electron-
accepting poly(2,2′-(3,3-dioctyl-2,2′-bithienylene)-6,6′-bis(4-
phenylenequinoline)) (POBTPQ) and the electron-donating

Figure 13. Illustrative examples of a few functional polymer time/temperature/transformation (TTT) in the literature.90,91 (a) TTT phase diagram
deduced for poly(3-(2′-ethyl)hexylthiophene) (P3EHT) from DSC heating scans that give the time of the onset of crystallization (triangles). The
time after full crystallization (10 J/g: squares) and the time needed to go halfway through the transformation (i.e., after an enthalpy of 5 J/g is
reached; circles) are also indicated. Solidification pathways that lead to a sample of 50% maximum reachable crystallinity (I) vs fully vitrified
samples (II) can be identified. (b) Hypothetical TTT “Gedanken experiment” for a solar cell blend (P3HT and the fullerene PCBM), displaying
the competing processes of spinodal decompositions (purple), PCBM crystallization (blue), and P3HT crystallization (red). If the material is first
quenched and then solidified, P3HT crystallization can occur. Adapted from ref 95 (a) and ref 96 (b).
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poly(3-octylthiophene) (POT) and poly(2-methoxy-5-(2′-
ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV).90 [Note:
similar considerations, of course, apply to blocky copolymers,
including diblock copolymers. This was shown, for example,
for materials with two flexible blocks, that is, a P3HT and a
polyethylene block, which were shown to microphase-separate
leading to thin-film structures of essentially identical charge-
transport properties as found in P3HT, but with improved on−
off ratios (as measured in thin-film transistors) and notably
enhanced mechanical properties, as deduced from measured
elongations at break exceeding 600% and true tensile strengths
around 70 MPa).91]

■ TIME/TEMPERATURE/TRANSFORMATION PHASE
DIAGRAMS

Our discussion concludes with time/temperature/transforma-
tion (TTT) diagrams, also called isothermal transformation
diagrams, which are unique tools that can provide a window
into the detailed temporal and dynamic progression of the
solid-state development of materials. As a function of a given
material’s composition, TTT diagrams provide comprehensive
insights not only into the type of phase transformations a
material system undergoes but also details on the time it takes
for a transition to complete at a given temperature and the
stability of specific phases under, for example, isothermal
transformation conditions. Despite this great promise and their
broad use in establishing processing guidelines for metal alloys,
TTT phase diagrams unfortunately have rarely been utilized in
the field of functional polymers.92−94 More common use of
TTT phase diagrams in the broader polymer community could
enable the field to understand the kinetics and mechanisms of
functional polymer thin film growth (and production of other
architectures) contributing to a transformation in manufactur-
ing of organic electronics/photonics products and beyond.
An illustration of the utility of TTT phase diagrams is given

with the example of poly(3-(2′-ethyl)hexylthiophene)
(P3EHT).95 The TTT phase diagram for this polymer
semiconductor displays a typical C-shape for onset and end
of crystallization (Figure 13a). The earliest onset of
crystallization occurs during isothermal solidification at 55
°C. At higher temperatures, nucleation is limited and, hence,
the crystallization onset is delayed. In contrast, at lower
temperatures diffusive transport becomes slower, thus limiting
the crystallization rate despite the increased number of
nucleation sites. Accordingly, immediate information is
obtained with respect to temperatures that need to be selected
to control crystal size (low vs high number of nuclei) and, for
example, annealing times at specific temperatures. Indeed,
from TTT diagrams, one can extract the time needed to reach
maximum degree of crystallinity at given isothermal conditions
or a certain percentage of the maximum achievable
crystallinity. For instance, in the case of P3EHT kept for
6000 s at 55 °C, half of the maximum degree of crystallinity
achievable in this material can be obtained (pathway I in
Figure 13a), while when quenched rapidly, a fully amorphous
material is induced (pathway II), which will slowly crystallize
over time. This information can be readily used to understand
certain aging processes or to develop processing protocols by
predicting isothermal solidification times necessary to obtain a
structure of a specific crystalline content.
TTT diagrams can further be used to decipher the phase

behavior of various blend systems. One hypothetical diagram
was, for example, drawn for the P3HT:PCBM-C61 binary

(Figure 13b),96 which illustrates the competition between
processes, such as liquid−liquid demixing, crystallization of
either the fullerene or the polymer, and vitrification. It
highlights that rapid cooling leads to a strongly vitrified
blend (indicated in Figure 13b with gray arrows); held above
the glass transition temperature of P3HT but below that of
PCBM-C61, crystallization of the polymer may occur. In
contrast, structure formation is dominated by spinodal
decomposition at more elevated temperatures.
The establishment of TTT phase diagrams for polymer

blends, especially when processed from solution, can be
challenging; this perhaps explains their scarcity in the
literature. A simpler alternative can be to construct the
temperature/composition phase diagrams for each component
with the common solvent and superimposing these. Such
quasi-binary phase diagrams provide essential information with
respect to which process sets in first when selecting a specific
solidification pathway. An exemplary quasi-binary temper-
ature/composition phase diagram, which can deliver some of
the information TTT phase diagrams provide, is displayed in
Figure 14 for the ternary P3HT, polyethylene (PE), and

xylene,97 established from the crystallization temperatures of
P3HT in xylene and of PE in xylene, recorded with differential
scanning calorimetry, and then superimposed. It shows that the
crystallization sequence of the two solutes can be controlled via
selection of the casting temperature/conditions. When, for
instance, the P3HT:PE:xylene solution is deposited at elevated
temperatures above the crystallization temperature of neat PE
(pathway I in Figure 14), initially, the solvent starts to
evaporate. The solution concentrates, and the semiconductor
crystallizes once sufficient solvent is evaporated, all while the
polyethylene stays molten. Further cooling of this binary to
room temperature will induce subsequent crystallization of PE

Figure 14. Crystallization temperature/composition diagram for
P3HT:PE blends constructed with peak crystallization temperatures
of either P3HT or PE in xylene, determined by differential scanning
calorimetry, except for highly dilute solutions.92 The different phases
are indicated: Liquid, L; solid P3HT, SP3HT; and solid PE, SPE.
Depending on the solidification pathway (I: hot-casting above the
crystallization temperature of PE leading the P3HT to crystallize first;
II: room temperature casting resulting in the PE to solidify prior to
P3HT), very different solid-state structures and, hence, macroscopic
properties, such as charge transport, are induced. Adapted from ref 97.
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from a melt condition. Because of the strong driving force of
linear polyethylene to crystallize, even in the blend and in the
presence of the solidified P3HT, the insulator molecularly
orders, resulting in a double-percolating P3HT structure
leading to excellent charge transport both in field-effect
transistors and in the bulk.97,99 Intriguingly, the addition of
the polyethylene also has a stabilizing effect on important
device characteristics such as bias stress and shelf lifetime.98 In
strong contrast, when the blend is cast at room temperature
from a hot xylene solution, the solution rapidly cools, resulting
in the PE crystallizing first around 73 °C for a dilute solution,
while the P3HT only solidifies once the solvent starts to
evaporate. Accordingly, solid-state structure formation is
dictated by the PE crystallization, hindering the semiconductor
to molecularly order and leading to architectures of very poor
charge transport. These insights are rather universally
applicable, for instance, to blends of PE with polymeric
electron conductors as well as ternaries for solar cell
applications, including P3HT:PCBM-C61:PE blends.100

■ CONCLUSIONS
Recent advances connecting phenomena during the solid-
ification and solid-state structure development of conjugated
polymers have led to important insights into how to
manipulate properties such as light emission, charge transport,
and charge generation in a controlled fashion. Common
approaches in other fields of materials science, such as the
establishment and use of temperature/composition, temper-
ature/confinement, and time/temperature/transformation dia-
grams, may thereby open new opportunities toward a
predictive knowledge platform for assembly of single- and
multicomponent polymer semiconductors. We, thus, expect
that the more frequent incorporation of these approaches and
tools will lead to a step change in how structure−property
relationships are unveiled in these promising materials systems
and how new pathways are opened toward new materials
systems and novel device architectures.

■ AUTHOR INFORMATION
Corresponding Author
Natalie Stingelin − School of Chemical and Biochemical
Engineering and School of Materials Science and Engineering,
Georgia Institute of Technology, Atlanta, Georgia 30332-
0245, United States; orcid.org/0000-0002-1414-4545;
Email: natalie.stingelin@mse.gatech.edu

Authors
Ioan Botiz − Interdisciplinary Research Institute on Bio-Nano-
Sciences, Babes-Bolyai University, Cluj-Napoca 400271,
Romania

Marlow M. Durbin − School of Chemical and Biochemical
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332-0245, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.1c00296

Funding
I.B. acknowledges funding by the Romanian National Author-
ity for Scientific Research and Innovation, CNCS−UEFISCDI,
Project PN-III-P2-2.1-PED-2019-3995. M.M.D. is grateful for
support via a National Science Foundation (NSF) Graduate
Research Fellowship under Grant DGE-1650044, and N.S.
thanks the NSF for the funded DMR Project 1905901.

Notes

The authors declare no competing financial interest.

Biographies

Dr. Habil. Ioan Botiz was a Marie Curie fellow at the French National

Centre for Scientific Research and received, in 2007, his PhD in

polymer physics from the Haute Alsace University. He then moved to

Center for Nanoscale Materials at Argonne National Laboratory and

focused on structuring of photovoltaic active layers and fabrication of

organic energy devices. Ioan returned to Europe as a FRIAS

excellence postdoctoral fellow at the University of Freiburg where

he was working to understand the structure−property relationships in
conjugated polymers. Since 2014, he has been working at Babes-

Bolyai University where he holds the position of Scientific Researcher

1. He was also a Research Associate at Imperial College London

(2014−2019).

Marlow M. Durbin was born in Chicago, IL, and received his B.S. in

Chemical & Biological Engineering from the University of Alabama in

2018. While at Alabama, he did undergraduate research with Prof.

Jason Bara characterizing ionic polyimides and their blends with room

temperature ionic liquids (IL’s) for gas separations and additive

manufacturing. Marlow is currently working towards his PhD in

Chemical & Biomolecular Engineering under the supervision of

Professor Natalie Stingelin at the Georgia Institute of Technology,

supported by an NSF Graduate Research Fellowship. His research

centers on processing and characterization of mixed ionic−electronic
conducting blends and inorganic/organic hybrid materials for

bioelectronics applications.

Macromolecules pubs.acs.org/Macromolecules Perspective

https://doi.org/10.1021/acs.macromol.1c00296
Macromolecules 2021, 54, 5304−5320

5317

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalie+Stingelin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1414-4545
mailto:natalie.stingelin@mse.gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ioan+Botiz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marlow+M.+Durbin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00296?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00296?rel=cite-as&ref=PDF&jav=VoR


Natalie Stingelin is a Full Professor at the Georgia Institute of
Technology with a joint appointment at the School of Materials
Science & Engineering and the School of Chemical & Biomolecular
Engineering, with prior positions at Imperial College London, UK; at
Queen Mary University of London, UK; the Philips Research
Laboratories in Eindhoven, The Netherlands; the Cavendish
Laboratories, University of Cambridge, UK; and the Swiss Federal
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(40) Olsen, B. D.; Jang, S.-Y.; Lüning, J. M.; Segalman, R. A. Higher
Order Liquid Crystalline Structure in Low-Polydispersity DEH-PPV.
Macromolecules 2006, 39, 4469−4479.
(41) Zhang, W.; Gomez, E. D.; Milner, S. T. Predicting Nematic
Phases of Semiflexible Polymers. Macromolecules 2015, 48, 1454−
1462.
(42) Greco, C.; Jiang, Y.; Chen, J. Z. Y.; Kremer, K.; Daoulas, K. C.
Maier-Saupe model of polymer nematics: Comparing free energies
calculated with Self Consistent Field theory and Monte Carlo
simulations. J. Chem. Phys. 2016, 145, 184901.
(43) Ramírez-Hernández, A.; Hur, S.-M.; Armas-Pérez, J. C.; Cruz,
M. O.; De Pablo, J. J. Demixing by a Nematic Mean Field: Coarse-
Grained Simulations of Liquid Crystalline Polymers. Polymers 2017, 9,
88.
(44) Olsen, B. D.; Shah, M.; Ganesan, V.; Segalman, R. A.
Universalization of the Phase Diagram for a Model Rod-Coil Diblock
Copolymer. Macromolecules 2008, 41, 6809−6817.
(45) Daoulas, K. C.; Rühle, V.; Kremer, K. Simulations of nematic
homopolymer melts using particle-based models with interactions
expressed through collective variables. J. Phys.: Condens. Matter 2012,
24, 284121.
(46) Kipp, D.; Ganesan, V. Influence of Block Copolymer
Compatibilizers on the Morphologies of Semiflexible Polymer/
Solvent Blends. J. Phys. Chem. B 2014, 118, 4425−4441.
(47) Snyder, C. R.; Kline, R. J.; DeLongchamp, D. M.; Nieuwendaal,
R. C.; Richter, L. J.; Heeney, M.; McCulloch, I. Classification of
semiconducting polymeric mesophases to optimize device post-
processing. J. Polym. Sci., Part B: Polym. Phys. 2015, 53, 1641−1653.

(48) Heeney, M.; Bailey, C.; Giles, M.; Shkunov, M.; Sparrowe, D.;
Tierney, S.; Zhang, W.; McCulloch, I. Alkylidene Fluorene Liquid
Crystalline Semiconducting Polymers for Organic Field Effect
Transistor Devices. Macromolecules 2004, 37, 5250−5256.
(49) Bridges, C. R.; Ford, M. J.; Bazan, G. C.; Segalman, R. A.
Molecular Considerations for Mesophase Interaction and Alignment
of Lyotropic Liquid Crystalline Semiconducting Polymers. ACS Macro
Lett. 2017, 6, 619−624.
(50) Pisula, W.; Zorn, M.; Chang, J. Y.; Müllen, K.; Zentel, R. Liquid
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