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ABSTRACT: The glass transition temperature (Tg) of a
conjugated polymer can be used to predict its morphological
stability and mechanical properties. Despite the importance of
this parameter in applications from organic solar cells to
wearable electronics, it is not easy to measure. The Tg is often
too weak to detect using conventional differential scanning
calorimetry (DSC). Alternative methodse.g., variable
temperature ellipsometryrequire specialized equipment.
This paper describes a technique for measuring the Tg of
thin films of semicrystalline conjugated polymers using only a
hot plate and an ultraviolet−visible (UV−vis) spectrometer. UV−vis spectroscopy is used to measure changes in the absorption
spectrum due to molecular-scale rearrangement of polymers when heated past Tg, corresponding to the onset of the formation of
photophysical aggregates. A deviation metric, defined as the sum of the squared deviation in absorbance between as-cast and
annealed films, is used to quantify shifts in the absorption spectra. The glass transition is observed as a change in slope in a plot of
the deviation metric versus temperature. To demonstrate the usefulness of this technique, a variety of semiconducting polymers
are tested: P3BT, PBTTT-C14, F8BT, PDTSTPD, PTB7, PCDTBT, TQ1, and MEH-PPV. These polymers represent a range of
solid-state morphologies, from highly ordered to predominantly amorphous. A successful measurement of Tg depends on the
ability of the polymer to form photophysical aggregates. The results obtained using this method for P3BT, PBTTT-C14, F8BT,
and PDTSTPD are in agreement with values of Tg that have been reported in the literature. Molecular dynamics simulations are
used to show how the morphology evolves upon annealing: above the Tg, an initially kinetically trapped morphology undergoes
structural rearrangement to assume a more thermodynamically preferred structure. The temperature at which onset of this
rearrangement occurs in the simulation is concomitant with the spectroscopically determined value of Tg.

■ INTRODUCTION

The glass transition temperature (Tg) is a critical property of
polymers that can be used to predict the thermal1 and
mechanical stabilities2 of organic semiconductor devices.3 The
glass transition describes the onset of relaxation processes in
segments of the main chains of polymeric materials.4−6 This
parameter is of particular importance for the operational
stability of organic electronic devices (which include π-
conjugated polymers and small molecules) for at least two
reasons.1 First, devices operating above Tg may undergo
deleterious morphological rearrangements. Changes in the
morphology are deleterious particularly if a kinetically trapped
structure formed upon solidification of a film is conducive to
device performance, while a thermodynamically favorable
structure that forms when heated is not. For example, the
domains in a highly phase-separated morphology of a bulk
heterojunction (BHJ) organic solar cell that forms upon
heating above Tg may be too large to allow efficient separation
of charges.1 Second, the Tg is intimately related to stress-
relaxation processes of polymeric materials. For soft, compliant
polymers intended for biological integration, it may be desirable
to have a low Tg, and thus rubber-like mechanical behavior.7,8

Although a variety of well-developed methods exist for
measuring the Tg of bulk polymeric materials,9 thin films
present a significant challenge for these conventional methods.
The challenge arises in part because of the small thermal signal
produced by the minute mass of a thin film. Moreover, the
thermal properties of the bulk material do not necessarily
represent those of a thin film.10 This paper describes a facile
technique to measure the Tg’s of conjugated polymers that
leverages their unique photophysical behavior. The technique
works by finding the annealing temperature at which the thin-
film absorption spectrum in the UV−vis range undergoes an
abrupt change, indicating the onset of formation of photo-
physical aggregates.11

Thin films of conjugated polymers are generally prepared by
casting from a solution using laboratory-scale techniques (e.g.,
spin coating) or industrial-scale techniques (e.g., slot-die
coating, gravure, inkjet, or screen printing). Rapid solidification
of the polymer that occurs upon evaporation of the solvent
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typically results in the formation of kinetically trapped
structures that contain considerable free volume12 and
structural disorder.13 Thermal annealing is a common
postprocessing step that allows kinetically trapped structures
to undergo morphological rearrangement and aggregation.14

These structural changes have important effects on device-scale
optoelectronic15 and mechanical properties.2

In a recent review on the glass transition of organic
semiconductors,1 four standard techniques to measure Tg
were outlined: differential scanning calorimetry (DSC),16

dynamic mechanical analysis (DMA),17 broadband dielectric
spectroscopy (BDS),18 and variable-temperature ellipsometry
(VTE).19 These techniques are ubiquitous in the field of
polymer science and have been widely applied to characterize
the thermal properties of semiconducting polymers, for which
the most common is DSC.16 In many cases, DSC does not
possess the sensitivity to detect the subtle glass transitions of
polymeric semiconductors; it is commonplace for Tg to evade
detection, even in cases where DSC thermograms are
reported.15,20−26 Moreover, conventional DSC setups require
bulk samples and thus cannot be used to characterize thin films
(DMA and BDS are also typically restricted to bulk materials).1

Advanced techniques such as differential AC-chip calorimetry
have been developed to mitigate some of these limitations,27

however, they are usually unavailable in laboratories that focus
on organic electronics.
The thermal behavior of a polymeric thin film becomes

thickness-dependent below a critical threshold (∼100 nm).28

This phenomenon has been attributed to interfacial effects at
the free surface and with the supporting substrate.19,28 The
dominant effect is the increased mobility of polymer chains at
the free surface, which serves to decrease the Tg.

19 VTE is
unique among the available thermal characterization techniques
in that it can probe thermal transitions of thin films, as opposed
to bulk samples.19 Unfortunately, ellipsometric systems,
especially those with temperature-controlled stages, are
expensive and not widely available. Therefore, use of this
technique is mainly restricted to research groups that have
specialized expertise.
Thin films of conjugated polymers absorb strongly in the

UV−vis range, and various optical techniques have been
developed to characterize their thermomechanical proper-
ties.20,29,30 Lindqvist et al. have developed a simple technique
to measure thermal transitions in fullerene-based BHJ films by
taking advantage of the increased scattering of micrometer-
sized fullerene crystals that form when the film is annealed
above the Tg.

20 As such, this technique is not applicable to neat
conjugated polymer films.

In this work, we measured the Tg by taking advantage of the
shift in the UV−vis absorption spectrum that occurs after
thermally annealing many neat conjugated polymer films.11,31

This shift has been widely attributed to the formation of
ordered aggregates and is generally accompanied by an
improvement in the charge transport properties of the thin
film.11 The amorphous phase of conjugated polymer thin films
undergoes significant structural rearrangement only when the
annealing temperature approaches Tg. We thus hypothesized
that it would be possible to estimate the Tg of conjugated
polymer thin films by quantifying the change in the absorption
spectrum that resulted from thermal annealing. We expected
that, once the annealing temperature surpassed the Tg, there
would be an easily discernible change in the absorption
spectrum. Hence, we defined a deviation metric (DMT) as the
sum of the squared deviation in the absorbance between as-cast
and annealed films (at annealing temperature, T):

∑ λ λ≡ −
λ

λ

I IDM [ ( ) ( )]T RT T
2

min

max

(1)

where IRT(λ) and IT (λ) are the normalized absorption
intensities of the as-cast (room temperature) and annealed
films, respectively, λ is the wavelength, and λmin and λmax are the
lower and upper bounds of the optical sweep, respectively. We
expected that, at the Tg, there would be a sharp increase in the
slope of DMT when plotted against annealing temperature.

■ EXPERIMENTAL DESIGN

Selection of Materials. To test the validity of our
proposed methodology, we selected materials whose Tg’s had
been measured successfully using other techniques. Moreover,
it was important to use materials of significant interest to the
research community. Since the Tg of the popular regioregular
poly(3-hexylthiophene) (P3HT) is near or somewhat below
room temperature, we selected poly(3-butylthiophene) (P3BT)
instead (structure shown in Figure 1). An additional advantage
of using P3BT was that we were able to apply the weakly
interacting H-aggregate model developed by Spano and co-
workers to provide a detailed analysis of vibronic progression as
a function of annealing temperature for polythiophenes.32,33

This analysis allowed us to deconvolute spectral shifts and
determine microstructural mechanisms responsible for the
abrupt shift in the absorption spectrum near the Tg.
Additionally, to demonstrate the applicability of our technique
to composite systems of organic semiconductors, we tested a

Figure 1. Chemical structures and common names of conjugated polymers involved in this study. Refer to Experimental Methods for systematic
names. The technique works best for semicrystalline polymers.
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BHJ film comprising P3BT and [6,6]-phenyl C61 butyric acid
methyl ester (PCBM).
To assess the transferability of our proposed methodology,

we performed the experiment on several conjugated polymers
with complex structures. The following materials were tested:
F8BT, PBTTT-C14, PDTSTPD, PTB7, PCDTBT, TQ1, and
MEH-PPV. These materials were chosen because they exhibit a
wide range of ordering in the solid state, from highly ordered
(e.g., the liquid-crystalline PBTTT-C14) to minimal long-range
order (e.g., TQ1). In particular, PDTSTPD was chosen because
its Tg has been reported,34,35 and we have previously performed
molecular dynamics (MD) simulations to predict its thermal
and mechanical properties.36 To gain a detailed mechanistic
understanding of our results, we performed additional MD
simulations to demonstrate how the thermal annealing of a
kinetically trapped structure results in morphological rearrange-
ment. We expected that materials with stronger tendencies to
crystallize would produce shifts in the absorption spectra that
were more pronounced, corresponding to a more easily
observable Tg. Accordingly, we did not expect this technique
to work for predominantly amorphous materials (refer to
Section 1 of the Supporting Information). These amorphous
materials are generally blended with fullerenes to form BHJs
and do not perform especially well in transistor devices. Thus,
the properties of the neat polymers are not as relevant as those
of the BHJ, and the optical technique of Lindqvist et al. (which
relies on the presence of the fullerene) can be applied instead.20

Design of Annealing Protocol. The experimental
protocol was specifically designed so that it would only require
basic equipment readily available to any research group
interested in conjugated polymers: a spin coater, a hot plate,
a glovebox, and a UV−vis spectrometer. All thermal annealing
was carried out inside a glovebox (N2 atmosphere) to eliminate
possible effects of photochemical degradation at elevated
temperatures that could occur under ambient conditions. For
example, Cho et al. observed a significant degradation in the
π−π* absorption band of PCDTBT when annealed above the
Tg in air.37 Thermal annealing was carried out using a standard
hot plate, and heat transfer calculations were performed to
account for thermal insulation by the glass slide substrate, as
described in detail in Section 2 of the Supporting Information.
The UV−vis characterization was performed ex situ because a
UV−vis spectrometer with a controlled atmosphere and
temperature-controlled stage is not a common piece of
equipment. This is not to say that in situ measurements are
not viable, as Pingel et al. studied the thermal dependence of
UV−vis absorption in situ for deuterated P3HT.33 However, no
evidence of the glass transition was observed in those
experiments because the Tg of P3HT is below room

temperature. For our experiments, each film was subjected to
a thermal cycling protocol, like the one shown in Figure 2a.
UV−vis spectra of the cooled films under ambient conditions
were taken between annealing steps. To analyze the data and
extract the Tg, we developed a code to automate and
standardize the bilinear regression analysis based on a custom
R2 maximization algorithm (we released this algorithm in an
open-sourced format; refer to Section 3 of the Supporting
Information).

■ RESULTS AND DISCUSSION

Proof-of-Concept: P3BT. The results of our proposed
techniqueas applied to P3BTare shown in Figure 2. The
thermal cycling protocol is given in Figure 2a. After each
annealing step, a UV−vis spectrum was recorded (Figure 2b).
We observed that the spectra exhibited a clear redshift as well as
a distinct change in shape around 600 nm with increased
annealing temperature. These shifts in the absorption spectra
result from the formation of weakly interacting H-aggregates, as
explained in the next section. Spectra were processed using the
deviation metric, and this quantity was plotted against
annealing temperature (Figure 2c); a clear transition was
observed. Using our bilinear curve-fitting algorithm, the Tg was
estimated to be 60 ± 3 °C. Encouragingly, this measurement
was in excellent quantitative agreement with reported values in
the literature, which range from 59 to 67 °C.38,39

Weakly Interacting H-Aggregate Analysis. To identify
the microstructural changes responsible for the evolution of the
absorption spectra upon annealing, we applied the weakly
interacting H-aggregate model, developed by Spano and co-
workers.32,40 When two segments of planar thiophene back-
bones come into cofacial contact, an excitonic coupling
produces a redshift in the absorption. This spectral signature
is known as an H-aggregate,41 and the absorption spectra of
poly(3-alkylthiophenes) can be comprehensively analyzed using
this model.32 To perform this analysis, a Franck−Condon
progression was fit to the UV−vis spectra (assuming a Gaussian
line shape), and the absorption of the aggregated regions was
deconvoluted from that of the amorphous phase. A
representative fit obtained from this process is shown in Figure
3a. After correcting for the unequal absorption coefficients of
the two domains, the fraction of aggregated polymeric
chromophores was determined.
As shown in Figure 3b, we found that the aggregate fraction

increased with annealing temperature and exhibited a transition
near the Tg. Interestingly, we observed not only a change in the
slope but also an increase in the error (based on the standard
deviation between independently tested films). It is possible
that the increase in the statistical uncertainty is due to minor

Figure 2. Overview of UV−vis absorption Tg measurement technique for P3BT. (a) Thermal history of polymer thin film. Absorption measurements
were taken at ambient temperature for the as-cast film and between successive annealing steps. (b) Thin-film absorption spectra for the annealing
temperatures indicated. (c) Evolution of the deviation metric as a function of annealing temperature, showing a distinct increase at the Tg of P3BT.
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differences in the cooling rates of separately annealed films. The
H-aggregate model can also be used to characterize the quality
of structural ordering present in aggregate regions.
The free exciton bandwidth (W) is the dispersion of energy

that arises due to interchain coupling in the aggregate domains.
This parameter is inversely related to the conjugation length of
the interacting chromophoric species.32,42 As shown in Figure
3c, the inverse exciton bandwidth 1/W exhibits a sharp
transition when the film is annealed above the Tg. This
observation is in agreement with previous results of Yazawa et
al., who used temperature-dependent Fourier-transform infra-
red absorption measurements to correlate the glass transition in
P3BT with the thermal activation of the dihedral twist between
two thiophene rings.39 We also found that the 1/W exhibited a
sharper transition than the aggregate fraction.
Bulk Heterojunction Film. Conjugated polymers are

typically blended with solubilized fullerene derivatives to form
the active layer of BHJ organic photovoltaic devices. The
thermal behavior of such composites is important for both
optimization of device processing and operational stability.1

Fullerenes are known to slow the dynamics of conjugated
polymers.43 Due to the strong dispersive forces and spherical
geometries, fullerenes act as antiplasticizers and increase the Tg
of the composite.2,44 To demonstrate the applicability of our
approach for such composites, we have characterized a BHJ
layer composed of P3BT and PCBM. The results of our
technique are shown in Figure 4. As expected, we found that
the addition of PCBM served to increase the Tg by about 15
°C. Moreover, we found that the addition of 1,8-diiodooctane, a
common processing additive, resulted in a significant decrease
in the Tg of the BHJ film (Supporting Information, Section 4).

PBTTT-C14. The PBTTT family of polymers are known to
exhibit a highly ordered, liquid-crystalline mesophase. As shown
in Figure 5a, our technique revealed a distinct transition
occurring at 102 ± 1 °C for PBTTT-C14. Previous DSC
measurements have revealed two discrete exotherms upon
cooling. These two transitions occur at ∼100 °C and ∼230 °C
and have been rigorously assigned to the crystallization of the
side chains and the backbone, respectively.45−47 However, the
DSC thermograms reported for PBTTT-C14 revealed no
indication of a glass transition. We have rationalized this finding
through the argument that the weak signal of the glass
transition could be obscured by the endothermic melting of the
side chains, as both occur in the same temperature range. This
argument is further substantiated by the temperature-depend-
ent UV−vis spectroscopic ellipsometry measurements of
DeLongchamp et al., which revealed that the thermochromic
behavior of PBTTT-C14 remains approximately constant until
heated to ∼120 °C.46 These results suggest that segmental
relaxation of the conjugated backbone can be intrinsically
coupled to the dynamics of the side chains, which could lead to
convoluted signals in DSC thermograms.

F8BT. The polyfluorene copolymer, F8BT, has been of
particular interest for photovoltaic applications due to its ability
to act as the electron acceptor in BHJ devices.48 As shown in
Figure 5b, our technique revealed a pronounced transition at
104 ± 6 °C. F8BT has been previously characterized with both
DSC and VTE. DSC measurements revealed an exothermic
feature at 125 °C, which Sirringhaus and co-workers assigned to
the glass transition; an additional, more pronounced
exothermic transition at 240 °C has been assigned to the
crystallization temperature.49 The authors argued that cold
crystallization might also be occurring at the Tg as the chains
become mobile. Additionally, VTE experiments revealed a
sharp transition in the ellipsometric angle at ∼100 °C.50 The
slight negative deviation in our measurement from the DSC
measurements was likely due to thin-film effects, since our
measurement agreed with the transition in the ellipsometric
angle obtained with thin films using VTE.

PDTSTPD. The donor−acceptor polymer PDTSTPD is a
commercially available conjugated polymer that exhibits a high
photovoltaic conversion efficiency when blended with full-
erenes and incorporated into a BHJ device.34,35,51 The Tg has
been reported to be 109 °C based on DSC measurements.34 In
close agreement with these results, we have measured the Tg to
be 106 ± 12 °C (Figure 5c). We note that the transition was
not quite as pronounced as it was for the other polymers tested,
leading to substantially more uncertainty in the measured value.
We ascribed this finding to two factors: a small overall change

Figure 3. Weakly interacting H-aggregate analysis of P3BT. (a)
Representative deconstructed absorption spectrum used to calculate
(b) the aggregate fraction and (c) the inverse exciton bandwidth, 1/W.

Figure 4. Thermal characterization of a BHJ film P3BT:PCBM (0.8:1
by mass). (a) UV−vis absorption spectra for different annealing
temperatures. (b) Deviation metric showing a distinct transition at 75
°C. The addition of PCBM resulted in a ∼15 °C shift in the Tg.
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in the absorption spectrum with annealing and the occurrence
of morphological rearrangement during sub-Tg annealing of this
material.52 When the best fits are not entirely obvious, the
fitting algorithm described in Section 3 of the Supporting
Information is especially important for the accurate determi-
nation of the Tg.
Molecular dynamics simulations have previously predicted a

value of 107 ± 10 °C for the Tg of PDTSTPD.53 This
prediction was achieved by subjecting an initially melted
polymeric simulation to a thermal quenching protocol at
constant pressure. The density was monitored as a function of

temperature, and the glass transition was taken as the
intersection of linear fits to the melted and glassy regions.
The thermal history in our proposed measurement technique is
fundamentally different: an initially kinetically trapped
morphology is gradually heated until polymeric motion
becomes activated and chain segments can relax to a state
closer to thermodynamic equilibrium. To obtain an improved
understanding of this process, we performed additional
simulations that provide a closer representation of the
experimental protocol.

Figure 5. Application of technique to representative semiconducting polymers. UV−vis absorption spectra and corresponding deviation metric
showing the measurement of the Tg for (a) PBTTT-C14, (b) F8BT, and (c) PDTSTPD.

Figure 6. Simulated solution casting: experimental justification and MD snapshots. (a) Comparison between thin-film and solution-phase absorption
spectra showing aggregate behavior in a dilute solution. (b) Snapshots showing the trajectory of the simulated solution casting; individual molecules
are colored separately, and side chains are not shown.
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First, we generated a simulated morphology to represent an
as-cast film that was kinetically trapped at room temperature.
The procedure for simulating solution casting was guided by
solution-phase UV−vis absorption measurements and previous
work.54 As shown in Figure 6a, the UV−vis absorption spectra
of a dilute solution (0.015 mg mL−1, chloroform) and an as-cast
thin film of PDTSTPD both contain aggregate absorption
peaks. Fauvell et al. recently demonstrated that this low-energy
visible absorption is due to self-aggregation-induced ordering
(rather than in-chain charge transfer, as previously thought).54

Thus, to generate the as-cast morphology, self-aggregated
chains were randomly packed at low concentration and allowed
to condense at room temperature and atmospheric pressure
until the density stabilized (Figure 6b). A detailed description
of this process and the results of such simulations can be found
in an earlier publication.36 It has been previously demonstrated
that simulation morphologies generated in this manner give a
closer match to the experimentally determined tensile modulus
of an as-cast film.
The morphology generated by solution casting was far from

thermodynamic equilibrium and contained significant void
space and disorder, as shown in Figure 7(1). The system was

subjected to a heating protocol in which temperature was
gradually increased while density was monitored. We observed
that the density decreased slightly until approximately 110 °C
(2). We attributed this initial thermal expansion to increased
vibrations of the amorphous glass about metastable equilibrium
positions. Above 110 °C there was a clear transition; the
density started to increase with temperature. This behavior was
evidently the result of chain segments escaping from metastable
packing conformations and approaching an equilibrium state
with better intermolecular packing. The density continued to
increase with temperature until about 250 °C (3) where it

peaked and the thermal expansion due to molecular vibrations
dominated. Finally, at approximately 330 °C (4), an
equilibrium melt was achieved, corresponding to the melting
temperature measured using DSC for a structural analogue of
the simulated polymer containing a branched side chain on the
thienopyrrolodione (TPD) moiety.51 When the melted system
was subsequently quenched to room temperature (5), the
density increased to a value substantially greater than that of the
initial morphology.

■ CONCLUSION
The glass transition temperature is of paramount importance in
determining the mechanical properties and thermal reliability of
organic electronic devices. However, this property is not easy to
measure using conventional techniques and often goes
unreported. Facile techniques with broad applicability and
which use simple equipment are necessary. This paper
described a new method to determine the glass transition
temperature of thin films of semicrystalline conjugated
polymers. The technique uses quantitative analysis of the
UV−vis absorption spectra of polymer films subjected to
thermal annealing and requires only commonplace equipment.
We tested the robustness of the technique through comparison
with the literature for various well-characterized conjugated
polymers and a BHJ composite (Figure 8). It is important to

note that this technique works best for materials with a strong
tendency to form ordered photophysical aggregates upon
thermal annealing. For P3BT, an H-aggregate analysis of the
absorption spectra revealed that the observed transition was
dominated by an increase in the average conjugation length due
to thermal relaxation of kinetically trapped dihedral states. MD
simulations demonstrated in atomistic detail how a kinetically
trapped morphology might rearrange due to the annealing of a
solution-cast thin film. This technique should be of interest to
organic materials chemists aiming to characterize the thermal
properties of newly synthesized polymeric semiconductors and
identify structure−property relationships required for molec-
ular design.

■ EXPERIMENTAL METHODS
Materials. Poly(3-butylthiophene) (P3BT, Mn = 50−70

kDa, PDI = 2.1−3.0) was purchased from Rieke metals and
used as received. Poly[2,5-bis(3-tetradecylthiophen-2-yl)-
thieno[3,2-b]thiophene] (PBTTT-C14, Mn > 12 kDa, PDI =
1.8), poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT, Mn

Figure 7. MD simulations showing the thermally activated molecular
and microstructural rearrangements of an as-cast morphology of
PDTSTPD subjected to thermal annealing. Plot of density against
temperature showing that the onset of structural rearrangement
occurred at approximately 107 °C. Images depicting 2 nm slices of
simulation morphologies; individual molecules are colored separately,
and side chains are not shown.

Figure 8. Summary of Tg measurements along with comparisons to
the results of conventional techniques from the literature. Error bars
are based on standard deviations between at least three separate films.
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= 20−100 kDa), and poly[N-9′-heptadecanyl-2,7-carbazole-alt-
5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT,
Mn = 20−100 kDa) were purchased from Lumtec and were
used as received. Poly[(5,6-dihydro-5-octyl-4,6-dioxo-4H-
thieno[3,4-c]pyrrole-1,3-diyl)[4,4-bis(2-ethylhexyl)-4H-silolo-
[3,2-b:4,5-b′;]dithiophene-2,6-diyl]] (PDTSTPD, Mn = 7−35
kDa, PDI = 1.4−2.9), poly({4,8-bis[(2-ethylhexyl)oxy]benzo-
[1,2-b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)-
carbonyl]thieno[3,4-q]thiophenediyl}) (PTB7, Mn = 80−200
kDa, PDI < 3.0), poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinox-
alinediyl]-2,5-thiophenediyl] (TQ1, Mn = 12−45 kDa, PDI <
3.3), poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyleneviny-
lene] (MEH-PPV, Mn = 40−70 kDa, PDI ≈ 6), [6.6]-phenyl
C61 butyric acid methyl ester (PCBM), and 1,8-diiodooctane
(DIO) were purchased from Sigma-Aldrich and used as
received. Chloroform, acetone, and isopropyl alcohol (IPA)
were obtained from Sigma-Aldrich and were used as received.
Alconox was obtained from Alconox, Inc., and was used as
received.
Preparation of Substrates. Glass slides, cut into squares

(1 in. × 1 in.) with a diamond-tipped scribe, were used as
substrates for the polymer thin films. The slides were
thoroughly cleaned in an ultrasonic bath in the following
sequence of 10 min steps: powdered Alconox detergent
dissolved in deionized (DI) water, DI water only, acetone,
and then IPA. After that, the slides were dried with compressed
(house) air and then treated with plasma (30 W) for 5 min at a
base pressure of 200 mTorr of air to remove residual organic
debris and improve surface wettability.
Preparation of Films. Solutions of P3BT, P3BT:PCBM

(0.8:1 by mass), PBTTT-C14, PDTSTPD, and F8BT in
chloroform (10 mg mL−1) were prepared and allowed to stir
overnight. Prior to use, all solutions were slightly heated (∼15
s) with a heat gun to promote dissolution of the polymer. Next,
the solutions were filtered with 0.20 μm PTFE filters,
immediately after which they were spin-coated (Headway
Research PWM32) onto the cleaned glass substrates at 2000
rpm (ramping at 1000 rpm s−1) for 120 s. These conditions
produced films of thicknesses ranging from 80 to 100 nm as
determined by profilometry (Dektak 150 Surface Profiler). All
films were dried under dynamic vacuum in the antechamber of
a nitrogen-atmosphere glovebox (MBRAUN) for exactly 60
min to remove any residual chloroform.
Spectroscopic Characterization and Analysis. Once the

freshly prepared thin films had dried under dynamic vacuum for
an hour, their as-cast (UV−vis) spectra were acquired using an
Agilent 8453 UV−vis spectrometer; the range of wavelengths
measured was from 300 to 750 nm with a sampling increment
of 1 nm (a pristine glass slide was used as a baseline for the
absorption). The glass-supported films were then immediately
heated for 5 min on the surface of a hot plate in a nitrogen-
atmosphere glovebox, after which they were suspended in air
and allowed to cool to room temperature (TR, ∼25 °C) for 3
min prior to acquiring their “annealed” spectra. Starting at TR,
each film was annealed in various increments of temperature (5
°C, 10 °C, or 20 °C) depending on how far its nominal Tg was
from TR. The measurements were concluded once the
annealing temperature sufficiently surpassed the nominal Tg
of the polymer under investigation.
To correlate trends in aggregation and aggregate quality with

annealing temperature, we have used the following model for
H-aggregate absorption:
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where A is the absorption by an aggregate as a function of the
photon energy E, W is the free exciton bandwidth, E0 is the
energy of the 0 → 0 vibronic transition, S is the Huang−Rhys
factor (set to 1 for P3ATs), and Ep is the intermolecular
vibration energy, which (in the case where S = 1) is the
difference in energy between the vibrational levels in the excited
state (set to 0.179 eV as determined by Raman spectroscopy).
The terms m and n are the ground- and excited-state vibrational
levels, and σ is the Gaussian line width.32 The fitting parameters
E0, W, σ, and a scaling factor were found using MATLAB to
perform a least-squares fit to the experimental absorption
spectrum in the region of 1.93 to 2.25 eV.

Molecular Dynamics Simulations. All simulations and
visualizations were performed with LAMMPS55 and OVITO,56

respectively. A detailed description of the atomistic model
parametrization from electronic structure calculations as well as
the simulation process for generating the as-cast morphology
can be found elsewhere.36,57 Briefly, 60 independent and
isolated 12-mers were subjected to a simulated annealing
process using Langevin dynamics (800 to 300 K over the
course of 5 ns, NVT ensemble) in order to generate self-
aggregated chain structures. These self-aggregated structures
were randomly packed into a low-density simulation box (0.01
g cm−3) and were subjected to NPT dynamics at 300 K and 1
atm using a Nose−́Hoover style thermostat (time constant =
100.0 fs) and barostat (time constant = 1000.0 fs) until the
density converged (5 ns). Finally, the as-cast morphology was
subjected to a thermal annealing protocol consisting of
alternating runs between ramping the temperature (20 K
ns−1) and equilibrating (1 ns), while outputting the simulation
trajectory and thermodynamic parameters.
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