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ABSTRACT: The semicrystalline microstructures of donor— T S bisor d(erIeL cample H_cfy]::tla"ites
acceptor conjugated polymers strongly impact their optoelectronic (]
properties. The control of the microstructure relies on the
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understandings of the crystallization processes in these polymers, 2 riglaly
from packing structures to crystallization kinetics. How fast these £ _
conjugated polymer chains crystallize and how their chemical % lprocessing lpmcessmg
structures and pre-existing microstructure history influence their § (m 4,
crystallization have so far remained unclear, due to the fast W ;;#“‘H“;’Jﬁrazb_
crystallization rate caused by chain rigid structures and strong ;%Ei?,?,?] ﬂ:mﬁﬁf ""[,“Hpg" v
interactions. Here, ultrafast scanning calorimetry (FSC) is Vet Ha "“nu:\;v:;ws,iﬁﬁg“
employed to reveal the crystallization behaviors of high perform- I One step Dyala it ' B

AN LR valnh o

ance diketopyrrolopyrrole (DPP)-based conjugated polymers with
scanning rates up to 500000 K/s. Through elaborately designed
nonisothermal and isothermal crystallization studies, we probed the fast crystallization kinetics and extracted the two-step
crystallization process of these polymers quantitatively. We found that both the rigidity of the chain backbones and the preinduced
crystalline microstructures can influence the crystallization rate over an order of magnitude at the same degree of undercooling. We
further demonstrated the manipulated crystallization kinetics in the DPP-based polymer films with different amounts of preinduced
crystallites and correlate it to the polymers’ charge transport mobility.

Crystallization time (s)

B INTRODUCTION

Conjugated polymers with interesting optical, electrical, and
mechanical properties are strongly desired for a vast range of
applications including flexible light-emitting diodes, printable
photovoltaics, wearable electronics, and sensory technolo-
gies.' " These polymers have chemical structures endowed

The evolution of conjugated polymer crystallization typically
consists of two processes: (1) the formation of primary nuclei
or aggregates and (2) the crystal growth. There have been
many processing methods developed to modulate the
crystallization of conjugated polymers, such as thermal
annealing,”>** pretreatments of polymer solutions,”"*> and
advanced deposition methods (e.g., shear coating,”**” template
modification,”® and slow solvent evaporation®”). During these
crystallization processes, the complex intra/intermolecular
forces (e.g, intrachain flexibility constraints and interchain

with a z-electron conjugation along the polymer backbone and
usually form into semicrystalline microstructures. Their
chemical structures primarily dictate their solid-state proper-

ties,””* while the physical packing structures of polymer chains
also play a critical role.””"* For example, improved crystallinity
in conjugated polymer films through annealing can lead to
more than 1 order of magnitude improvement in charge-
transport mobility,">~"” while the suppressed growth of large
crystallites in conjugated polymers results in significant

1,18
"® However, the

improvement in mechanical stretchability.
crystallization behaviors (e.g, the crystallization kinetics and
the crystal growth) of conjugated polymers and their
correlations with the chemical and morphological structures

are still awaiting further understanding.lg*22
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7—7 interactions) and pre-existing structure history (e.g., local
aggregation and anisotropic crystallites) will both impact the
evolution of the crystal structures and, thus, influence the solid-
state properties (e.g., electrical, mechanical). To understand
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the crystallization mechanism of conjugated polymers, many
efforts have been made through morphological character-
izations (e.g, X-ray based scattering and atomic force
microscope (AFM))">'7?%*!" and thermal analysis (e.g,,
differential scanning calorimetry (DSC)).”*™** For instance,
Segalman et al."” employed the grazing-incidence X-ray
diffraction and ultraviolet—visible (UV—vis) spectroscopy to
study the time-resolved crystallization in poly(3-alkylthio-
phene). Muller et al.>® explored the nucleation and crystal
growth of P3EHT through Avrami analysis by DSC isothermal
study. As the characterizations performed in these studies are
in the time scale of minutes to hours and generally provided
the averaged information on all the crystalline regions, the
formation of primary nanocrystalline/nuclei’” in the time scale
of milliseconds or less and the detailed fingerprint of individual
lamellar stacks remain unexplored but are essential for
understanding the resulted microstructures. In addition, the
time-resolved probing of the crystallization kinetics could
provide the time scales of polymer chain rearrangements under
selected conditions and, thus, lead to temporal design rules for
the processing of semiconducting polymer thin films.

It has been challenging to probe the crystallization kinetics
in conjugated polymers, because their strong intermolecular
forces and stiff chain backbones generate a strong tendency for
them to aggregate, thereby leading to an ultrafast crystallization
rate. DSC is the most common characterization method for the
studies of crystallization behaviors. The crystallinity and the
crystal size can be investigated by analyzing the melting peak
from the scanning curves, while the crystallization kinetics can
be probed by studying the endothermic and exothermic peaks
through the nonisothermal crystallization study and analyzing
the crystallization half time and Avrami index via the
isothermal crystallization study.*®*” However, conventional
DSC is not suitable for monitoring the fast initial crystallization
process of the conjugated polymers due to the time mismatch
between the slow scanning rate (up to 100 K/min) and the fast
crystallization rate (over 1000 K/s). Only a few conjugated
polymers with slow crystallization rates have been charac-
terized by conventional DSC for such studies.””*® Never-
theless, fast scanning calorimetry (FSC) has been demon-
strated to be ideally suitable to probe the crystallization
kinetics of conjugated polymers because of its ultrafast
scanning rate (up to 10° K/s) enabled by the nanogram
scale sample amount.'”****™** The nonisothermal and
isothermal crystallization kinetics of flexible poly(3-hexyl
thiophene) (P3HT) have been investigated by FSC;***!
however, rare work has reported the crystallization kinetics of
donor—acceptor conjugated polymers, which typically give
high charge-transport mobility, stability, and mechanical
compliance.”’™* Unlike flexible polymers (e.g, P3HT),
which typically crystallize in folded chain lamellae, extended
chain crystallization occurs in most donor—acceptor con-
jugated polymers due to their planar, torsion-free backbone
conformation.”® With pre-existing structure history, flexible
polymer chains grow into uniform folded chain lamellar
crystals at the crystal growth front with accelerated
crystallization kinetics."” The evolution of such extended
chain crystals with pre-existing structure history might be
different from that of folded chain crystals due to the different
chain conformation, chain mobility, and interactions.

In this work, the crystallization behaviors of diketopyrrolo-
pyrrole (DPP)-based donor—acceptor polymers are studied by
FSC. Through the nonisothermal study, the critical cooling

rate (R) for the avoidance of crystalline formation was
determined to be as fast as 200000 K/s for dithienyl-
diketopyrrolopyrrole (DPPT) and even over S00 000 K/s for
DPP-based polymers with an increased size of fused thiophene
rings. And, a two-step crystallization process was clearly
extracted in DPP-based polymers by time-resolved FSC
measurements. Using Avrami analysis, the increased rigidity
of the chain backbones and the rapidly formed crystallites
during the first-step crystallization process were found to
accelerate the crystallization rate over an order of magnitude at
the same degree of undercooling relative to the melting
temperature. Based on these thermal characterizations, DPP-
based polymer films with a higher crystallinity were obtained
during thermal annealing by increased the preinduced
aggregates which, in turn, leads to a higher charge transport

mobility.

B EXPERIMENTAL SECTION

Materials. The DPP-based conjugated polymers with systemati-
cally controlled backbone structures were synthesized via the reported
methods.*’ ™" Their number-averaged molecular weights and
polydispersity indexes were measured using high temperature gel
permeation chromatography (calibrated with monodisperse polystyr-
ene standards) performed at 170 °C with 1,2,4-trichlorobenzene as
the solvent. The molecular weights and polydispersity indices of these
polymers are shown in Table SI1. Polymer solutions were first
prepared in glass vials by dissolving 10 mg of sample in 1 mL of
chloroform at 50 °C for 30 min. The ultrasonication-treated solution
was prepared by ultrasonicating the solution for S min by an
ultrasonic cleaner (35 kHz, 100W). The UV-treated solution was
prepared by exposing the solution to UV irradiation (8 mW/cm?, 254
nm) for 5 min. During the UV treatment, the vial was stirred at a
speed of 300 rpm.

Thin Film Preparation. A thin layer of a water-soluble sacrificial
layer (polystyrenesulfonate (PSS)) was first spin-coated on a cleaned
silicon substrate. Next, conjugated polymer thin films were spin-
coated on the PSS layer, obtaining a thickness around 80 nm. Then,
thin films were annealed at 40 °C under vacuum for 30 min to remove
the residual solvent and then cut into small pieces on the substate.
Finally, tiny pieces of conjugated polymer thin films were released by
dipping the substrates into the water and transferred onto the heating
area of XI-400 sensors.””** To control the mass of each sample, the
film pieces were cut down to a size that just covered the heating area
of the sensor as shown in Figure S7. The sensors were annealed under
a vacuum at 40 °C for 2 h to remove residual water.

Fast Scanning Calorimetry. Crystallization studies of bulk
samples were performed using the custom-made ultrafast FSC device
in combination with XI-393 sensors (calibrated by indium).*”** The
XI-393 sensor has a work area of 6 gm X 8 um. Thin layer samples
were cut under the optical microscope by a sharp scalpel and then put
on the center of the sensors’ work area by a thin copper wire. Liquid
nitrogen is used as a coolant here. All measurements were performed
under an ambient nitrogen atmosphere. Unless otherwise specified,
the cooling and heating rates of FSC used in this paper were 500 000
K/s and 100 000 K/s, respectively.

Flash DSC 1. Crystallization studies of thin film samples were
performed using the Flash DSC 1 made by Mettler Toledo. An
intracooler (TC100MT, Huber) enables the scanning temperature
range between —90 and 450 °C and scanning rate up to 4000 K/s.
The scanning rate of 4000 K/s was used in the measurements of thin
film samples. Nitrogen was used as a purge gas with a constant flow of
20 mL/min. The MultiSTAR UFS1 (XI-400, Xensor Integrations,
NL) based on MEMS (Micro-Electro-Mechanical Systems) technol-
ogy was used as the chip sensors. The chip sensors were both
conditioned and corrected for temperature calibration according to
Mettler Toledo procedures before use.

Organic Field-Effect Transistor (OFET) Fabrication and
Characterization. The electrical characterization was performed
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Figure 1. Nonisothermal crystallization behaviors in DPP-based conjugated polymers at different cooling rates. (a) Chemical structures of DPPT,
DPPTT, and DPPTTT. (b) FSC sensors loaded with samples. (c) Temperature programs for the nonisothermal crystallization studies. (d—f)
Cooling curves of FSC experiments for (d) DPPTT, (e) DPPTT, and (f) DPPTTT-44 kDa measured at different cooling rates.

on bottom-gate, bottom-contact field effect transistors fabricated by
directly spin coating DPPTT films (1000 rpm for 60 s) on top of a
rigid device stack (S50 nm Au source and drain electrodes on OTS-
treated 300 nm SiO,/Si). The channel length (L) and width (W) are
200 pym and 4 mm, respectively. The capacitance of the dielectric
layer is 11.5 nF cm™. All of the electrical characteristics of the
semiconducting layer were measured using Keithley 4200 under an
ambient environment. The drain current (Ipg) vs gate voltage (Vi)
was plotted. And, the charge carrier mobility was calculated in the
regime between —80 V to 0 V by fitting the following equation:

L= WCqx
ps = T

#(Ves — Vi)

where W is the channel width, L is the channel length, C,, is the
capacitance per unit area of the dielectric layer, y is the hole mobility,
and V, is the threshold voltage.

Morphological Characterizations. A Vecco nanoscope V
atomic force microscope (AFM) was used to record the topography
images of the thin films with different retreatment conditions and
post-thermal annealing. Grazing incidence wide angle X-ray scattering
(GIWAXS) experiments were performed using a lab-based Xuess 2.0
SAXS/WAXS instrument. The samples were measured with an X-ray
wavelength of 1.54 A for 5400 s at an incident angle of 0.2°. The
scattering data was collected by a Pilatus 1 M detector with a sample-
to-detector distance of 150 mm. Both 2D and 1D data were processed
using Igor 8 software together with the Nika package and GIWAXS
Tools. The relative degree of crystallinity was calculated through pole
figure analysis on the 100 peak. The data was processed through
background and geometry correction, followed by normalization of
the film thickness and exposure time. Ultraviolet—visible absorption
(UV—vis) spectra were obtained with a Shimadzu UV-3600 Plus
UV—vis—NIR spectrophotometer.

B RESULTS AND DISCUSSIONS

Ultrafast Crystallization Rate in DPP-Based Conju-
gated Polymers. The crystallization kinetics of DPP-based
conjugated polymers with different sizes of fused thiophene
rings (Figure la and Table S1, Supporting Information) are
first investigated here by nonisothermal crystallization studies.
The exotherms of DPP-based conjugated polymers at different
cooling rates are presented in Figure 1. Due to the tiny
sampling amount on the chip sensor (8 ym X 14 um, Figure
1b), a well-controlled scanning rate up to S00 000 K/s can be
achieved by FSC.

In these nonisothermal crystallization experiments (Figure
1c—f), the polymer samples were first heated above the melting
temperatures (T,,) and held for 0.1 s to melt out any existing
crystals. Next, the samples were cooled down at different
cooling rates to their glassy state, and the cooling curves were
recorded by FSC. If the sample is cooled at a rate faster than
needed for forming crystals, the crystallization can be
suppressed. The critical cooling rate (R.) here can be used
to qualitatively compare the crystallization kinetics in materials.
As shown in Figure 1d, the crystallization peak in the cooling
curves of DPPT disappeared at a cooling rate of 200 000 K/s,
indicating the R. of DPPT is reached. Compared with the
reported R. (30 000 K/s) of P3HT,*"*’ R_ of DPPT is much
higher, implying much faster crystallization kinetics in DPPT.
With the further increase of the size of the thiophene unit, the
crystallization of thieno[3,2-b]thiophene-diketopyrrolopyrrole
(DPPTT) and dithieno[3,2-b:2',3’-d]thiophene-diketopyrrolo-
pyrrole (DPPTTT-44 kDa) during cooling could not be
avoided even at the cooling rate up to 500000 K/s (Figure
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Figure 2. Two-step crystallization process observed in DPPTTT. (a, b) Temperature programs for the studies of nonisothermal crystallization (a)
and isothermal crystallization (b). (c) Heating curves of FSC experiments after cooling with different rates and holding at —100 °C for 0.5 s for the
DPPTTT-44 kDa sample. (d) Reheating curves of FSC experiments after isothermal crystallization at 250 °C for the DPPTTT-44 kDa sample. The
heating rate and cooling rates (except for the blue lines in (a)) are 100 000 K/s and 500 000 K/s, respectively. The black arrow and red arrow in
(c) indicate the crystals formed at the first-step crystallization and the crystals stabilized during the second-step crystallization, respectively.

lef), which is close to the predicted R. of high-density
polyethylene with extremely fast crystallization.”® Even though
these DPP-based polymers contain bulky side groups, we infer
that their rod-like rigid backbone structures and strong
intermolecular forces the resulted from the 7—x interactions
among chromophores strongly drive the polymer segments to
crystallize at an ultrafast rate. With the further increase of the
backbone rigidity by introducing a larger fused thiophene
unit,’ even faster nonisothermal crystallization kinetics is
enabled.

Two-Step Crystallization Process in DPP-Based
Polymers. To further explore the evolution of the
crystallization process in DPP-based polymers during cooling,
we performed two types of thermal characterizations by FSC.
First, the nonisothermal crystallization process of the DPPTTT
and DPPTT polymers was studied by a cooling-rate-dependent
characterization using the temperature program illustrated in
Figure 2a. As shown in Figure 2c and Figure S1, the melting
peak can be observed in each heating curve after cooling with
rates ranging from 1000 K/s to 500 000 K/s. We note that the
melting peaks overlap in the heating curves after cooling at
rates from 500 000 K/s to 50 000 K/s for both DPPTT and
DPPTTT samples (as pointed to by the black arrow in Figure
2c), indicating a constant amount of crystals formed during
these thermal processes. When the cooling rate is lower than
20000 K/s, the melting peak starts to increase. This

phenomenon implies a two-step crystallization behavior in
these DPP-based polymers, including an ultrafast crystalliza-
tion (first-step) accomplished during the cooling at rates even
higher than 500000 K/s, and then a relatively slower
crystallization (second-step) starts to occur at cooling at
rates lower than 20 000 K/s. The second-step starts to occur at
cooling at rates lower than 20000 K/s. The increased T
indicates the increased extended length of the chains in the
crystalline fraction and the perfection of crystalline structure to
higher stability.”’ Here, the T,, values of the rapidly formed
crystallites during the first step exhibit a high value, suggesting
a stable crystalline structure already formed. With further
decreasing the cooling rates, the T, value first decreases and
then gradually increases with the melting peaks getting broader
and bigger (red arrow in Figure 2c), indicating the crystallites
that formed during the second step gradually grow and
stabilize.

To confirm this hypothesis of two-step crystallization,
second, we performed the isothermal crystallization study on
DPP-based samples through the temperature program shown
in Figure 2b. Samples were first heated to melt and then
quenched at 500 000 K/s to —100 °C. Then, the samples were
heated up again (100000 K/s) to a desired isothermal
temperature and left crystallized for a certain length of time
and then quenched (500000 K/s) to —100 °C. At last, the
growth of crystals during the previous isothermal process was

https://dx.doi.org/10.1021/acs.chemmater.0c03854
Chem. Mater. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03854/suppl_file/cm0c03854_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03854?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03854?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03854?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03854?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03854?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

(a) (c)

It
me 5
g ™r §
S
% Annealing bQ
s iy
[ [
o r 9
E 9
ﬁ
Time
(b) o4 —_
Crystallized at DPPTTT 44 kDa !”
300 °C from o~
- amorphous =
X state ()
= 0.30 1
(=
-’
>
b4
%.? 0.15 4
Q.
1]
(&]
it
1]
@ 0.00 - 10 ms 50 ms
I ——01s ——05s
—1s —5s
— 10s — 100s
others

3é0 3('30 3;0 3&0 SéO
Temperature (°C)

10 4

0.01 4

Isothermal crystallization
from amorphous state

%’ /

A\

(o] o]
AN
O\ O/

Nl i
A \I:I\ '3/
TA-DPPT47kDa [\

-0 I:l\ N /g%u

L5 DPPTT 51 kDa (= Ny =]
\u:g:E’

B DPPTTT 44 kDa
Isothermal crystallization
with H-crystallites

/

B DPPTTT 26 kDa
DPPTTT 17 kDa

160 180 200 220 240 260 280 300 320

Crystallization temperature (°C)

Figure 3. Accelerated crystallization kinetics in DPP-based polymers with preformed H-crystallites. (a) Time—temperature program of the
experiments for the study of isothermal crystallization from the amorphous state. (b) Reheating after isothermal crystallization from the amorphous
state at 300 °C of the DPPTTT-44 kDa sample. (c) Crystallization half-time of DPPT, DPPTT, and DPPTTT samples as a function of the
crystallization temperature. The solid symbols indicate the isothermal crystallization from the amorphous state. The hollow samples indicate the
isothermal crystallization after the formation of H-crystallites. Detailed crystallization kinetics of each sample are shown in Figures S6 and S7.

monitored quantitatively by analyzing the melting peaks in the
last heating scan curves. This isothermal crystallization was
investigated at a wide range of temperatures, which will be
discussed in the next section. Figure 2d shows the isothermal
crystallization of the DPPTTT-44 kDa sample at 250 °C as an
example to illustrate the details. Two melting peaks (marked as
high-T and low-T) were clearly observed in the heating curves
with the high-T peak remaining the same within the first few
milliseconds of isothermal crystallization. This confirms the
existence of the two-step crystallization process we observed in
the nonisothermal study, and this high-T peak corresponds to
the melting of the crystallites formed during quenching at a
high crystallization rate (H-crystallites). During annealing,
second step crystallizations occurred, as determined by the
increased temperature and area of the low-T peak. Eventually,
the low-T and high-T peaks gradually merge into one peak,
moving slowly toward higher temperatures because of the
formation of larger crystallites with a higher thermal stability
during annealing. Surprisingly, the melting temperature (the
merged peak) of crystals in the sample annealed for 10 s is still
lower than that (initial high-T peak) of H-crystallites formed
during quenching. This result indicates the higher stability of
crystallites formed at first step crystallization during quenching.
Similar results were also observed for DPPTT and DPPTTT
samples with different M,, values as shown in Figure S2. Such
rod-like rigid backbone structures and the strong intermo-
lecular forces resulting from the 7—x interactions strongly
drive the D—A polymer segments to form locally ordered
structures at an ultrafast rate from melt or concentrated
solutions, which is the origin of the H-crystallite formation.
After the formation of these initial H-crystallites, the average

dynamic mobility of conjugated polymer chains in the
amorphous region decreases due to the restrictions from the
formation of the rigid amorphous region near the crystalline
regions.”>>>* Such suppressed segmental mobility reduces
chances for chain segments to further form ordered crystal
nuclei and incorporate additional available segments onto the
established crystals. The system needs to absorb more energy
to overcome the potential energy barrier for further
crystallization. As the crystallinity of this DPP-based
conjugated polymer is low,'” most of the conjugated polymer
chains are still in the amorphous regions. When giving more
thermal energy (by reducing cooling rate or annealing), the
conjugated polymer chains which are “far away” from the H-
crystalline regions move first as they have relatively higher
dynamic mobility than the ones near the H-crystalline regions
and form the new/secondary local ordered structures (i.e.,
primary crystallization of the second-step crystallization
process). Thus, we observed such two crystallization steps in
the rigid D—A copolymers.

Two Types of Isothermal Crystallization Kinetics in
DPP-Based Polymers with or without H-Crystallites. The
crystallization kinetics of polymeric materials relies on many
factors, including chain ri§idity, molecular weight, and pre-
existing microstructures.”"” Isothermal crystallization studies
have been demonstrated as a powerful method for analyzing
the crystallization kinetics of polymers.*”*” However, such
studies for conjugated polymers are challenging because their
strong tendency to crystallize makes it difficult to reach a truly
amorphous state in which controlled annealing can be carried
out. In this work, two types of isothermal crystallization studies
were designed and compared, which involve (1) rapid
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Figure 4. Promoted crystal growth of DPPTTT-44 kDa with preformed H-crystallites. (a) Melting enthalpies of isothermal crystallization of
DPPTTT-44 kDa from the amorphous state (top) and with preformed H-crystallites (bottom) as a function of the crystallization time. Data points
were fitted using a modified Kolmogorov—Johnson—Mehl—Avrami equation.®® (b) Melting enthalpies of the isothermal crystallization of
DPPTTT-44 kDa at 290 °C with and without H-crystallites. (c) Illustration of the two-step crystallization mechanism of commonly processed
DPP-based polymers. The green curve indicates the crystal formation at the first step, while the black curve indicates the crystal formation with
slower kinetics. Inset AFM images indicate the morphologies of the samples quenched from the melt and after a long time of annealing,
respectively. The scale bar indicates 200 nm. (d) Schematic image of the impact of the presence of preformed H-crystallites on the isothermal

crystallization.

quenching from melt to an annealing temperature that was set
higher than the onset temperature of crystallization to avoid
the nonisothermal crystallization (Figure 3a) and (2) rapid
quenching from the melt to glass, followed by controlled
annealing at different temperatures (Figure 2b). According to
the thermogravimetric analysis (TGA) (Figure S3) and
thermal cycling study (Figure S4), fast scanning permits
exposing the sample at high temperatures for a time shorter
than that necessary to start degradation.

The first type of isothermal crystallization allows the study of
the crystallization kinetics of DPP-based conjugated polymers
crystallizing from the amorphous state. For DPPTT and
DPPTTT samples, the crystallizations during cooling start at
the temperatures of 230 and 290 °C (Figure le,f), respectively.
In order to avoid any crystallizations during cooling, the
temperatures of the isothermal annealing and the onset of
measurement were set above 230 and 290 °C for DPPTT and

DPPTTT samples, respectively. As the crystallization of DPPT
can be fully suppressed at the cooling speed of 500 000 K/s,
the range of the annealing temperatures was set broader.
Figure 3b plots the heating curves of the DPPTTT-44 kDa
polymer crystallized at 300 °C for different lengths of time as
an example to show the details of crystal growth. From the
heating curves, we found that there was nearly no crystal
formed after the polymers were annealed for 10 ms (yellow
curve). During the annealing time between S0 and 100 ms, the
melting peak position is almost constant with an increasing
peak area, indicating the formation of primary crystals (black
arrow in Figure 3b).* After 100 ms, the T, value kept
increasing with the increased annealing time, implying the
further growth and stabilizing of the crystals (blue arrow in
Figure 3b). Similar results were observed in DPPT and
DPPTT samples (Figure SS). The areas of the melting peak as
a function of the crystallization time were plotted for each
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Figure S. (a) Heating scans of as-cast films (top) and annealed films (bottom) deposited via spin-coating from pristine solution, ultrasonicated
solution, and UV-treated solution. (b) Melting enthalpies of as-cast films and annealed films deposited via spin-coating from pristine solution,
ultrasonicated solution, and UV-treated solution. The annealing process was performed at 170 °C for 10 min. AFM images and 2D GIWAXS
patterns for the (c) annealed film from the UV-treated solution, (d) annealed film from the pristine solution, and (e) as-cast film from the pristine
solution. The scale bar indictes 200 nm. (f) Relative degree of crystallinity (RDoC) of as-cast and annealed films spin-coated from pristine and UV-
treated solutions determined by 2D GIWAXS. (g) Characteristic transfer curves and (h) calculated mobilities of films through different pre- and

post-treatments.

sample (Figure S6), which allowed the determination of the
crystallization half-time through the modified Avrami equa-
36,54 o . I

tion, considering primary and secondary crystallization:

n

t
AH = AH_J1 — exp|—| —In2
/2

11t =17,
+ Ay(Int—1In7 ) > —2 4

~ M

Here, AH is the total enthalpy change measured on heating,
AH,, is the enthalpy change of primary crystallization, ¢ is the
crystallization time, 7,,, is the crystallization half-time, n
represents the Avrami coeflicient, and A, is a secondary
crystallization parameter. The half times of the first type of
isothermal crystallization are shown in the yellow region (solid
symbols) of Figure 3c.

The second type of isothermal crystallization studies the
crystallization kinetics of DPP-based conjugated polymers with
pre-existing H-crystallites (formed during quenching). As

discussed above, after the cooling from the melt to glass
state at a rate of 500 000 k/s for DPPTT and DPPTTT, some
crystallites with high stabilities can be formed. A rate of 50 000
K/s is chosen for the DPPT sample to enable the formation of
H-crystallites in its initial microstructure. Following the
temperature program illustrated in Figure 2b, heating scans
after the isothermal crystallization of DPP-based polymers
were measured by FSC. Equation 1 was used to plot the
melting-peak areas as a function of crystallization time as
shown in Figure S7.

Figure 3¢ summaries the calculated crystallization half times
to demonstrate the isothermal crystallization kinetics of DPP-
based polymers with different backbone rigidities and different
M, values, as well as with or without preformed H-crystallites.
Most interestingly, 7, ,, of the DPP polymers with the presence
of preformed H-crystallites could be more than 1 order of
magnitude shorter than the one crystallized from the
amorphous state. This indicates that the presence of H-
crystallites can significantly accelerate the crystal growth during
annealing. Second, with the same thermal history, the
isothermal crystallization behaviors strongly correlate with

https://dx.doi.org/10.1021/acs.chemmater.0c03854
Chem. Mater. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03854/suppl_file/cm0c03854_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03854/suppl_file/cm0c03854_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03854?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03854?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03854?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03854?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03854?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

the backbone structure. With the increased size of the fused
thiophene unit in the conjugated backbone, the highest
crystallization rate (lowest 7,,,) for each sample and the
temperature to reach this rate both increased. Compared to the
pre-existing crystallites and chain rigidity, M,, exhibits much
less influence on the crystallization kinetics in DPPTTT
polymers.

The influence of the preformed H-crystallites on the crystal
growth of DPPTTT in the previous two types of isothermal
crystallization was further studied in Figure 4. The melting
enthalpies of DPPTTT that underwent the two types of
isothermal crystallization at temperatures from 290 to 320 °C
were plotted as a function of the crystallization time in Figure
4a. We found that the overall crystallinity in DPPTTT with
preformed H-crystallites was higher than that of the sample
crystallized from the amorphous state during the same
annealing condition (Figure 4b). Combining the two curves
of the crystal growth here with the above studies, a schematic
image of the two-step crystallization process that may exist in
most commonly processed DPP-based conjugated polymers
was illustrated in Figure 4c, including an extremely fast first-
step crystallization (~us) and a relatively slower second-step
crystallization. From the AFM images, the sample quenched
from melt to glass exhibits a morphology with a lot of nodular
domains while more fibril structures were observed in the
annealed sample, indicating the further crystal development
that connected nodular domains during second-step crystal-
lization.

The impact of H-crystallites on the subsequent crystal-
lization is demonstrated by the schematic image in Figure 4d.
Unlike flexible polymers (e.g., P3HT), which typically
crystallize in folded chain lamellae, rigid and highly planar
D—A polymer chains without folding tend to grow into the
extended chain crystals. The relatively planar backbone
structures and the strong intermolecular forces strongly drive
the D—A polymer segments to form into H-crystallites when
they are cooled from the melt at an ultrafast rate. Then new
crystals could grow easier on the surface of the existing H-
crystallites during processing due to low surface free energy,
leading to a higher crystallization rate and promoted
crystallinity than that from the amorphous state. These
observations indicate a higher degree of crystallinity can be
achieved by processing, which could further impart the
electrical property in these DPP-based conjugated polymers.

Promoted Crystallizations Enable Higher Charge
Carrier Mobilities. The above studies of crystallization
behaviors by FSC can provide the knowledge of designing
processing protocols for DPP-based polymers to achieve more
crystallized microstructures, which are favorable for the
electrical performance. Usually, these DPP-based conjugated
polymers are solution-processed into thin films and then
thermally annealed at a temperature below the melting point
for further crystallization before being fabricated into devices.
Based on the observations in Figures 3 and 4, we infer that the
boosting of preformed aggregates (nanocrystalline) in
solutions may enhance the first step crystallization during
solidification (solution-processing) and further improve the
crystal growth during the follow-up thermal processing in
DPP-based polymer films. Using morphological character-
ization methods, people have observed the improved
crystallization in P3HT films by introducing aggregations in
P3HT solutions through ultrasonication and low-dose UV
irradiation.” > Here, we explored the impact of such

preformed H-crystallites on the crystallization behaviors in
DPP-based polymers using thermal characterizations enabled
by ESC.

DPPTT polymer solutions were first pretreated by ultra-
sonication or UV irradiation to promote the growth of
aggregates in solutions (Figure S8). Then, three types of thin
films were spin-coated from these two treated solutions and
one untreated solution (control), respectively. These prepared
films were transferred to the Flash DSC sensor with a larger
sensing area for better signal resolution (Figure S9). From
Figure Sa, two-step crystallization behavior was again found
during polymer solidification from solutions as indicated by the
two melting peaks in the first heating curves of these three as-
cast films. We note here that the difference of the melting
temperature (T,,) of each peak between the film sample and
the bulk sample could be caused by the restricted growth of
crystals under a nanoconfinement effect.”” A larger area of the
high-T peak was observed in the curves of the films spin-coated
from pretreated solutions, which indicates that the increased
preformed aggregations in solutions can promote the first-step
crystallization during solidification. Even though FSC can
detect the crystals with the size down to a few nanometers, the
low T, peak corresponds to the melting of different types of
crystallite from that of the high-T peak rather than the melting
of aggregates in the sample. After annealing at 170 °C for 10
min (Figure Sb), the total melting enthalpies increased
considerably in all three films, with more increments in the
films spin-coated from pretreated solutions than untreated
solutions as implied by the steeper slopes shown in Figure Sc.
In addition, after post-thermal treatment, the melting temper-
atures (low-T peak) of the films spin-coated from pretreated
solutions were higher than that of the film spin-coated from the
pristine solution, indicating thicker lamellas with higher
thermal stability were formed in the films spin-coated from
pretreated solutions during the annealing process. These
thermal characterizations clearly show the two-step crystal-
lization mechanism in DPPTT polymers and the promoted
crystallization during subsequent annealing by introducing
preformed H-crystallites in the as-cast films. Compared with
the as-casted and annealed films deposited from the untreated
solution, the corresponding ones prepared from pretreated
solutions showed more obvious fibril-like morphologies and
slight increments of surface roughness (0.55 nm for Figure Sc,
0.77 nm for Figure 5d, and 0.92 nm for Figure Se) from AFM
images, indicating more crystalline structures (Figure Sc—e,
left, and Figure S10). GIWAXS measurements showed that the
relative degree of crystallinity (RDoC) of the films spin-coated
from UV-treated solution was higher than that of films spin-
coated from the pristine solution (Figure Sc—e, right, Figure 5f,
and Figure S11).”° These morphological characterizations are
consistent with the observations from the thermal character-
izations.

The charge-carrier mobility of these DPPTT films was
measured in thin-film transistors with a bottom-gate—bottom-
contact device structure. As shown in Figure Sg,h and Figure
S12, the as-cast DPPTT films prepared from pretreated
solutions display higher currents (I,) and charge carrier
mobilities (i) than those of the as-casted film prepared from
the untreated solution. When these films were annealed at 170
°C for 10 min, I and u of the annealed films were all
increased, with more increases observed in the annealed films
prepared from pretreated solutions. These electrical character-
izations again confirm the results from the thermal studies and
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demonstrate how knowledge gained from thermal studies play
a role in designing the processing protocol for achieving better
performance.

B CONCLUSIONS

In summary, FSC was employed to reveal the crystallization
behaviors of DPP-based conjugated polymers with different
chain rigidities, molecular weights, and pre-existing micro-
structures at scanning rates up to 500000 K/s. Through
elaborately designed nonisothermal and isothermal crystal-
lization studies, we probed the ultrafast crystallization kinetics
and extracted a two-step crystallization process in these
polymers quantitatively. The crystallites formed in the first
step display an extremely fast crystallization rate and high
thermal stability. Based on these thermal characterizations, we
found that both the rigidity of the chain backbones and the
pre-existing crystalline microstructures can influence the
crystallization rate over an order of magnitude at the same
degree of undercooling relative to the melting temperature. We
further demonstrated the manipulated crystallization kinetics
in the DPP-based polymer films with different amounts of
preinduced crystallites and correlate it to the polymers’ charge
transport mobility. These time-resolved thermal analyses of the
crystallization behaviors of these DPP-based conjugated
polymers provide insights into how the polymer chemical
structure and pre-existing microstructure influence the
crystallization kinetics, which, in turn, could provide guidance
on the design rules for conjugated polymer structures and
process conditions for better control of the final active layer
microstructures in polymer-based electronics.
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