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Abstract: Controlling the solution-state aggregation of con-
jugated polymers for producing specific microstructures
remains challenging. Herein, a practical approach is developed
to finely tune the solid-state microstructures through temper-
ature-controlled solution-state aggregation and polymer crys-
tallization. High temperature generates significant conforma-
tion fluctuation of conjugated backbones in solution, which
facilitates the polymer crystallization from solvated aggregates
to orderly packed structures. The polymer films deposited at
high temperatures exhibit less structural disorders and higher
electron mobilities (up to two orders of magnitude) in field-
effect transistors, compared to those deposited at low temper-
atures. This work provides an effective strategy to tune the
solution-state aggregation to reveal the relationship between
solution-state aggregation and solid-state microstructures of
conjugated polymers.

M olecular ordering at various spatial scales of conjugated
polymers in the solid state is the most critical parameter
determining their charge-transport performance in functional
devices, including organic solar cells, stretchable transistors,
and bioelectronics."® Traditionally, researches have subscri-
bed to the belief that the solid-state microstructures of
conjugated polymers directly depend on the molecular
structures.®”*! However, a solution process is needed for
conjugated polymers when used in the fabrication of the
devices. It has been recently demonstrated that the solution-
state aggregation affects solid-state microstructures and
charge transport properties.” ! Revealing the relationship
between solution-state aggregation and solid-state micro-
structures is a crucial aspect of organic electronics. However,
conjugated polymers usually form inter-chain entanglement
and complicated aggregates in solution owing to strong m—mr
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interactions, making it difficult to probe, characterize, and
control the solution-state aggregation.['””!

Solution-state aggregation is a general phenomenon for
conjugated polymers. However, directly controlling the
solution-state aggregation of conjugated polymers remains
a challenge due to the lack of adequate characterization and
modulation methods. Recently, considerable works have
focused on the solution-state aggregation of conjugated
polymers to control the solid-state microstructures and to
speed up the optimization of their device performance.
Efforts have been devoted to employing the effect of
temperature and solvent on the polymer aggregation and
microstructures. For example, Yan and co-workers demon-
strated the temperature-dependent aggregation for control-
ling the polymer morphology.”'¥ Kim et al. reported a high-
temperature solution processing to control polymer crystal-
lization, leading to optimized microstructures and enhanced
mobility.?” Li et al. demonstrated a novel polymorphism of
a diketopyrrolopyrrole (DPP) based conjugated polymer via
a mixed solvent strategy, which exhibited enhanced mobi-
lity."”) However, the effect of polymer stacking structures in
solution-state aggregates and their evolutions are rarely
evaluated, which critically affects the microstructures.

Herein, we report an effective approach to tune the
microstructures of conjugated polymers through temper-
ature-controlled solution-state aggregation. Multiple charac-
terization and theoretical simulations are used to unravel the
solution-state aggregation of polymers. We demonstrate that
the polymer conformation, aggregate size, and thermal
motion in solution can be manipulated in situ by controlling
the temperature. Moreover, high temperature of polymer
solutions makes it easier to overcome the energy barrier from
solvated aggregates to ordered microstructures. Furthermore,
polymer films deposited at higher temperatures exhibited
more ordered packing and less structural disorder than the
films deposited at room temperature. The orderly packed
films showed much-improved carrier mobility, up to two
orders of magnitudes, compared with the disordered samples.

In this work, a conjugated polymer based on four-
fluorinated benzodifurandione-based oligo(p-phenyleneviny-
lene) (F,BDOPV), and 1-chloronaphthalene (CN) as solvent
were adopted (Figure 1a)."?? The high boiling point (260°C)
of CN provides a wide temperature window to control the
polymer aggregation in solution. The solution was spin-coated
onto substrates, and a liquid film was obtained due to the high
boiling point of CN. Then, the liquid samples were immedi-
ately transferred onto a hotplate for solidification (Support-
ing Information, Figure S1). To characterize the charge
transport properties of the polymer films, field-effect tran-
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Figure 1. a) Molecular structures of F,BDOPV-2T and 1-chloronaphtha-
lene. b) Evolution of mobility against deposition temperature. Inset:
diagram of a polymer transistor. c) Transfer characteristics of transis-
tors with the deposition temperature of 30, 100, and 150°C. The drain
voltage is 60 V in the saturated regime, the channel width and length
are 1200 and 30 pm, respectively. d) Distributions of mobilities with
polymer films deposited at 150°C using 1-chloronaphthalene (CN) and
the conventional spin-coated films using o-dichlorobenzene (ODCB).

sistors (FETs) were fabricated. All polymer transistors
exhibited reliable n-type carrier transport (Supporting Infor-
mation, Figures S2-S4, and Table S1). The polymer films
deposited at 30°C exhibited the lowest electron mobility of
0.01240.003 cm*V~'s™. In contrast, when the deposition
temperature was increased to 150°C, the mobility reached
2634042 cm*V~!s!, which is two orders of magnitude
higher than the films deposited at 30°C (Figure 1). The effect
of contact resistance on extracted performance was excluded
(Supporting Information, Figures S5, S6). Further increasing
the deposition temperature resulted in a slight decrease in
mobility. Significantly, the mobility of the polymer films
deposited at 150°C was enhanced to reach 2.63+
0.42 cm*V~'s™! with the maximum value of 3.71 cm*V~'s™,
which is almost three times than the mobility of films
fabricated from o-dichlorobenzene solution of 0.87+
0.31 cm*V~'s™! thanks to the tuned microstructures (Fig-
ure 1d).
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These polymer films exhibited similar absorption spectra
(Supporting Information, Figure S7), and similar top-surface
morphology according to the atomic force microscopy images
(Supporting Information, Figure S8). To gain a better illus-
tration of the microstructures, grazing incidence wide-angle
X-ray scattering (GIWAXS) experiments were conducted on
these polymer films (Figure2; Supporting Information,
Figures S9-S11). Obvious out-of-plane (#00) diffraction
peaks were recognized in all GIWAXS patterns, indicating
that edge-on packing mode was adopted. As can be seen from
the GIWAXS patterns, polymer films deposited at room
temperature (30°C) exhibited the weakest diffraction peaks,
indicating that the polymer film was much disordered. With
the deposition temperature increased to 60°C or higher
temperatures, all the diffraction peaks have become stronger,
indicating that the thin film has become more ordered and
crystalline. By temperature-controlled solution-state aggre-
gation, the polymer films became more ordered than the
conventional spin-coated samples using o-dichlorobenzene
solution (Supporting Information, Figure S11). Compared to
the polymer films deposited at 30°C, the lamellar distance
decreased from 29.24 to 28.55 A with increased temperatures
and retained about 28.5 A (Figure 2¢). Meanwhile, the m—m
distance in these films remained in the range of about 3.4 to
3.5 A (Supporting Information, Table S2). Temperature-de-
pendent lamellar distance and diffraction peak intensity
demonstrate that crystallization at a higher temperature
(such as 80, 140, and 150°C) than room temperature benefits
the polymer packing and results in crystalline polymer films.

To quantitatively determine the molecular ordering and
crystallinity of the polymer thin films, two parameters,
coherence length (L.) and paracrystalline disorder (g
factor), were calculated (Figure 2¢). The coherence length is
commonly used to describe the size of crystalline grains in
polymer thin films.”® A larger coherence length usually
indicates higher crystallinity. The paracrystalline disorder is
regarded as a percentage of the mean lattice spacing, arise
from the twisted backbone and packing dislocation of
polymers.?*l As the deposition temperature increased from
30 to 150°C, the polymer films exhibited increasing coherence
length and decreasing paracrystalline disorder. For the
polymer film deposited at 30°C, the coherence length was
only 5.97 nm (equals to 2 lamellar stacking layers), and the
paracrystalline disorder was large as 19.75%. The large
paracrystalline disorder over 15 % usually represents a glass
or melt, indicating high disorder in this amorphous film." For
the polymer film deposited at 150°C, it showed the highest
coherence length of 24.04 nm (equals to 8 lamellar stacking
layers) and the lowest paracrystalline disorder of 9.72%.
Further increasing of the deposition temperature resulted in
a slight decrease in the coherence length and increase in
paracrystalline disorder because excessive thermal motion at
higher deposition temperature can lead to more structural
disorders. As consistent with the microstructure variations,
higher carrier mobilities were obtained in the polymer thin
films with larger grain size and less structural disorders.*

As conjugated polymers usually form aggregates in
solution, which would significantly influent the polymer
crystallization,"'*) we performed insitu temperature-de-
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microstructures. With increas-
ing temperature from 30 to
220°C, the absorption maxi-
mum A,,,, at 810 nm blue-shifted
to 775nm, while another
absorption peak at 884 nm
almost vanished (Figure 3a).
The large blueshift up to 35 nm
in absorption features might
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Figure 2. Molecular ordering in polymer thin films deposited at different temperatures. a) 2D GIWAXS
images of polymer film deposited at 30, 100, 140, and 200°C. b) 1D GIWAXS plots along out-of-plane
direction. c) Evolution of lamellar d-spacing, coherence length, and g factor in polymer thin films
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Figure 3. a) Temperature-dependent absorption spectra of F,BDOPV-
2T in 1-chloronaphthalene. b) Representative snapshot from molecular
dynamics simulations of the F,BDOPV-2T decamer in 1-chloronaphtha-
lene. c),d) Simulated torsion angle distributions of c) isatin-thiophene
(I-T) and d) thiophene—thiophene (T-T) at different temperatures.

e) In situ SANS curves of the polymer solution at different temper-
atures. f) Size distributions of polymer aggregates at different temper-
atures.

pendent absorption spectroscopy, theoretical simulations, and
in situ temperature-dependent small-angle neutron scattering
(SANS) to obtain an in-depth understanding of the relation-
ship between the solution-state aggregations, and solid-state
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polymer crystallization in the
film-formation ~ process,*?-¥
which are well supported by
the following experiments and
simulations.

Molecular dynamics (MD)
simulations are commonly used
to obtain microstructures of conjugated polymers both in
solution and in thin films.”~** We built a box contained one
F,BDOPV-2T decamer and 12000 CN molecules to simulate
the polymer solution (Figure 3b; Supporting Information,
Figure S12, S13). The torsion angles between conjugated units
(isatin, I, and thiophene, T) were counted, as these torsion
angles with single bond connections will dominate the
conformation of polymer backbones.! We found that both
torsion angles were broadened with increasing temperature
(Figure 3 c,d; Supporting Information, Figure S14). For the I-
T dihedral angle, an evident interconversion at higher
temperatures was observed, indicating more molecular con-
formation was induced by thermal fluctuation. For the T-T
torsion, the dihedral angle conserved at all temperatures, and
only slight broadening was observed. We calculated mean
square displacement (MSD) of the polymer chain (Support-
ing Information, Figure S15). Significant MSD variation at
high temperature indicates large diffusion coefficient and
strong molecular motions of the polymer chain. In a word,
increasing temperature leads to large thermally assisted
molecular motions and increased torsion angles between
conjugated units. MD results accord well with the exper-
imental absorption spectra, as large torsion angles usually
bring short effective conjugated length and blue-shift in
absorption spectra. The absorption changes are supported by
time-dependent density functional theory (TDDFT) calcula-
tions. With increased torsion angle between isatin and
thiophene, the main absorption peak blue-shifted (Supporting
Information, Figure S16). From the systematic studies, we
conclude that the variation of molecular conformation of
F,.BDOPV-2T can be broadened by increasing the solution
temperature. Since the thermally assisted conformation trans-
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formation can break the strong m—m interactions between
polymer chains, controlling the temperature of polymer
solution would be an effective approach to tune the polymer
aggregation in solution.

To demonstrate the temperature effect on polymer
aggregation in solution, insitu SANS experiments were
performed.l33) The strong temperature dependence of
SANS data manifested that the conjugated polymer formed
large aggregates in solution owing to their strong intermo-
lecular interactions.”® As the temperature increased from 30
to 80°C, the scattering intensity at the low range of the
scattering vector (Q) decreased evidently, indicating the large
aggregates transited to small sizes. The scattering data were
fitted with the Guinier model, which gives statistical sizes of
the scattering objects.”” The apparent radius of gyration (R,)
of the polymer aggregates from the fitting data was 576, 552,
476, 473, and 456 A at 30, 60, 80, 120, and 150°C, respectively.
The R, decreased with the increase of the solution temper-
ature, implying that the aggregates were broken by thermally
assisted molecular motions. The size distributions of polymer
aggregates in solution were also quantified using a filtration
experiment (Supporting Information, Figure $17).7%%! With
increasing temperature from 30 to 120°C, the amount of the
large aggregates (diameter > 450 nm) decreased from 50 to
21%, while the amount of the small aggregates (diameter <
220 nm) increasing from 28 to 54 % (Figure 3 f). This temper-
ature-dependent change of the aggregate size well coincides
with the SANS results.

With the above information, we proposed a possible
polymer crystallization process at different temperatures
(Figure 4; Supporting Information, Figure S18). At low
temperatures, polymers formed large aggregates in solution,
but polymer chains actually packed poorly. The weak
molecular motions at low temperatures could not support
the polymers to cross the high crystallization energy barrier to
form orderly packed structures. Therefore, polymer chains
tend to inherit the poorly packed structures from solution-
state aggregates and form disordered structures (Supporting
Information, Figure S18). When increasing the temperature,
the high temperature will bring strong molecular motions of
the polymer chains, resulting in smaller aggregates at the
same time. Strong thermally assisted molecular motions will
break the poorly packed structures in solution, and offer
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Figure 4. Diagram of the proposed polymer crystallization process
from the solution-state aggregates at different temperatures.
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a possibility to form ordered structures.”™*! When increasing
temperature to the higher value, such as 180-200°C in this
work, the excessive thermal motions would lead to more
structural disorders. Further in-depth investigation of the
dynamic process during film formation will provide detailed
information about polymer crystallization but is beyond the
scope of this paper.“**?l To demonstrate the generality of this
strategy, two other polymers based on DPP and isoindigo
building blocks were also tested, which exhibited a similar
tendency of enhanced carrier mobility (Supporting Informa-
tion, Figure S19). Overall, when crystallization occurred at
a controlled temperature, it is easier to overcome the
crystallization energy barrier. Conjugated polymers would
crystallize in the way to form dense and orderly packed
structures, which is propitious to charge transport.

In summary, our work develops an effective approach to
tune the microstructures of conjugated polymers through the
temperature-controlled solution-state aggregation. The rela-
tionship between solution-state aggregation and microstruc-
tures was fully studied. Solution temperature can critically
affect polymer conformation, thermally assisted molecular
motion, and aggregate size of the polymers. The strong
molecular motion at high temperatures would assist the
aggregated polymer to overcome the crystallization energy
barrier and to form orderly packed structures. Therefore, by
modulating the solution aggregation, higher crystallinity and
lower lattice disorder were realized in polymer films. Field-
effect transistors based on these crystalline polymer films
exhibited excellent charge transport properties. Transistor
devices of crystalline polymer films showed better device
performance than the disordered polymer films with mobility
value up to two orders of magnitude. Our work provides
a simple way to tune solution-state aggregation of conjugated
polymers towards high-crystallinity thin films with high
device performances. We believe that our result can further
advance the understanding of the relationship between
solution-state aggregation and solid-state microstructures of
conjugated polymers for high-performance polymer transis-
tors, solar cells, and thermoelectrics.
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