
 

Polymorphism of a semi-crystalline diketopyrrolopyrrole-
terthiophene polymer
Citation for published version (APA):
Li, M., Leenaers, P. J., Li, J., Wienk, M. M., & Janssen, R. A. J. (2021). Polymorphism of a semi-crystalline
diketopyrrolopyrrole-terthiophene polymer. Journal of Polymer Science, 59(12), 1285-1292.
https://doi.org/10.1002/pol.20200673

DOI:
10.1002/pol.20200673

Document status and date:
Published: 15/06/2021

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 27. May. 2023

https://doi.org/10.1002/pol.20200673
https://doi.org/10.1002/pol.20200673
https://research.tue.nl/en/publications/16ce50f3-e1fc-4f6d-aa34-3d0c97182aeb


R E S E A R CH AR T I C L E

Polymorphism of a semi-crystalline diketopyrrolopyrrole-
terthiophene polymer

Mengmeng Li1,2,3,4 | Pieter J. Leenaers2 | Junyu Li2 | Martijn M. Wienk2 |

René A. J. Janssen2,3

1Key Laboratory of Microelectronic
Devices and Integrated Technology,
Institute of Microelectronics, Chinese
Academy of Sciences, Beijing, China
2Molecular Materials and Nanosystems,
Institute for Complex Molecular Systems,
Eindhoven University of Technology,
Eindhoven, The Netherlands
3Dutch Institute For Fundamental Energy
Research, Eindhoven, The Netherlands
4School of Electronic, Electrical and
Communication Engineering, University
of Chinese Academy of Sciences, Beijing,
China

Correspondence
Mengmeng Li, Key Laboratory of
Microelectronic Devices and Integrated
Technology, Institute of Microelectronics,
Chinese Academy of Sciences, Beijing
100029, China.
Email: limengmeng@ime.ac.cn

René A. J. Janssen, Eindhoven University
of Technology, P.O. Box 513, 5600 MB
Eindhoven, The Netherlands.
Email: r.a.j.janssen@tue.nl

Funding information
FP7 Ideas: European Research Council,
Grant/Award Number: 339031; Ministerie
van Onderwijs, Cultuur en Wetenschap,
Grant/Award Number: 024.001.035;
National Key R&D Program of China,
Grant/Award Number: 2019YFA0706100;
Nederlandse Organisatie voor
Wetenschappelijk Onderzoek; National
Natural Science Foundation of China,
Grant/Award Number: 62074163

Abstract

Few semiconducting polymers are known that possess more than one semi-

crystalline structure. Guidelines for rationalizing or creating polymorphism in

these materials do not exist. Two different semi-crystalline polymorphs, β1 and

β2, and an amorphous α phase have recently been identified for alternating

diketopyrrolopyrrole-quaterthiophene copolymers (PDPP4T). The polymorphs

differ structurally by the π–π stacking distance, and electronically by the optical

bandgap and charge carrier mobility. Here we investigate the corresponding

terthiophene (PDPP3T) derivatives, to study the effect of the relative orientation

of adjacent DPP units on the polymorphism. In PDPP3T, the relative orientation

of DPP units alternates along the chain, while in PDPP4T it is constant. We show

that the two polymorphs, β1 and β2, can also be generated for a PDPP3T polymer

in solution and thin film. Interestingly, compared to PDPP4T, more solvents can

induce the two distinct semi-crystalline polymorphs for PDPP3T via a

β1 ! α ! β2 polymorphic transition.
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1 | INTRODUCTION

Semiconducting polymers have attracted extensive attention
for application in flexible, low cost, solution-processable
electronic devices, including organic light-emitting diodes
(OLEDs), organic field-effect transistors (OFETs), and
organic solar cells (OSCs).[1–5] Many conjugated polymers
used in OFETs and OSCs are semi-crystalline and consist
of a mixture of spaghetti-like amorphous domains and
relatively ordered crystalline regions that exert a critical
impact on their device performance.[6] Substantial effort
has been invested to study and control the extent of crys-
tallinity via the solution temperature, solvent quality,
chemical structure, molecular weight and pre- or post-
treatments. An order to disorder mechanism describes
the transition between crystalline and amorphous
phases.[7,8] In few cases, polymorphs have been identified
in which two distinctly different semi-crystalline phases
(β1 and β2) exist next to the amorphous (α) phase. Exam-
ples include poly(3-hexylthiophene) (P3HT), poly[[N,N0-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximid
e)-2,6-diyl]-alt-5,50-(2,20-bithiophene)] P(NDI2OD-T2),
and poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3
,4-b0]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPD
TBT).[9–13]

By controlling the nature of solvent, we recently
showed that it also is possible to generate two distinctly
different semi-crystalline polymorphs (β1 and β2) in
narrow-bandgap alternating diketopyrrolopyrrole-
quaterthiophene (PDPP4T) polymers (Figure 1).[14,15]

Polymers with diketopyrrolopyrrole (DPP) units attract
considerable attention for application in organic field-
effect transistors and organic solar cells for which their
semi-crystalline structure and three-dimensional packing

are important to control.[16–24] This is also evident from
the two polymorphs PDPP4T which differ structurally by
the π–π stacking distance, and electronically by the opti-
cal bandgap and charge carrier mobility.[14,15] The main
structural difference between the two polymorphs
inferred from two-dimensional grazing-incidence wide-
angle X-ray scattering (2D-GIWAXS) is the closer π–π
stacking distance, while the lamellar spacing remains vir-
tually the same. Linear alkyl chains on the DPP unit
seem key to form the β2 polymorph for PDPP4T poly-
mers. By varying the length of linear alkyl chains on the
DPP units, we found that a β1 ! α ! β2 polymorphic
transition proceeds readily for alkyl side chains of inter-
mediate length (i.e., nonyl and dodecyl), but that for
either short or long (i.e., hexyl or pentadecyl) side chains
it is more difficult to generate the β1 or β2 polymorph,
respectively, due to too low or too high solubility.[15]

To learn more about the structural molecular parame-
ters that induce or influence polymorphism in PDPPnT
polymers, we here investigate the corresponding PDPP3T
polymer with a terthiophene (3T) conjugated segment in
the main chain instead of 4T (Figure 1). Assuming that
adjacent thiophenes adopt an s-trans conformation,[25,26]

the relative orientation of the DPP units along the main
chain then changes from parallel in PDPP4T to an alter-
nating (right–left) orientation in PDPP3T as a conse-
quence of the odd number of thiophene rings in the
repeat unit of PDPP3T (Figure 2). This then leads to alter-
nating large and small separations between the linear
alkyl chains and at the same time the branched alkyl
chains no longer have an anti orientation,[17] but would
be present in syn oriented pairs. We note that for a
PDPP3F polymer with long linear (tetradecyl) side chains
on the DPP units and terfuran (3F) conjugated segments,
scanning tunneling microscopy has shown that on an
Au(111) surface the tendency to maximize alkyl chain
interactions, results in a conformational twist that causes
one of the furan-furan linkages to be s-cis. This then
restores the parallel orientation of the tetradecyl
chains.[27] In both cases, one may expect an influence on
the polymorphism, because the main chain packing will
be affected by the structural packing of the adjacent alkyl
chains and/or conformational changes in the backbone.

Because of the lower number of thiophene rings per
repeat unit in PDPP3T than in PDPP4T we reasoned that
reducing the length of the alkyl chains compared to R-
PDPP4T-HD (with R = nonyl or decyl, Figure 1) would
be necessary to achieve a good balance between solubility
and tendency to aggregate and crystallize. Hence, we pre-
pared two versions of PDPP3T, one with a relative short
hexyl chain on DPP and the branched 20-hexyldecyl
chains on the adjacent thiophenes (H-PDPP3T-HD)
and one with a long dodecyl chain on DPP, but shorter

FIGURE 1 Chemical structures of the PDPP4T and PDPP3T

polymers with linear alkyl chains (H, N, D, P) on the DPP unit and

the branched alkyl chains (EH or HD) on the thiophene rings

adjacent to the DPP
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20-ethylhexyl chains on thiophene (D-PDPP3T-EH)
(Figure 1). Here, we demonstrate that for H-PDPP3T-HD
the amorphous α-phase predominates, but that for
D-PDPP3T-EH the solubility/aggregation balance is
restored such that β1 and β2 can both be formed in chlo-
roform (CF)—1,2,4-trichlorobenzene (TCB) mixtures and
films cast thereof. The closer π–π stacking distance in the
β2 phase facilitates charge transport, doubling the field-
effect mobility. The redshifted absorption of the β2 phase
noticeably contributes to the external quantum efficiency
(EQE) in solar cells. It is also found that more solvents,
including chlorobenzene (CB) and 1,2-dichlorobenzene
(DCB), can generate β2 polymorph for D-PDPP3T-EH
compared to PDPP4Ts.

2 | EXPERIMENTAL

2.1 | Materials

The polymers were synthesized according to the litera-
ture.[28] By measuring gel permeation chromatography
(GPC) in DCB at 140�C on a PL-GPC 120 system with a
PL-GEL 10 mm MIXED-C column as the eluent and
polystyrene as internal standards, the molecular weight
(Mn) and polydispersity index (PDI) are 23.0 kg/mol
and 2.13 for H-PDPP3T-HD, and 39.0 kg/mol and 2.31
for D-PDPP3T-EH.

2.2 | Characterization

A PerkinElmer Lambda 1050 spectrophotometer was
used to measure UV–vis–NIR absorption for solution and
thin films, and an Edinburgh Instruments FLSP920
double-monochromator luminescence spectrometer,
equipped with a nitrogen-cooled near-IR sensitive

photomultiplier (Hamamatsu), was utilized to record
corresponding photoluminescence. 2D-GIWAXS was per-
formed based on a Xenocs-SAXS/WAXS system, where
the X-ray wavelength was 1.5418 Å and the fixed angle
was 0.2� for X-ray irradiation. Before measurement, the
thin films spin-coated from various solutions were
annealed at 100�C for 30 min to remove residual solvent.

2.3 | Device fabrication and electrical
characterization

Transistors with a bottom-contact top-gate architecture
were fabricated, in which the source and drain electrodes
with 50 nm in thickness (the ratio of channel length to
width is 1/20) were deposited by Au evaporation. A
CYTOP insulator was spin coated on top of polymer thin
films as dielectric layer followed by annealing at 100�C
for 1 hr, and finally 50-nm Ag was evaporated as gate
electrode. A Keithley 4200-SCS was used for all standard
OFET measurement under vacuum.

3 | RESULTS AND DISCUSSION

The optical absorption of H-PDPP3T-HD in CF shows a
structureless band that maximizes at 668 nm (Figure 3a).
The absence of any fine structure strongly suggests that
the polymer is in a molecular dissolved, amorphous α
phase. In TCB, the absorption redshifts to 690 nm,
but with no clear sign of aggregation. The result that
H-PDPP3T-HD is almost molecularly dissolved can be
attributed to the two 20-hexyldecyl chains that enhance
the solubility.

Figure 3b shows the UV–vis–NIR absorption spectra of
D-PDPP3T-EH in CF:TCB mixtures. When dissolved in
pure CF (1:0), the first (0–0) and second (0–1) vibronic

FIGURE 2 Schematic of the relative orientation of the DPP units in PDPP3T (right/left) and PDPP4T (parallel) [Color figure can be

viewed at wileyonlinelibrary.com]
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bands of an aggregated β1 phase are observed at 789 and
720 nm. In CF:TCB mixtures, the intensity of the 0–0
absorption peak decreases with an increasing amount of
TCB and the spectrum starts to resemble that of
H-PDPP3T-HD in Figure 3a. We attribute this to a transi-
tion from β1 to α. In pure TCB (0:1), the spectrum of
D-PDPP3T-EH shows a considerable redshift, with a new
absorption maximum at 803 nm and a shoulder at 872 nm
(Figure 3b). This shift and the high-wavelength shoulder
are characteristic for the formation of the β2 phase.[14,15]

Hence, absorption spectroscopy reveals the generation of
the β2 polymorph in solution containing TCB.

H-PDPP3T-HD shows a broad structureless absorp-
tion in thin films, of which the onset and peak maximum
redshifted considerably compared to the spectrum of the
solution (Figure 3c). D-PDPP3T-EH films deposited from
pure CF (1:0) show no evidence of a β2 phase (Figure 3d),

but when TCB is present in the casting solution a distinct
new absorption peak at 868 nm emerges in the spectrum
of the film. Figure 3d reveals that β2 formation in films is
virtually independent of the TCB content in the casting
solution between 10 and 100%. This originates from the
large differences in boiling point (214 vs. 61�C) and vapor
pressure (0.46 vs. 197 mm Hg at 25�C) between TCB and
CF, which causes that in the final stages of film forma-
tion only TCB remains, irrespective of the initial CF:TCB
ratio.[14,15]

The polymorphism established for D-PDPP3T-EH
also influences the fluorescence spectra. Figure 4a shows
that photoluminescence of the β1 phase of D-PDPP3T-EH
in CF solution, recorded with excitation at 750 nm, maxi-
mizes at 865 nm. From the absorption spectra we
inferred that at CF:TCB ratio of 1:1 most β1 phase has
transformed to the α phase (Figure 3b). As a result, also

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0

).
mr

o
n( 

e
c

n
a

br
o

s
b

A

Wavelength (nm)

H-PDPP3T-HDSolution

 CF

 TCB 

(a)

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0

).
mr

o
n( 

e
c

n
a

br
o

s
b

A

Wavelength (nm)

Solution

CF:TCB

 1:0

 9:1

 2:1

 1:1

 0:1

(b) D-PDPP3T-EH

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0

).
mr

o
n( 

e
c

n
a

br
o

s
b

A

Wavelength (nm)

H-PDPP3T-HDFilm

 TCB 

(c)

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0 Film

CF:TCB

 1:0

 9:1

 2:1

 1:1

 0:1
).

mr
o

n( 
e

c
n

a
br

o
s

b
A

Wavelength (nm)

D-PDPP3T-EH(d)

FIGURE 3 UV–vis–NIR absorption spectra. (a) H-PDPP3T-HD in CF and TCB. (b) D-PDPP3T-EH in CF:TCB (v/v) mixtures. The

polymer concentration is around 0.4 μM (calculated fromMn). (c) H-PDPP3T-HD film cast from TCB. (d) D-PDPP3T-EH films cast from CF:

TCB mixtures. Thin films were spin coated from solutions with a polymer concentration of 3 mg/mL [Color figure can be viewed at

wileyonlinelibrary.com]

1288 LI ET AL.

http://wileyonlinelibrary.com


the photoluminescence of D-PDPP3T-EH shifts to
785 nm in the 1:1 CF:TCB mixture. This confirms the
β1 ! α transition when the CF solution becomes richer
in TCB. In pure TCB, the emission of D-PDPP3T-EH is
negligible when excited at 750 nm, but when excitation
wavelength is shifted to 890 nm, that is, at the character-
istic peak of the β2 phase, new emission peaks at 990 and
1110 nm appear (Figure 4a). This is the emission of the
β2 phase. In the photoluminescence spectra of thin films,
the effect of the polymorphism is also evident. The photo-
luminescence of films cast from pure CF peaks at

930 and 1040 nm for β1, but when TCB is present in the
casting solution, the peaks shift to 970 and 1110 nm for
β2 (Figure 4b). The fluorescence of the films is not
strongly dependent on the excitation wavelength used,
790 or 870 nm.

Microstructures of the β1 and β2 polymorphs of
D-PDPP3T-EH were characterized by 2D-GIWAXS
(Figure S1). Resultant in-plane and out-of-plane profiles
are shown in Figure 5. All thin films were annealed at
100�C for 30 min. Under nitrogen atmosphere to remove
residual solvents. In the in-plane profiles, the (100) and
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(200) reflections are visible for all samples, characteristic
of the lamellar arrangement of polymer backbones with a
distance (dlam) of 2.1 to 2.2 nm (Figure 5a). In between the
(100) and (200) reflections a reflection is observed that pos-
sibly corresponds to the spacing along the polymer back-
bone direction (001) (1.46 nm), although the expected
length of the repeat unit is somewhat larger (�1.65 nm).
Clear (100) and (200) scattering peaks of the lamellar stac-
king are present for all films in the out-of-plane profiles
(Figure 5b) next to a (010) diffraction peak that is attrib-
uted to π–π stacking and that is overlapping with an amor-
phous peak. The position of the (010) peak depends on the
solvent mixture used to cast the films and shifts to slightly
higher q values as the TCB contents increases (Figure 5b).
Quantitative analysis was conducted to estimate dlam and
π-stacking distance (dπ) (Figure 5c). It is clear that dlam of
β2 films made from solutions containing TCB (9:1, 2:1, 1:1,
and 0:1) are slightly larger than that of the β1 sample made
from pure CF (1:0) in both in-plane and out-of-plane direc-
tions. Furthermore, β2 possesses a smaller dπ than β1, indi-
cating a closer packing. The closer π–π stacking of β2 is
consistent with its redshifted absorption compared to β1
(Figure 3d). The difference in lattice parameters observed
for the β1 and β2 polymorphs of D-PDPP3T-EH are consis-
tent with our previous study on PDPP4T polymers.[14,15]

It is further intriguing that dlam = 2.1–2.2 nm for
D-PDPP3T-EH is close to the values of dlam = 2.1 and
2.3 nm found for N-PDPP4T-HD and D-PDPP4T-HD,
while those of H-PDPP4T-HD (1.9 nm) and P-PDPP4T-
HD (2.5 nm) are much shorter or much larger, respec-
tively.[15] It thus appears that the PDPPnT polymers that
have dlam close to 2.2 nm readily provide the
β1 ! α ! β2 polymorphic transition in solution, while
those with a shorter or longer dlam have too low or too
high solubility.[15] For constant dπ, dlam gauges the

amount of side chain per unit length of main chain and
hence for semi-crystalline PDPPnT polymers dlam is
related to solubility.

Besides the difference in dπ, the reflection intensity of
the (100) peak of D-PDPP3T-EH in the out-of-plane pro-
files is much weaker when cast from pure CF (1:0) than
for films cast with TCB. This implies a difference in the
orientational distribution for β1 and β2 polymorphs,
despite their predominant face-on arrangement. To quan-
tify the proportion of face-on orientation, the intensity of
(100) peak was plotted as pole figure for the azimuthal
angle between −90� and 90�. Figure S2 reveals that the β1
polymorph exhibits more (71%) face-on population than
β2 (34–55%).

It is generally believed that a small dπ can reduce the
energy barrier for interchain charge hopping, facilitating
charge transport.[29] To elucidate the influence of poly-
morphism on charge transport, polymer field-effect tran-
sistors were fabricated with the top-gate bottom-contact
architecture. Before the deposition of D-PDPP3T-EH
layer, Au electrodes (source and drain) were
functionalized with a 2,3,4,5,6-pentafluorothiophenol
self-assembled monolayer. A CYTOP insulator layer was
spin coated as dielectric on top of the D-PDPP3T-EH
layers. The β1 polymorph was generated from pure CF
(1:0) and β2 from a 2:1 CF:TCB mixture. The transfer and
output characteristics (Figure 6a,b) of the transistors
show for both polymorphs the typical linear/saturation
behavior for hole transport. At the drain voltage (VDS) of
−30 V, the drain current (−IDS) for the β2 polymorph
(2:1) is always higher than that of β1 (1:0) when increas-
ing the gate voltage (VGS) from −0.6 to −30 V. The satu-
rated field-effect mobility (μh) that is extracted from the
transfer curve is 0.27 ± 0.02 cm2 V−1 s−1 for β2, almost
doubled compared to β1 (0.15 ± 0.02 cm2 V−1 s−1). This
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enhanced mobility is attributed to the closer polymer
packing of β2. The improvement of transistor perfor-
mance in the presence of β2 is further supported by the
increased on/off ratio (Ion/Ioff) and decreased threshold
voltage (VT), as summarized in Table 1. The activation
energy (EA) estimated from temperature dependent tran-
sistor measurement is almost independent of polymor-
phism, as shown in Figure 6c.

Bulk-heterojunction solar cells with D-PDPP3T-EH as
donor and [70]PCBM as acceptor material were fabri-
cated from CF and from a 94:6 CF:TCB mixture. Details
can be found in the Supporting Information (Table S1
and Figure S3). When the blend layer is cast from CF,
D-PDPP3T-EH is present in the β1 polymorph, but with
6% TCB the β2 phase is formed as evidenced by signifi-
cant (49%) external quantum efficiency at the characteris-
tic wavelength (870 nm) of the β2 phase.

For PDPP4T-HD polymers, we found that next to
TCB also 1,1,2,2-tetrachloroethane (TCE) is able to
induce the growth of the β2 polymorph.[14,15] On the
other hand, DCB and 1-chloronaphthalene were unable
to induce β2 for the PDPP4T-HD polymers.[14] Figure 7
reveals that for D-PDPP3T-EH several chlorinated sol-
vents can induce the β2 polymorph after aging. When
aging a TCE solution of D-PDPP3T-EH, the characteristic
peak of β2 at 879 nm becomes stronger, and the absorp-
tion at 688 nm of the α phase clearly decreases, consistent
with an α ! β2 polymorphic transition. CB and DCB are
also able to form the β2 polymorph. Although the absor-
bance at 879 nm is still weak after aging for 3 hr, a
noticeable and distinguishable absorption peak is
observed after 21 hr for both CB and DCB, indicative of
β2 formation.

Although it is an intriguing question, it is presently not
clear why certain solvents favor either β1 or β2 phase. Our
previous study on R-PDDP4T-HD polymers (Figure 1)
demonstrated that formation of polymorphs β1 or β2 in CF:
TCB mixtures is controlled by the alkyl side chains and the
solubility that arises from it.[15] Shorter side chains (R = H,
lower solubility) favor β2 and longer side chains (R = P,
higher solubility) give mainly β1. At intermediate lengths
(R = N and D) both phases can form. Hence, to have both
β1 and β2 the solubility should be balanced. This also
appears for D-PDPP3T-EH where the β1 ! α ! β2 transi-
tion can be induced by gradually replacing CF by TCB
(Figure 3b). For D-PDPP3T-EH the β2 phase is seen in sev-
eral halogenated solvents (Figure 4) while for D-PDDP4T-
HD β2 phase formation only occurs TCB and TCE.[14] So
far, we have not been able to make a correlation between
formation of β1 or β2 and the nature of the solvent. Com-
parison with Hansen dispersion, polar, and hydrogen
bonding solubility parameters for polymers does not give a
clear distinction (Table S2).

4 | CONCLUSION

In conclusion, we investigated the effect of replacing the
4T conjugated segment by 3T on the occurrence of poly-
morphism in PDPPnT copolymers. With this structural
change, the relative orientation of the DPP units along
the main chain likely changes from parallel in PDPP4T
to an alternating (right–left) orientation in PDPP3T
(Figure 2). The results show that with the proper adjust-
ment of length of the branched alkyl chains on the thio-
phene rings, to ensure both solubility and aggregation,
two different semi-crystalline polymorphs, β1 and β2, can
be generated in solution and thin films for D-PDPP3T-
EH. The β2 polymorph is more tightly packed along the
π–π stacking direction, has a lower optical bandgap, and
an increased charge carrier mobility. Although the
detailed structural factors that induce polymorphism are
still to be described more precisely, we have learned that
the oddness or evenness of the number of thiophene
rings, does not inhibit generating two distinct semi-

TABLE 1 Impact of polymorphism on transistor

characteristics

μh (cm2 V−1 s−1) VT (V) Ion/Ioff EA (meV)

β1 0.15 ± 0.02 −11 ± 1 104 110

β2 0.27 ± 0.02 −7 ± 1 106 113
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FIGURE 7 Polymorphism of D-PDPP3T-EH in CB, DCB, and

TCE solutions. Solutions are aged at room temperature for 3 and

21 hr [Color figure can be viewed at wileyonlinelibrary.com]
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crystalline polymorphs. In fact, for D-PDPP3T-EH, more
common solvents such as CB and DCB can form the β2
polymorph than for PDPP4T polymers. As a common
characteristic, we find that the lamellar stacking distance
(dlam) of the PDPPnT polymers that give a clear
β1 ! α ! β2 polymorphic transition in solution, is
between 2.1 and 2.3 nm. When this distance becomes
shorter the polymer is strongly aggregating and when it
is longer, it is too soluble to provide the necessary bal-
ance for the transition to occur.
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