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ABSTRACT: The development of semiconducting conjugated polymers for organic field effect transistors
(OFETs) has been the focus of intense research efforts for their key role in plastic electronics, as well as a
vision of solution processability leading to reduced costs in device fabrication relative to their inorganic
counterparts. The pursuit of high-performance n-channel (electron transporting) polymer semiconductors
vital to the development of robust and low-cost organic integrated circuits has faced significant challenges;
mainly for poor ambient operational stability and OFET device performance lagging far behind that of p-
channel organic semiconductors (OSCs). As an alternative to the ubiquitous donor-acceptor (DA)
molecular design strategy, an all-acceptor (AA) unipolar approach was implemented in the design of
poly(2-(2-decyltetradecyl)-6-(5-(5’-methyl-[2,2’-bithiaol]-5-yl)-3-(5-methylpyridin-2-yl)-5-(tricosan-11-
yl)-2,5-dihydropyrrolo[3.,4-c]pyrrole-1,4-dione) (PDBPyBTz). The #n-channel copolymer allowed
investigation of the impact of electron withdrawing moieties on conjugated polymer device performance
and the utility of the AA molecular design strategy. As an analog to benzene, the pyridines flanking the
diketopyrrolopyrrole moiety in PDBPyBTz were strategically chosen to lower the energy levels and
impart planarity to the monomer, both of which aid in achieving stable n-channel performance.
Incorporation of PDBPyBTz into a bottom-gate-bottom-contact OFET, afforded a device that exhibited
unipolar electron transport. In addition to developing a high-performance n-channel polymer, this study
allowed for an investigation of structure-property relationships crucial to the design of such materials in
high demand for sustainable technologies including organic photovoltaics and other solution-processed
organic electronic devices.

1. Introduction

The development of polymeric semiconductors for use in organic field effect transistors (OFETs) has
been the subject of intense research focus for its potential in realizing low-cost, large-area, and flexible
devices such as sensors, displays, radio frequency identification tags, etc.'* While significant progress
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has been made in high-performance p-channel materials, that of their n-channel counterparts lags far
behind.>® In order to enable the implementation of complementary organic-semiconductor
(complementary metal-oxide semiconductor-like) logic circuits, it is imperative to improve the electron
mobility and ambient stability of unipolar n-channel conjugated polymers, while maintaining
processability.” The prevailing donor-acceptor (D-A) design motif has led to significant advances in
polymer semiconductor performance as it allows for the fine-tuning of frontier molecular orbitals for
efficient charge injection in addition to promoting strong intermolecular n-m stacking interactions that
facilitate charge transport.®'® This design strategy, however, has proven to be of limited use in developing
n-channel conjugated polymers because there are relatively few building blocks with sufficient electron
deficiency to achieve an electron affinity higher than +4 eV (i.e., roughly speaking, a lowest unoccupied
molecular orbital (LUMO) energy below -4 eV) for facile electron injection and operational stability of
resultant polymers. In addition, the decrease in ionization potential and electron affinity (destabilization
of the highest-occupied molecular orbital (HOMO) and LUMO energy levels) upon incorporation of a
donor unit often leads to ambipolar behavior in OFET devices, which can lead to unbalanced

hole/electron mobilities, undesirable leakage currents and small current on/off ratios (ox/Iorr)."' ™"’

The use of all-acceptor (A-A) polymers to minimize intramolecular charge transfer and preserve polymer
low lying frontier molecular orbitals (FMOs) has been demonstrated to successfully result in unipolar n-
channel materials upon incorporation into conventional transistor devices.'*** Performance improvements
were observed because the increased electron affinity facilitated electron injection and the increased
ionization potentials diminished hole accumulation. While the synthesis of many acceptor units poses
difficulties, the pursuit of high-performance A-A polymers is challenged further by the relative steric bulk
of cyano or carbonyl functionalities (in comparison to simple substitutions) common to these electron-
deficient moieties. For instance, steric effects can lead to twisted polymer backbones, which negatively
impacts molecular packing in thin films and adversely affects charge transport.'>'®? While the

introduction of a “spacer” unit such as 2,2’-bithiophene (BT) has produced high performance n-channel
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polymer semiconductors, the electron-rich nature of the thiophene units can also reduce the ionization

potential (destabilize the HOMO) and lead to ambipolar behavior.*

Sun. et. al. introduced a high-performance ambipolar material based on a pyridine-flanked
diketopyrrolopyrrole (DBPy) unit as an acceptor and BT as a donor, which exhibited electron and hole-
mobilities of 6.3 cm?V~'s™ and 2.78 cm?V's™!, respectively.?’ Similarly, ambipolar behavior was observed
in a copolymer of DBPy and electron-donating thieno[3,2-b]thiophene with a reported mobility of 3.36
cm?V's™! for holes and 2.65 cm?V's”! for electrons.?’ Unipolar n-channel behavior was observed when
hole-injection was suppressed with polyethyleimine (PEI)-modified Au electrodes.” Interestingly,
Mueller et. al. reported more pronounced n-channel behavior in pyridine-flanked DPP polymers upon
fluorination of a thiophene comonomer.* Six-membered rings flanking the DPP, diketopyrrolopyrrole,
are generally more electron-deficient than five-membered ring alternatives as the six m-electrons are
delocalized over a larger ring. The DBPy unit is especially attractive for use in n-channel polymers since
the pyridine electronegative nitrogen atom not only serves to lower the FMOs vs. phenyl rings, but also
relieves steric interactions between the lactam oxygen atoms and the a-hydrogen atoms present in
diphenyl-DPPs.*' Our quantum-chemical calculations corroborate the previously reported 0° dihedral
angle seen between the pyridine and the DPP core (vide infra), making the DBPy unit completely
planar.?’ The high electron mobilities seen in DBPy — based ambipolar polymeric semiconductors suggest

that the pyridine substituted moiety may be a promising acceptor for incorporation into A-A copolymers.

A viable second acceptor unit, namely 2,2’-bithiazole (BTz), might be considered as an effective
comonomer. In contrast to the more commonly used BT, BTz is more electron-deficient due to the
presence of an electronegative nitrogen atom within the five-membered ring that serves to increase the
electron affinity.’” The interaction between the nitrogen lone pairs and antibonding orbitals in the adjacent
thiazole rings facilitate ‘locking’ the BTz unit into a planar conformation,* in contrast to the BT analog
that exhibits a dihedral angle of ~30°.* Recently, we developed a synthetic strategy for the facile

incorporation of BTz into conjugated polymers, and further demonstrated that the replacement of BT with



BTz increases the electron affinity of the resultant polymer thereby promoting n-channel charge transfer
characteristics as determined by OFET performance.** The BTz and thiophene-flanked DPP D-A
copolymer exhibited an electron mobility of 0.3 cm?V''s™ in top-contact/bottom gate (TCBG) OFET
devices.** Subsequently, BTz was polymerized with DPP to afford a dithiazole-DPP A-A copolymer
having a unipolar field-effect mobility up to 0.067 cm*V-'s™ in a bottom-gate/bottom-contact (BGBC)

device.'®

Herein, we report the copolymerization of the BTz distannane monomer with a brominated DBPy to
afford an all-acceptor, unipolar n-channel polymer, poly(dipyridinyldiketopyrrolopyrrole-bithiazole),
PDBPyBTz, as shown in Scheme 1. With the combination of two planar electron-deficient units, both of
which had demonstrated high electron mobility in isoelectronic conjugated polymer precursors,
poly(dithienyldiketopyrrolopyrrole-bithiazole) PDBTz and poly(dipyridinyldiketopyrrolopyrrole-
bithiophene) PDBPYBT, we explore and contrast the optoelectronic properties and device performance
characteristics of this new ‘all acceptor’ polymer semiconducting material with these analogous structures.
The computational, photophysical, morphological and device investigations demonstrate that the all-
acceptor approach with judicious choice of molecular structural moieties can lead to the design and

development of effective electron transport semiconducting materials.

2. Results
2.1 Polymer Synthesis and Thermal Properties

The synthesis of PDBPyBTz is outlined in Scheme 1, and complete synthetic details are provided in the

supporting information, with NMR spectra given in Figures S1 and S2.
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Scheme 1. Synthetic route to prepare PDBPyBTz

The 11-(bromomethyl)tricosane side chain (1) was synthesized according to literature procedures in 72%
yield.** The synthesis of 3,6-bis(5-bromopyridin-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2) was
completed in 30.9 % yield by reacting commercially available 5-bromopyridine-2-carbonitrile with
diethyl succinate in the presence of potassium t-butoxide in 2-methyl-2-butanol.?”” Subsequent alkylation
at the N — positions on the DPP core with 2-decyl-1-tetradecylbromide gave 3,6-bis(5-bromopyridin-2-
yl)-2,5-bis(2-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione ~ (3) in  59%  yield.*
Homocoupling of commercially available 2-bromothiazole yielded 2,2’-bithiazole (4) in 80% yield,

which was then stannylated to afford 5 in 69% yield.* Stille coupling of 4 with freshly prepared 5 under



microwave irradiation (100 °C for 1 hour) produced the target polymer PDBPyBTz, which was purified
via Soxhlet extraction (see SI for synthetic details). The weight (M) and number (My) average molecular
weights of PDBPyBTz were 11,850 and 6,900 g/mol, respectively, with a dispersity (D) of 1.71,
determined using high-temperature gel-permeation chromatography (HT-GPC) at a column temperature
of 135 °C with 1,3,5-trichlorobenzene as eluent (see Figure S3 in Supporting Information). PDBPyBTz is
stable up to 335 °C (see TGA characterization, Figure S4a in SI). DSC characterization (Figure S4b, SI)

showed a glass transition temperature at 67 °C but no other thermal transitions up to 290°C.

PDBTz was synthesized according to literature procedures® using 1 as the side chain, with a My of
46,175, My of 12,042 g/mol and P of 3.83 (Figure S5). A commercial sample of PDBPyBT was
purchased from Ossila chemical, and found to have a My of 29,300, Myof 11,350, and P of 2.58 (Figure

S6). GPC analysis was performed under the same conditions for all polymers for consistency.
2.4 Computational Methodology

The geometry optimizations of the PDBPyBTz oligomers were performed with the ®B97XD functional
and 6-31G(d,p) basis set using the Gaussian 09 Revision D.01 suite of programs.’’ To explore the torsion
potential landscape of the polymer building blocks, the total energies as a function of the dihedral angles
between the pyridine-thiazole and pyridine-DPP units were calculated at the same level of theory, by
fixing the dihedral angles and relaxing all other geometrical degrees of freedom (Figure S7, SI). We note
that the side-alkyl chains in the PDBPyBTz units were replaced with methyl groups to save

computational time.

The electronic and optical properties of the m-conjugated polymer were calculated as well at the tuned-

®B97XD-6-31G(d,p) level of theory. The range separation parameter ® was optimized following the IP

38,39

tuning procedure and within the self-consistent reaction field (SCRF) framework (taking into

account a dielectric constant € = 4.7, equivalent to chloroform, to maintain consistency with



experiment); the tuned ® value is 0.003 Bohr™' in the case of the tetramer. The optical properties were

evaluated using time-dependent density functional theory (TDDFT) with the same functional and basis set.
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Figure 1. Illustration of the torsion potentials between the pyridine and thiazole units (1) and the pyridine and DPP
units (2) for the PDBPyBTz monomer, as calculated at the tuned-wB97X-D/6-31G(d,p) level of theory (©=0.14
Bohr!). The dotted line represents thermal energy at 300 K (=0.6 kcal mol ™).

The torsion potential between the pyridine and thiazole units has minima around 30° and 150° (Figure 1).
The barrier height separating these two minima in the case of the isolated monomer is small, ca. 2.4 kcal
mol™! (that is, about 4 times the thermal energy kT at room temperature, 0.6 kcal mol™); hence, the
transition from a syn conformation (with the pyridine nitrogen on the same side as the thiazole nitrogen)
to an anti-conformation is possible. Also, the flatness of the torsional potentials around the minima means
that there can be fluctuations of +30 ° around each of the minima in the case of an isolated chain and that
inter-chain interactions in the solid state could lead to (nearly) coplanar conformations. We note that a
similar torsion angle of ca. 30° was calculated between the DBPy and BT units in the case of the
analogous PDBPyYBT polymer.”” The evaluation of the torsion potential between the PDBPyBTz DPP

and pyridine units, see Figure 1, also points to a strongly preferred coplanar conformation.**
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Figure 2. Illustration of the major (TD-DFT tuned-©B97X-D/6-31G(d,p)) natural transition orbitals (bottom: hole
NTO; top: electron NTO) for the Sy to S; vertical transition in the PDBPyBTz) tetramer, evaluated at the S
geometry. The weight of the main hole-electron contribution to the excitation is also included.

Calculations of the electronic properties of the PDBPyBTz oligomers essentially converge at the level of
the tetramer (see Figure S8) and the corresponding optical gap for the polymer chain is 2.07 eV. Figure 2
depicts the DFT-calculated tuned-oB97XD natural transition orbitals with the largest contribution to the
So-Si transition in the PDBPyBTz tetramer; it is found that vertical excitation occurs over approximately
two repeat units (the second-largest contribution to the So-S; transition is shown in Figure S9). There is
also another m-n* transition with a significant oscillator strength, which is calculated to appear at 2.9 eV
in agreement with the experimental absorption spectra; the NTO analysis shows that in this excitation, the
hole is localized on a bithiazole unit while the electron is more delocalized over the polymer chain

(overall, this transition has a coupled oscillator nature) (Figure S10).

The highest occupied molecular orbital (HOMO) of the PDBPyBTz tetramer is localized on DPP units
while the lowest unoccupied molecular orbital (LUMO) is slightly more delocalized across the conjugated
backbone (see Figure S11). These characteristics are qualitatively consistent with the calculated band
widths (0.12 eV for the upper valence band and 0.22 eV for the lower conduction band) obtained from
periodic DFT calculations on a PDBPyBTz polymer chain; see the band structure in Figure S12. The
calculated effective mass for an electron (m*) is small, 0.23 my; such a small value can give rise to a
significant electron mobility provided a band regime can be achieved in the solid state due to the
significant inter-chain interactions discussed below in the context of the optical absorption spectra. We
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note that, in the case of an isolated chain, an excess electron is calculated to localize nearly over a single

DBPy unit with a relaxation energy of ca. 0.18 eV (Figure S13).

2.2 Photophysical Properties
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— p-xylene film
CHCl3 sIn

— CHCl3 film
......... DFT UV-Vis

Absorbance (AU)

0.0 e’ . ‘ e ‘
400 500 600 700 800 900

Wavelength (nm)

Figure 3. UV-Vis spectra of PDBPyBTz in both solution (1 x 10 M, chloroform, p-xylene) and thin film, and the
calculated TD-DFT spectrum (assuming a surrounding medium with a dielectric constant corresponding to
chloroform). Film UV-Vis spectra were obtained by spincoating solutions onto UV-o0zone cleaned SiO; slides before
deposition.

Table 1. UV-vis spectral absorption characteristics of PDBPyBTz and analogous previously reported
polymer structures.

0-0 0-1 EgoPt
abs, sin abs, film abs, sin abs, film
Polymer Solvent Am?;m] Ama[,r;m] Am?;m] Ama[,r;m] [eV] Ref,
CHCl; 632 656 591 600 1.47 -
PDBPyBTz
P-xylene 636 656 588 602 1.47 -
PDPP4Tz CHCl; 715 715 ~B850 ~B850 1.34 18
PDPP4T CHCl; 784 786 ~710 ~710 1.20 28
PDBTz CHCl; 767 765 702 697 1.33 34
PDBPyBt CHCl; 683 695 ~830 ~B850 1.85 27



The UV-vis absorption spectra for both solution and blade-coated thin films of PDBPyBTz are presented
in Figure 3, while the spectral characteristics are summarized in Table 1. The more intense absorption
bands between 550-700 nm, and the lower intensity bands between 350-450 nm are attributed to m-m*
transitions (Figure S10). Minimal positive solvatochromism was seen in the 0-1 blue-shift of Amax from
the chloroform to p-xylene solutions, indicating a slight destabilization of this excited state upon
decreasing solvent polarity.*’ The Amay of the chloroform solution (632 nm) and thin film (656 nm) for the
0-0 transition of PDBPyBTz is blue-shifted from that of its bithiophene analog, PDBPyBT (683 nm and
695 nm, respectively)?’ and its thiophene substituted DPP analog PDBTz (767 nm and 765 nm,
respectively).’* This is consistent with the lesser electron-rich nature of PDBPyBTz that consists of two

acceptor units, in comparison to that in typical D-A copolymers.

The changes observed in the solution vs. solid-state absorption spectra are consequences of an increase in
intermolecular interactions and molecular ordering among the PDBPyBTz chains, and can provide
insight into the types of aggregates formed, provided that the strengths of the intermolecular excitonic
coupling and vibronic coupling are similar.* The absorption spectra of the thin films, having similar
maxima at 656 nm, are bathochromically shifted from the solution spectra of the polymer in either solvent,
which is indicative of J-aggregation according to Kasha’s theory.** In addition, the ratio of the first two
vibronic peak intensities for the 0-0/0-1 transitions is below unity in both solution spectra and becomes
inverted in the thin-film absorption spectra. This observation is further evidence of J-aggregation, as it has
been shown that with increasing exciton bandwidth, J-[H]-aggregates will show an increase [decrease] in
the ratio of the oscillator strengths of the first two vibronic peaks in absorption spectra.*'#*
Interestingly, we saw no change in the Amax Of the films after annealing above the 7, at 100 °C for 1.5
hours (see SI). The optical gap (E,") of PDBPyBTz evaluated from the solid-state absorption onset is ca.

1.47 eV, which is smaller than that of PDBPyBt (E, = 1.65 eV)*’ but larger than that of PDBTz (E, =

1.33 eV).*
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Photoluminescence spectra of PDBPyBTz were obtained for both solution and thin-film, using an
excitation wavelength of 637 nm from a continuous-wave laser (Figure S14). The fluorescence spectrum
of the thin film had a Ama.x of 698 nm, while Amax in the solution state was at 679 nm. It should be noted that
the fluorescence spectra are not mirror images of the absorption spectra, both being single-peaked and

displaying Stokes shifts of 47 and 42 nm for solution and film absorption maxima, respectively.

2.3 Characterization of Electronic Structure
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Figure 4. Comparison of the DFT-@B97XD calculated ionization potentials and electron affinities for the monomer
units with values for the resultant polymers as estimated from CV, in units of eV. Energy differences between
monomer units are given in black, and energy differences between EA energies are given in green.

The redox potentials of PDBPyBTz, PDBTz, and PDBPyBT thin films were investigated using cyclic
voltammetry (CV, see Figures S15-S17 in the SI). PDBPyBTz exhibits an onset reduction peak at -1.256
V (vs. Fct/Fc), followed by two reversible reduction peaks at -1.460 V and -1.618 V (vs. Fc/Fc+). The
reversibility of the two reductions demonstrates the stability of PDBPyBTz as an electron carrier. An
onset oxidation potential is seen at 0.346 V (vs. Fct+/Fc), followed by an irreversible oxidation peak at
1.131 V (vs. Fct/Fc). As the energy of the standard calomel electrode (SCE) is taken to be 4.7 eV vs.
vacuum®, and Fc+/Fc is +0.380 V vs. SCE*, the formal potential of the Fc+/Fc redox couple can be

approximated as -5.1 eV on the energy scale.”’*” With this approximation, the onset oxidation and
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reduction potentials correspond to an ionization potential (IP) and electron affinity (EA) of 5.45 and 3.84
eV, respectively, and a transport gap of 1.61 eV. The ionization potentials for PDBTz and PDBPyBT

were estimated in a similar manner, and the results can be seen in Figure 4.

Ultraviolet photoelectron spectroscopy (UPS) was used to determine the intrinsic IP of thin films of
PDBPyBTz, which was found to be 5.2 eV (Figure S18 in the Supporting Information). With an optical
gap of 1.47 eV and an exciton binding energy of approximately 0.14 eV (estimated using the transport
gap of 1.61 eV), this would predict an electron affinity of 3.59 eV. Considering the assumptions and
uncertainties inherent to conversion factors relating redox potentials to solid-state ionization potentials,
we consider the values obtained from the UPS measurements to be consistent with that estimated from the
cyclic voltammetry results.**® Both the CV and UPS results of PDBPyBTz are suggestive of good

ambient stability towards oxidation.*

A comparison of the calculated and experimental IPs and EAs between PDBPyBTz, analogous materials
PDBTz and PDBPyBT, and component monomers reveals the difficulties in determining structure-
property relationships in narrow bandgap polymeric semiconductors (Figure 4). In contrast with previous

studies***°

and the conventional approach to the D-A (and A-A) design strategy, the substitution of the
bithiophene moiety with bithiazole in PDBPyBTz did not result in larger estimated IP and EA values
than those observed for PDBPyBT. Similarly, the use of the DBPy moiety did not result in the expected
lower ionization energies in comparison to the TDPP moiety.”” Electrochemical methods of estimating
gas-phase ionization potentials present a number of sources of uncertainty which make it difficult to
evaluate the precision of these estimations and consequently the qualitative value in comparing
estimations between polymer semiconductors.*>!* Indeed, there are minor discrepancies observed
between previously reported estimations of IP and EA for PDBPyBT?’, PDBTZz**, and those reported here.
Bearing these uncertainties in mind, the results can be understood by examining the theoretical MO

calculations of the frontier orbital geometries in assessing the effectiveness of m-delocalization in the

system. As discussed above, the HOMO coefficients are localized on the DPP aromatic core and
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minimally present on the flanking pyridinyl moieties or BTz units (Figure S11). Upon closer inspection,
nodes in the HOMO wavefunction can be seen on both the pyridinyl carbon atoms connected to the DPP
core and between the atoms connecting the pyridinyl and BTz moieties. Nodes between these units are
absent in the LUMO wavefunction, which has greater delocalization along the polymer chain. Similar
nodal patterns are seen between the SOMOs of the ions, with the anion wavefunction delocalized across
the repeating unit and the cation wavefunction localized on the DPP core (Figure S13). The electronic
structure of these wavefunctions may explain why greater LUMO stabilization was seen in PDBPyBT
than in PDBPyBTz despite a larger energy difference between the monomer units of the former (Figure
4). These observations highlight the need to consider the fundamental principles of perturbation MO
theory in selecting monomeric units using the A-A design strategy; namely, that the strength of the
interaction is not only dependent on the relative orbital energies of the component moieties, but also a
function of the degree of orbital overlap which affects the final shape of the product orbitals.** The
differences in the spatial extent of positive and negative charge carriers has implications for charge

7

transport™® between holes and electrons in thin films,”” which can affect the performance of these

materials in OFET devices.>®

2.4 Field Effect Electron Transport
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Table 2. Electron transport properties of PDBPyBTz on OTS-modified BGBC OFET devices*

He (cm?V-s)

Polymer Solvent Annealing Vi (V) lon/lore
Average Max
Pristine 0.010 £ 0.002 0.013 231122 104109
100 °C 0.021 £ 0.007 0.054 226+29 102-104
CHCl,
125°C 0.017 £ 0.001 0.019 180+1.3 102108
150 °C 0.017 £ 0.001 0.019 201+£34 103-104
PDBPy-BTz
Pristine 0.018 £ 0.007 0.023 275+1.0 104109
100 °C 0.021 £ 0.002 0.027 262+15 102-10°
p-xylene
125°C 0.020 + 0.001 0.023 239+25 104109
150 °C 0.023 £ 0.002 0.030 305+35 103-10°
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* OFET characterization results based on 6 devices for each condition. Annealing performed over 30 minute

intervals. Data for each condition was taken over six devices.

The charge carrier properties of PDBPyBTz were evaluated in bottom-gate, bottom-contact (BGBC)
organic field effect transistor (OFET) devices using a p-doped Si substrate as the gate electrode, with a
300 nm thick layer of thermally grown SiO; as the gate dielectric (full details of device fabrication and
structure given in the supporting information). Au source and drain contacts (50 nm of Au with 3 nm of
Cr as the adhesion layer) with fixed channel dimensions (50 pm in length and 2 mm in width) were
deposited via E-beam using a photolithography lift-off process. After depositing the contacts, the SiO;
surface was modified with OTS-18 to minimize surface charge trapping. The analogous polymers PDBTz
and PDBPyBT were also incorporated into OFET devices for comparison. Similar to a previous report of
an all-acceptor DPP-polymer,'® PDBPyBTz-based OFETs demonstrated solely n-channel transport with
no obvious source-drain current under negative gate voltage even when Au electrodes were used (Figure
5 and Figure S19). The average electron mobility (u.) of blade-coated PDBPyBTz devices were
approximately 0.02 cm*V's™!, with a maximum pe of 0.054 cm?V-'s™! (Table 2, plot of mobility vs. gate
bias shown in Figure S20). There were only negligible differences in n-channel performance between
spin- and blade-coated devices of PDBPyBTz (Table S2). In contrast, the analogous PDBPyBT and
PDBTz copolymers exhibited ambipolar transport in devices fabricated under the same conditions
(Figure 5). PDBPyBT blade-coated from p-xylene had an average pof 4.4x10* cm*V-'s™!, while PDBTz
deposited under the same conditions had an average p. of 2.2x10* cm?V~'s™!; both these values are two
orders of magnitude below that seen for PDBPyBTz. The hysteresis patterns and positive shift of Vr with
each consecutive sweep on a single channel of both PDBPyBT and PDBTz can be attributed to the
presence of electron traps that are injected as the device is placed under positive gate bias (Figure S21).%
This causes discrepancies in Vr across the channel that invalidate the assumptions of the Schockley

equation, which precludes reliable hole mobility extraction.®® It is interesting that the polymer with the

15



highest estimated frontier energy levels (and hence the least efficient electron injection with Au contacts)
(Figure 4) was the only polymer that demonstrated solely n-channel transport. As all the devices in this
study were fabricated simultaneously under the same conditions, we speculate that hole-traps specific to
PDBPyBTz are the source of the unipolar charge transport. Bithiazole has been reported to form
complexes with Lewis acids®' and we speculate that such interactions may be occurring with the BTz

moieties in PDBPyBTz and the hole charge carriers, effectively blocking hole transport.
2.5 Thin Film Morphology and Microstructure

The surface morphologies of PDBPyBTz, PDBTz, and PDBPyBT films blade-coated onto OTS-
modified Si-substrates were characterized using tapping-mode atomic force microscopy (AFM) (Figures
S22 and S23, SI). Non-annealed films blade-coated from both p-xylene and CHCIs solutions of
PDBPyBTz exhibited similar morphologies, as can be seen in Figure S22. The similarity in the surface
morphologies is consistent with the similarity in OFET device performance parameters observed between
films cast from the two solvents, as film morphology is known to have a profound influence on charge
transport properties.®*** Upon annealing at 150 °C for 30 minutes, the film coated from p-xylene solution
developed a network formation on the surface, while that coated from CHCIl; had no discernable
morphology (Figure S21). AFM images of pristine PDBPyBT and PDBTz devices blade-coated from p-

xylene can be seen in Figure S23.

To investigate PDBPyBTz chain packing, we carried out two-dimensional grazing-incidence wide-angle
X-ray scattering (2D-GIWAXS) on blade-coated films cast from p-xylene onto OTS-modified Si
substrates (300 nm SiO; dielectric on heavily p-doped Si) (Figure 7; x-ray scattering patterns shown in
Figure S24). An isotropic ring can be observed at 20 = ~ 25° corresponding to a d-spacing of 0.417 nm
(4.17 A), which is on the order typical of n-m stacking distances. The scattering intensities of this ring are
similar in magnitude in both the [h00] and [0kO] directions. The well-defined diffraction peak at 26 = ~ 6°
corresponding to a d-spacing of 2.11 nm (21.1 A) is attributed to highly ordered lamellar d-spacing

between the polymer chains and is of higher intensity in the <h00> direction than the <0k0> direction.
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The <200> peak at 20 = ~ 11° indicates a higher order of lamellar spacing between the 2-octyldodecyl
side-chains separating the polymer chains. Herman’s orientation parameter (S, calculation details
provided in SI) was calculated to quantify the orientation distribution of the first-order lamellar stacking
peak ([100]) and resulted in an S value of 0.46, indicating a mainly edge-on orientation.®> Such an edge-

on orientation is conducive to in-plane charge-transport mobilities, such as those measured in OFET

devices.?
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Figure 7. GIWAXS linecut patterns of blade-coated PDBPyBTz thin films on OTS-modified Si/SiO, surfaces.
3.0 Conclusion

A semiconducting polymer, PDBPyBTz, was designed using the all-acceptor design strategy and prepared
by Stille copolymerization of the electron deficient 2,2’-bithiazole and bispyridinyl diketopyrrolopyrrole
moieties. PDBPyBTz has a high electron affinity of 3.87 eV, suggesting good ambient stability. Spectral
properties include a low optical bandgap of 1.47 eV and a Ama of 656 nm for the material in thin-film
form. BGBC OFET devices fabricated using blade-coated PDBPyBTz active layers demonstrated
unipolar n-channel charge transport, with electron mobilities reaching 0.02 cm*V-'s". That the IP and EA
values of PDBPyBTz were lower (which corresponds to frontier levels higher in energy) in comparison
with the analogous PDBPyBT and PDBTz copolymers comprised of more electron-rich monomers was a

surprising result, which highlights the need to consider orbital parity and wavefunction distribution
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between component units in polymeric semiconductors in determining structure-property relationships of
product materials and electronic compatibility between candidate monomer pairs. We believe the
semiconducting performance and optoelectronic properties of PDBPyBTz make it a versatile material for
further studies in organic electronics with opportunities for optimizing its charge transport performance in
device applications. In addition to its demonstrated potential in transistor devices, PDBPyBTz is also a
particularly promising candidate for incorporation into organic photovoltaics as an acceptor material. This
study demonstrates the successful implementation of the all-acceptor design strategy in developing an
electron-deficient conjugated polymer amenable to unipolar n-channel transport in OFET devices. Further,
preliminary device performance results highlight the complex relationships between molecular structure,
photophysical characteristics and solution process protocols associated with the implementation of

conjugated polymers into optoelectronic devices.
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