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ABSTRACT: In order to determine the effects of actual ‘chalcogen atoms’ on
semiconducting properties for application in a variety of optoelectronic devices, a class
of donor (D)—acceptor (A) polymer semiconductors, namely PBDP-Fu, PBDP-Th,
and PBDP-Se, containing the recently formulated benzodipyrrolidone (BDP) accepting
unit and furan (Fu), thiophene (Th), or selenophene (Se) as a donating unit has been
synthesized, characterized, and used in an active layer of organic field-effect transistors
(OFETs). With the LUMO levels being comparatively consistent for all three polymers
(—3.58 to —3.60 eV) due to the dominant BDP contribution to the polymer backbone,
the HOMO energies are somewhat sensitive to the structurally distinctive feature of the
donor counits used. Utilizing a combination of X-ray diffraction (XRD) and atomic
force microscopy (AFM), it is apparent that further crystalline domains occur with
edge-on orientation for the polymers (PBDP-Th and PBDP-Se) with relatively heavier
chalcogen atoms such as Th and Se, compared with PBDP-Fu which has a rather
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amorphous nature. Investigation of their OFET performance indicates that all the polymers show well balanced ambipolar
operations. The desirable morphological structures of both the PBDP-Th and PBDP-Se result in higher mobilities in OFET's
than those of PBDP-Fu. In particular, 200 °C annealed PBDP-Se OFETs results in ambipolarity being mobile for both holes of
up to 1.7 X 107> cm*/V-s and electrodes of up to 1.9 X 107> cm*/V's. In addition, OFETs with PBDP-Th show nearly equivalent
charge carrier mobilities for both holes (i, = 1.2 X 107> cm?/V's) and electrons (4, = 1.1 X 107> cm*/V-s). Consequently, we
systematically demonstrate how the manipulation of existing heteroaromatics can modulate the electronic properties of
conjugated D—A polymers, elucidating structure—property relationships that are desirable for the rational design of next

generation materials.

KEYWORDS: ambipolar semiconductors, benzodipyrrolidone, chalcogen atoms, heteroaromatics, organic field-effect transistors,

semiconductors

1. INTRODUCTION

m-Conjugated polymer semiconductors are expected to be one
of the promising key elements' > for innovative display
technologies,“_8 because, in spite of their current poor stability,
they have many advantages over silicon-based semiconductor
materials, including flexibility, lightweight, ultralow-cost, and
processability. Special attention has been paid to the design of
conjugated donor (D)—acceptor (A) polymers, since this
approach can enhance the intermolecular and intramolecular
interactions which directly govern the molecular ordering and
m—n stacking of the polymer chains in the solid state, thus
boosting the effective charge transport efficiency.” In addition,
D—A polymers enable the realization of large area integrated
circuits (ICs) based on complementary inverters and light
emitting transistors (LETs) by a simple blanket coating without
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the sophisticated patterning processes of the organic semi-
conducting layer since the polymers can have both electron and

hole transport in one polymer chain.'”"!

To achieve high
performance ambipolar ICs and LETs, high and well-balanced
electron and hole mobility is required."*

In recent years, bislactam-based chromophores such as
diketopyrrolopyrrole (DPP),">™'* benzodipyrrolidone
(BDP),"™?* isoindigo (IIG),”>™** and thienoisoindigo
(TIIG)* ™ (Figure 1), so-called ‘high-performance pigments’,
have been the most frequently used electron-accepting building
blocks for constructing D—A type polymers with high charge
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Figure 1. Structures of diketopyrrolopyrrole (DPP), benzodipyrroli-

done (BDP), isoindigo (IIG), and thienoisoindigo (TIIG).

carrier mobility. In line with the consideration of an effective
D—A strategy, various thiophene-based moieties as the natural
choice for electron-donating units within the main backbone
have been ubiquitously incorporated into bislactam-containing
D—A polymers for applications in organic field-effect transistors
(OFETs).>*

In order to maximize the charge transport caused by effective
overlap integrals of wave functions between neighboring
molecules, our group and several other groups recently
developed selenophene-comprising D—A polymers based on
a bisl3a5ct§;n core having higher charge-transport perform-

At the same time, a growing interest in oligofurans as an
alternative to other heteroaromatics used has developed since it
is believed they can be obtained from biomass and are
considered ‘green’ electronic materials;**' they also have
similar energy levels and a comparable degree of aromaticity
relative to thiophene counterparts.*** Despite the fact that
furans are smaller overlaf4 integrals and have lower polar-
izabilities than thiophenes,™*~* recent progress in the develop-
ment of bislactam-based D—A polymers containing furan for
OFETs has yielded materials with high charge carrier mobilities
comparable with those obtained for their thiophene ana-
1ogues.47_49 However, systematic investigations of heteroar-
omatics-comprising D—A polymers with different aromaticities
have not yet been subjected to the same bislactam framework,
and their own unique advantages as aforementioned have been
enjoyed within the different acceptor building blocks. For
example, the analogues of DPP-benzothiadiazole polymer
(PDPP-BT), in which the neighboring thiophene units on
DPP core are replaced with either thiophene (Th) or

selenophene (Se), were developed by Heeney and Sirringhaus
et al. Besides, Sonar, Li, and Dodabalapur et al. reported the
synthesis of BT-based polymer comprised of furan (Fu)-
substituted DPP combined with BT and its use in OFETs.>® A
series of publications based on the molecules of varying
chalcogen atoms in different research groups followed,® ~>°
shedding light on their interesting properties.

From our attempt to uncover the actual ‘chalcogen atom’
impact on intrinsic polymer properties, we selected the recently
conceived benzodipyrrolidone (BDP) accepting moiety that is
described as an elongated DPP structure. Herein, we report the
synthesis of a series of BDP-based D—A polymers, PBDP-Fu,
PBDP-Th, and PBDP-Se, by polymerizing donor moieties, Fu,
Th, and Se, with the soluble BDP acceptor unit. Other
comparative studies of these polymers also represent a step
toward a structure—property relationship regarding the
chalcogen atoms as the counterpart comonomers for OFETs
based on bislactam structures. We believe that these cogent
studies, relating to energy levels, morphology, molecular
packing, and carrier transport as a function of heteroaromatic
building blocks, are extremely significant for guiding the
rational design and synthesis of novel, high-performance
semiconductors.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. The synthetic
routes to the monomers and polymers (PBDP-Fu, PBDP-
Th, and PBDP-Se) are outlined in Scheme 1. Briefly, the key
BDP (1) core was synthesized in three steps starting from p-
phenylenediamine, and the final oxidation step ensured
conjugation of the quinodimethane structure (isolated yield
of 60% over the three steps) according to the procedures
established by Wudl et al." A soluble BDP monomer was
conveniently obtained by the subsequent alkylation of 2 with 2-
decyltetradecyl bromide in anhydrous DMF in the presence of
potassium carbonate, which was almost the same condition as
that for other alkylated bislactom-based compounds (55%
yield). All chalcogen-based counterpart distannylated como-
nomers (Fu, Th, and Se) were prepared using a lithiation and
subsequent quenching with trimethyltin chloride.

Scheme 1. Synthetic Routes of BDP-Based Polymers”

NH,
Ref 7
—_—
—
E—
NH,

(0]
BDP (1)

Me3SnSnMe3 (;)

- 'Q -~ PBDP-Fu
B ,Q;\ PBDP-Th

“Reagents and conditions: (i) K,CO;, DMF, 2-decyltetradecyl bromide 130 °C, 55%; (ii) Pd(PPh,),, toluene, 110 °C, for PBDP-Fu (75%), PBDP-

Th (70%), and PBDP-Se (81%).
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Table 1. Photophysical and Electrochemical Properties of BDP-Based Polymers

polymer M, (kDa) PDI T, (°C)* 2, (am)”  2,," (am) B (V)T Eowo (V)7 Ewowo (V) EV (eV)*
PBDP-Fu 47.0 1.64 458 594 635 1.67 —3.60 —5.37 177
PBDP-Th 37.0 1.13 401 611 630 1.67 —3.58 —5.34 1.76
PBDP-Se 74.0 1.74 475 611 652 1.64 -3.59 —5.32 173
“The temperature of 5% weight-loss under nitrogen. bChloroform solution. “Determined from the onset of the electronic absorption spectra. dCyclic
voltammetry determined with Fc/Fc+ (Eyopo = —4.80 eV) as the internal reference. eEgCV = Erumo — Enomo-
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Figure 2. UV—vis absorption spectra of BDP-based polymers in chloroform solution (a) and as thin solid films (b). Cyclic voltammograms of BDP-
based polymer thin films (c). Energy level diagrams for BDP-based polymers (d).

With all monomers in hand, the polymerizations were
performed under a palladium (Pd)-catalyzed Stille-type
coupling reaction, with 1:1 monomer ratio, to give the target
polymers (see details in the Experimental section). This was
followed by successive Soxhlet extraction with methanol,
acetone, and hexane to remove catalyst residues and low
molecular weight oligomers. The remaining material was
dissolved in chloroform and precipitated into methanol,
resulting in the pure target polymers, PBDP-Fu, PBDP-Th,
and PBDP-Se. All of the polymers are highly soluble in organic
solvents such as chloroform, THF, and chlorobenzene at room
temperature. The number-average molecular weights (M,) and
the polydispersity index (PDI) of the polymers were
determined by gel permeation chromatography (GPC) with
THEF as an eluent against polystyrene standards (Table 1). All
polymerizations produced polymers with moderate to high
molecular weights (37—74 kDa); the rather high molecular
weight for PBDP-Se could be due to the aggregation that
induced overestimation of molecular weight in THF. The
thermal stability of all the polymers was also investigated by
thermogravimetric analysis (TGA). PBDP-Fu, PBDP-Th, and
PBDP-Se show a 5% weight loss at 458 °C, 401 °C, and 475
°C, respectively, which indicates their excellent thermal stability
(see Table 1 and Figure S1 in the SI).

2.2. Photophysical and Electrochemical Properties
and Computational Studies. The optical properties of the
polymers were analyzed and are shown in Figure 2, with the
detailed values listed in Table 1. All three polymers possess
similar optical features with wide absorptions from 320 to 850
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nm. Shorter and longer wavelength peaks are attributed to the
m—n* transition band and intramolecular charge transfer (ICT)
between donors and the acceptor BDP moiety, respectively.
The absorption spectra of all the copolymer films show an
obvious red-shift relative to their solutions, which is a general
feature of D—A conjugated polymers because of their more
ordered molecular organization in the solid films. It is worth
noting that PBDP-Se exhibits an enhanced absorption intensity
of the ICT band relative to that of the z—z* transition band,
when compared to the strength ratios of the two peaks for
PBDP-Fu and PBDP-Th.

Structurally, the three polymers differ from each other based
on the identity of the donor conjugated with, and adjacent to,
each BDP unit. Thereby, for PBDP-Se, the slight red-shift in
the absorption maximum as well as the more pronounced ICT
band imply the relatively stronger electron-donating ability of
the Se than that of the other two moieties (Fu and Th). The
optical bandgaps (E,™), calculated from absorption cut off
values, are determined as 1.67 eV, 1.67 eV, and 1.64 eV for
PBDP-Fu, PBDP-Th, and PBDP-Se thin films, respectively.

It is relatively clear that organic semiconducting materials
should have a delocalized electron-density-state and appropriate
levels of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) to facilitate
the efficient injection of the hole and electron from the
electrode. Therefore, the electrochemical redox properties of
the polymers were investigated as thin films using cyclic
voltammetry (CV). The CV curves were recorded with
reference to an Ag/Ag+ electrode and calibrated by the
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Figure 3. (a) DFT-optimized geometries and charge-density isosurfaces for the model dimers of BDP-based polymers (B3LYP/6-31G*) and their

top views.

ferrocene/ferrocenium (Fc/Fc+) redox couple (absolute
energy level of —4.80 eV to a vacuum) as an internal standard.
These three polymers have two reversible redox processes at
negative potential and quasi-reversible oxidation processes at a
positive scan. Notably, these two characteristic BDP reduction
waves not only indicate initial radical anion and subsequent
dianion formation, but the reversibility in the reduction
processes is also interpreted as a good sign of the stability of
the BDP-polymer anions.

The oxidation and reduction onset potentials are translated
to HOMO and LUMO energy levels, which are summarized in
Table 1 and schematically depicted in Figure 2. Changing the
donor parts (Fu, Th, and Se) of the BDP-based polymers barely
affects the LUMO levels of the polymers (the three polymers
with values between —3.58 and —3.60 eV), because their
LUMOs are predominately localized on the strong accepting
BDP core. On the other hand, the HOMOs relatively vary from
—5.32 eV to —5.37 eV as a function of the electron donating
ability of the donor monomer and polymer backbone
conformation. This implies that the electron donating abilities
of the donor chromophores increase in the order of Fu < Th <
Se. The reasonably deep HOMO energy levels (below —5 eV)
indicate good stability toward unintentional doping by
atmospheric oxidants,”” which is very important for manu-
facturing stable organic electronic devices. The electrochemical
bandgaps defined as EgCV = E;ymo — Enomo for each polymer
follow the same trends as the optical gaps but are consistently
somewhat larger.

To gain insight into the structural and electronic features of
the polymers, distributions of HOMO and LUMO of PBDP-
Fu, PBDP-Th, and PBDP-Se were calculated using the DFT
method at the B3LYP/6-31G* level and are shown in Figure 3.
Interestingly, the HOMO is mostly distributed along the
polymer backbone, whereas the LUMO is localized on the BDP
moiety. This is consistent with the HOMO-LUMO
distribution observed in several D—A polymers.***>%%7% In
addition, from the optimized structures of the polymers in the
horizontal view, small dihedral angles of 1.6—14.7° between the
BDP and chalcogen-based counits are observed, leading to the
existence of good coplanarity in the main backbones.

2.3. Thin Film Microstructure Analyses. Conventional
X-ray diffraction (XRD) and tapping-mode atomic force
microscopy (AFM) analyses were carried out to investigate
the thin film microstructures and morphologies on the
substrate, which are the key factors that govern OFET device
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performance. Figure 4 exhibits XRD patterns of the annealed
thin films of the BDP-based polymers, which enables us to
specifically study the polymer chain alignment.

4.05°)

Intensity (CPS)

5 10

15 20 25
20 degree

30

Figure 4. Out-of-plane X-ray diffraction (XRD) patterns of BDP-based
polymer films annealed at 200 °C.

As shown in Figure 4, both PBDP-Th and PBDP-Se films
show noticeable primary diffraction peaks with similar
intensities at 20 of 3.95° and 4.05°, corresponding to d(001)-
spacing values of 22.36 and 21.82 A, respectively, while no clear
d(001)-diffraction peaks appeared in the films of PBDP-Fu. In
addition, no observable 7-stacking diffractions of polymer
d(010) appeared in any of the cases. Judging from these XRD
results, the films of PBDP-Th and PBDP-Se polymers
preferentially adopt an edge-on orientation respective to the
substrate, whereas PBDP-Fu are rather amorphous and exhibit
no apparent surface structures, which is likely attributed to the
less ordered intermolecular packing. In addition, as illustrated
in Figure 5, compared to the PBDP-Fu film, both the PBDP-
Th and PBDP-Se films have relatively denser grains. This
visible change in the film crystallinity and morphology between
PBDP-Fu and PBDP-Th/PBDP-Se likely stems from the
stronger intermolecular interaction of PBDP-Th/PBDP-Se
relative to PBDP-Fu films. This can be attributed to the larger
overlap integrals and higher polarizabilities of sulfur and
selenium (in Th and Se, respectlvely) compared to the lighter
oxygen atom (in Fu).**~ * Therefore, we would expect a facile
charge transport in the PBDP-Th and PBDP-Se polymers,
when compared to PBDP-Fu (vide infra).

dx.doi.org/10.1021/am405917a | ACS Appl. Mater. Interfaces 2014, 6, 4872—4882
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Figure 5. AFM height (top) and phase (bottom) images of (a, d) PBDP-Fu, (b, e) PBDP-Th, and (c, f) PBDP-Se films annealed at 200 °C.

2.4. OFETs Performance. Top gate, bottom contact
OFETs with PBDP-Th, PBDP-Se, and PBDP-Fu were
fabricated on a glass substrate with a poly(methyl methacrylate)
(PMMA) gate dielectric layer. The conjugated polymer films
are annealed at various temperatures from 100 to 250 °C for 30
min to improve device characteristics. Figure 6 shows the
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Figure 6. Transfer and output curve of 200 °C annealed PBDP-Fu
(red line), PBDP-Th (blue line), and PBDP-Se (green line) OFETs.
(a) p-channel and (b) n-channel transfer characteristics. (c) p-channel
and (d) n-channel output characteristics.

typical transfer and output curves of the OFETs that were
annealed at 200 °C; details of device properties including hole
(uy) and electron mobility (y,) and threshold voltage (Viry) are
summarized in Table 2. All devices showed typical ambipolar
OFETs characteristics with well-balanced yj, and p,. The charge
carrier mobilities of all devices are improved up to an order of
magnitude by increasing the annealing temperature from 100 to
200 °C. This is mainly due to the improved crystallinity of
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polymer films by thermal annealing, which is observed in the
XRD results (Figure 4, see the SI). A comparison between
polymers revealed that PBDP-Th and PBDP-Se OFETs
showed better yj, and y, than PBDP-Fu OFETs due to a
shorter intermolecular distance via a larger intermolecular
interaction.®’ In addition, this result is consistent with our
expectation based on XRD and AFM results. 200 °C annealed
PBDP-Se OFETSs showed the best and most well-balanced g,
and p, of 1.7 X 107 cm*/V's and 1.9 cm X 1072 cm?/Vs,
respectively. Even though the balance of 4, and y, is one of the
key factors to realize high performance complementary inverter
based ICs and LETs, almost all ‘push—pull’ ambipolar
conjugated polymers exhibited less balanced p;, and g, since,
not only do various parameters such as the crystallinity and
orientation of the molecule, contact resistance, and quality of
semiconductor-dielectric interface determine field-effect mobi-
lity in OFETSs, but we cannot control the electron accepting
and donating properties precisely via the design of the
molecule. Therefore, the well balanced mobility in the BDP
based copolymers here provides very useful information on
how to design the D—A polymer to obtain well-balanced g, and
He

To more clearly explain the sources of mobility difference in
BDP polymers, contact resistance (R.) and activation energy
(E4) for the electron and hole were measured using the Y-
function method and low temperature I—V measurement,
respectively. Details of the Y-function method have been
described in our previous report and elsewhere.®** As shown
in Figure 7(a) and Table 3, a lower R, was extracted from
PBDP-Th and PBDP-Se OFETs than from the PBDP-Fu
devices, and R, of the electron and hole decreased by thermal
annealing. This result indicates that a lower R, in annealed
devices is one of the reasons for the improvement of u;, and y,
by thermal annealing. The R, for hole injection is almost similar
for all polymers, whereas electron R, shows a large difference as
shown in Figure 7(b). This is an unexpected result since the
three polymers have almost the same barrier height for electron
and hole injection since all polymers have very similar LUMO
and HOMO energetic levels. The larger electron R in PBDP-
Fu OFETs is presumably due to the unfavorable molecular
conformation, in particular the BDP unit, for efficient electron
injection at the electrode-semiconductor interface.** E, for
electron and hole transport is extracted using Arrhenius

dx.doi.org/10.1021/am405917a | ACS Appl. Mater. Interfaces 2014, 6, 4872—4882
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Table 2. Summary of the Electrical Characteristics of PBDP-Fu, PBDP-Th, and PBDP-Se OFETs Annealed at Various Temperatures®

PBDP-Se

PBDP-Th

PBDP-Fu

Vi [V]
—-28.6

Ion/Ioﬁ"
1x 107"

Vg [V] S.S [V/dec.]
2% 1072

Hsat [cm?/V:s]

Ion/ Lo
2% 1072
1 x 1072
2% 1072
7 % 1073

3% 1072

S.S [V/dec.]

Vi [V]

Hiat [cm?/V:s]

Lo/ Lo
3x 1072
1x 107!
8 x 1073

9% 1072

[V/dec.]
—18.2

S.S

Hsat [cm?/V:s]

Ta
100 °C

-52.0

72 %1073

—-12.4

—474

45 %1073

5.0 x 107*

hole

16.0
—-20.2

11.0
-53.3

7.3 %x 1073

19.9
—-11.8

357
—54.5

2.5 %1073

33.1
-12.0

17.5

—41.5

7.9 x 1075

electron
hole

1x 107!
2% 1072

9.3 x 1073

6.8 X 1073

33 %1073

150 °C

17.7
—18.5

16.8
—53.4

1.1 x 1072

13.9
—14.5

35.5
—53.4

6.7 x 1073

25.0
—-10.4

34.5

—45.6

1.7 X 107*

electron
hole

1x 107!
2% 1072

1.7 X 1072

1.2 X 1072

6% 1073

48 x 1073

200 °C

19.8
—-18.1

19.1
—53.0

1.9 X 1072

5% 1073
8 x 1072

17.2

—-152

342
—54.2

1.1 X 1072

5% 1072
2% 1072

40.2 18.7
—-12.3

—47.6

43 x 107*

electron
hole

1x 107!
9x 1073

9.1 x 1073

6.0 % 1073

3.7 %1073

250 °C

14.1

22 %1072 19.9

10.6 4x 1073

3.0 x 1072 30.4

27.5 20.7 4x 1072

5.8 x 107*

electron

“All values are averaged from 6—9 devices.
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plotting of y;, and y, measured at a low temperature, and results
are shown in Figure 8 and Table 4. The E, follows similar
trends to R. PBDP-Se and PBDP-Th OFETs showed lower
electron and hole E, than PBDP-Fu. Along with the R, result,
this is very consistent with the mobility trend of these devices
and implies that the highest y;, and y, in the PBDP-Se OFET's
is mainly due to the lowest R and E,, which is the result from
the high crystallinity in XRD results in PBDP-Se and PBDP-
Th films.

Finally, we demonstrated ambipolar complementary inverters
using three conjugated polymers as a single active layer.
Ambipolar conjugated polymers can transport both the electron
and hole in one polymer chain so that the p- and n-channel
semiconducting active regions in a complementary inverter can
be formed by simple blanket coating such as spin coating and
bar-coating without any patterning processes.”® To achieve
excellent inverter performance such as high voltage gain and a
right inverting voltage at Vpp/2, high and well-balanced p;, and
#e (Vrgy and Vi) are required. Figures 9(a) and 9(b) show
the voltage transfer characteristics (VI'Cs) and the correspond-
ing voltage gains of 200 °C annealed PBDP-Fu, PBDP-Th, and
PBDP-Se ambipolar inverters at Vpp = 80 V. The Vi, of the
complementary inverter is reached when both the p- and n-
channel OFETs operate in the saturation region and can be

expressed by eq 1

1+\/E
B (1)

where f# = (W/L)upgC,; is a design factor for adjusting the p-
and n-channel currents of the transistors, and the superscripts p
and n denote the semiconductor type.66 The V,,, of the PBDP-
Fu device was the most theoretically ideal position at 1/2 Vpp,
even though a large hysteresis was observed between the
forward (V,,, = 57.4 V) and reverse (V,,, = 31.1 V) sweep due
to the poorer device performances (Table S) with the largest R,
(Table S). On the other hand, PBDP-Th and PBDP-Se
inverters showed a sharper inverting transition and a smaller
hysteresis, but V;,, was shifted more to the left direction from
1/2 Vpp by ~10 and 20 V, respectively. The right position of
Vi in the PBDP-Fu device was attributed to the more well-
balanced Vryy, = —45.6 V and Vg = 40.1 V of the PBDP-Fu
OFETs than those of the PBDP-Th (Vi) = =534 V, Viy, =
342 V) and PBDP-Se (Viyyy, = —53.0 V, Vipy, = 19.1 V)
inverters, since the position of Vi, mainly depends on the
difference between the absolute value of Vyyy and Vi
However, the PBDP-Fu devices showed the largest hysteresis
in VTC because the device showed the largest R, for electron
and hole injection and lowest p;, and p,. Even though the
PBDP-Se devices showed the most shifted V,,, the largest
average inverter gain (~20) was achieved in the PBDP-Se
device compared with that of PBDP-Th (~15) and PBDP-Fu
(~S). This is due to the highest and most well-balanced 4, and
H, in the PBDP-Se OFETs. From this study, we can control the
inverter characteristics such as the VI'Cs and gains systemati-
cally by changing the molecular structure.

3. CONCLUSIONS

We designed and synthesized a family of three donor (D)—
acceptor (A) polymer semiconductors (PBDP-Fu, PBDP-Th,
and PBDP-Se) which polymerize donors of varying hetero-
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Figure 7. (a) Hole and electron contact resistance per unit channel width versus annealing temperature of PBDP-Fu, PBDP-Th, and PBDP-Se
OFETs. (b) Hole and electron contact resistance of PBDP-Fu, PBDP-Th, and PBDP-Se OFETs annealed at 200 °C.

Table 3. Summary of Hole and Electron Contact Resistance
for PBDP-Fu, PBDP-Th, and PBDP-Se OFETSs Various
Annealed Temperatures®

Ta
100 °C

150 °C

200 °C

250 °C

hole
electron
hole
electron
hole
electron
hole

electron

PBDP-Fu
RcW [MQ:-cm]
30.69 + 6.48
103.31 + 11.71
10.99 + 7.64
44.87 + 29.7
341 + 2.65
1126 + 1.54
26.06 + 6.75
10.13 + 12.1

PBDP-Th
RcW [MQ:-cm]
46.20 + 30.34
1.37 + 1.64
19.76 + 13.24
0.16 + 0.09
3.01 £ 1.31
0.15 + 0.07
432 + 1.62
0.14 + 0.21

PBDP-Se

RcW [MQ:-cm]

10.20 + 1.26
0.58 + 0.39
5.80 + 1.65
1.20 + 2.29
2.82 +3.99
0.13 + 0.07
3.74 = 1.38
0.0S + 0.02

“All values are averaged from 6—9 devices.

aromatic blocks (furan (Fu), thiophene (Th), or selenophene
(Se)) with the recently conceived benzodipyrrolidone (BDP)
acceptor and that take on microstructural ordering with an
edge-on configuration, whereas PBDP-Fu films take on an
amorphous/low crystallinity alignment. Thereby, our con-
fidence in both PBDP-Th and PBDP-Se as relatively higher
performance polymers is justified by the aiming to systemically
investigate the actual impact of the chalcogen atoms on
intrinsic semiconducting properties. Given the similarity of the
LUMO levels (—3.58 to —3.60 eV) due to the electron-
accepting BDP moiety, the HOMO levels are shown to

relatively depend on the donating companion units. XRD and
AFM measurements reveal that both PBDP-Th and PBDP-Se
polymer films with relatively heavier chalcogen atoms take on
microstructural ordering with an edge-on configuration,
whereas PBDP-Fu films take on a rather amorphous/low
crystallinity alignment. Not only does PBDP-Se have both hole
and electron mobilities exceeding 1.8 X 1072 em?/V's, but
PBDP-Th also shows an almost equivalence between p-type
operation and n-type operation, (4, = 1.2 X 107> cm?/V-s) and
(4, = 1.1 X 107> cm?/V-s), respectively. Our studies provide
generalizable insights into structure—property relationships on
the existence of different heteroaromatic blocks in bislactam-
based D—A polymers, which should facilitate the further design
of high performance polymer semiconductors for OFETs.

4. EXPERIMENTAL SECTION

General Information. All reagents were purchased from Aldrich
Co., Alfa Aesar, and TCI Co. and were used without purification. All
solvents were used as fresh by distillation. Anhydrous THF was
obtained by distillation from sodium/benzophenone prior to use. The
intermediates based on benzodipyrrolidone (1 and 2)'**° as well as
counterpart comonomers (2,5-bis(trimethylstannyl)furan,2,5-bis-
(trimethylstannyl)thiophene, and 2,5-bis(trimethylstannyl)-
selenophene))67 were prepared according to the methods outlined
in the literature. '"H NMR and *C NMR spectra were recorded on an
Agilent 400 MHz spectrophotometer using CDCI; as the solvent and
tetramethylsilane (TMS) as the internal standard, and UV—vis-NIR
spectra were taken on a UV-1800 (SHIMADZU) spectrometer. The
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Figure 8. (a) Hole and (b) electron mobility (4) versus 1000/temperature 200 °C annealed PBDP-Fu, PBDP-Th, and PBDP-Se OFETs. Devices
were measured at various temperatures from 297.15 to 78.15 K at 20 K steps.
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Table 4. Summary of Hole and Electron Activation Energy (E,) of PBDP-Fu, PBDP-Th, and PBDP-Se OFETs

hole electron
—E, [meV] HiaghoteLem®/Vs] —E, [meV] Hsatelectron €m0/ V5]
first region at 297.15 K first region at 297.15 K
PBDP-Fu —123 0.0052 —220.16 0.0006
PBDP-Th —136 0.0068 —177.67 0.0097
PBDP-Se —111 0.0093 —144.36 0.0212
80 30 Anal. Caled. for C,,H,,,N,05: C, 82.63; H, 10.31; N, 2.60; O, 4.46;
(b) e Gain aVv,, {170
25 3 found: C, 82.53; H, 10.47; N, 2.38.
60 20l 2 160 % PBDP-Th. Tsolated yield = 70%. M, = 37.0 kDa, M,, = 61.0 kDa, PDI
S 40 € 1 ./ 150 = 1.64 (against PS standard), 'H NMR (CDCl,, 400 MHz) § ppm
i g S5t . 1408 7.75—7.78 (br, 4H), 7.30—7.73 (br, 4H), 6.20—6.42 (br, 4H), 3.54 (br,
> 20 10¢ 1302 4H), 1.80 (br, 2H), 1.65 (br, 10H), 1.22—1.40 (br, 70H), 0.83—0.91
5} 120 § (br, 12H). Anal. Calcd. for C,,H,,(N,O,S C, 81.41; H, 10.16; N, 2.57;
0 . . . ol— . - £ 0, 2.93; S, 2.94; found: C, 81.54; H, 10.19; N, 2.78; S, 3.10.
0 20 40 60 80 -Fu -Th -Se

Vi V1

Figure 9. (a) Output characteristics of ambipolar complementary
PBDP-Fu, PBDP-Th, and PBDP-Se inverters (W/L = 1000/20 pm
for n- and p-channel transistors) and (b) gain and inverting voltage of
complementary inverters annealed at 200 °C versus ambipolar

polymers.

number-average (M,) and weight average (M,,) molecular weights and
the polydispersity index (PDI) of the polymer products were
determined by gel permeation chromatography (GPC) with Perkin-
Elmer Series 200 using a series of monodisperse polystyrene standards
in THE (HPLC grade) at 313 K. Cyclic voltammetry (CV)
measurements were performed on AMETEK VersaSTAT 3 with a
three-electrode cell in a nitrogen bubbled 0.1 M tetra-n-butylammo-
nium hexafluorophosphate (n-Bu,;NPF) solution in acetonitrile at a
scan rate of 50 mV/s at room temperature. The CV was used as the
Ag/Ag" (0.1 M of AgNO; in acetonitrile) reference electrode,
platinum counter electrode, and polymer coated platinum working
electrode, respectively. The Ag/Ag" reference electrode was calibrated
using a ferrocene/ferrocenium redox couple as an internal standard, of
which the oxidation potential is set at —4.8 eV with respect to a zero
vacuum level.

General Procedure for Stille Polymerization and Polymer
Purification. Compound (2) (0.13 mol) and distannyl compounds
(0.13 mmol) were placed in a Schlenk tube under an argon
atmosphere with S mL of anhydrous toluene. The mixture was
degassed for 20 min followed by the addition of Pd(PPh,), (9.9 mol, 5
mol %). The mixture was heated at 110 °C for 24 h. After cooling to
room temperature, the mixture was poured into methanol, and the
resulting precipitate was filtered. The polymer was purified by Soxhlet
extraction using methanol, acetone, and hexane and finally extracted
with chloroform. The chloroform solution was then concentrated by
evaporation and reprecipitated in methanol. The resulting dark blue
colored solids were collected and dried overnight under vacuum. The
polymers were characterized by 'H NMR, GPC, and elemental
analysis.

PBDP-Fu. Isolated yield = 75%. M,, = 47.0 kDa, M,, = 82.0 kDa, and
PDI = 1.74 (against PS standard), 'H NMR (CDCl;,400 MHz): §
ppm 7.78—7.92 (br 8H), 6.85 (s, 2H), 6.43 (s, 2H), 3.56 (s, 4H), 1.82
(br, 4H), 1.38 (br 8H), 1.20—1.43 (br, 70H), 0.84—0.92 (br, 12H).

PBDP-Se. Isolated yield = 81%. M, = 74.0 kDa, M,, = 84.0 kDa, PDI
= 1.13 (against PS standard), 'H NMR (CDCl,, 400 MHz): § ppm
7.59-7.78 (br, 8H), 7.39—7.57 (br, 2H), 6.42 (s, 2H), 3.47—3.54 (br,
4H), 1.80 (br, 2H), 1.65 (br, 10H), 1.22—1.40 (br, 70H), 0.83—0.91
(br, 12H). Anal. Calcd. for C,,H;;,N,0,Se: C, 78.06; H, 9.74; N, 2.46;
0, 2.81; Se, 6.93; found: C, 78.23; H, 9.78; N, 2.36.

OFETs and Complementary Inverters Fabrication. Cr/Au (2 nm/
13 nm) source/drain patterns were performed on Corning Eagle XG
glass substrates using a conventional lift-off photolithography process
with positive-tone photoresist and thermal evaporation. Before use, the
substrates were cleaned sequentially in a sonication bath of acetone,
isopropanol, and deionized water for 10 min each. Ambipolar PBDP-X
copolymer was synthesized and used without any further purification.
This semiconductor was dissolved in anhydrous chlorobenzene (Sigma
Aldrich) to obtain 8 mg/mL solution and was spin coated at 1400 rpm
for 90 s and then thermally annealed at temperatures ranging from 100
to 250 °C for 30 min in an N,-purged glovebox. 80 mg/mL of PMMA
(Sigma Aldrich, ~120 kM,,) in an nBA concentrate solution was used
as the gate-dielectric and was spin-coated at 2000 rpm for 60 s and
then baked at 80 °C for 1 h (thickness ~500 nm, capacitance: 6.20
nF/cm?) in an N,-purged glovebox. The transistors were completed by
depositing the top gate electrodes (Al) via thermal evaporation using a
metal shadow mask. For the complementary inverters, circuit
electrodes were patterned using photolithography, as above. In
addition, the semiconductor and gate dielectric layers were deposited
by a simple spin coating process. Complementary inverters were
completed by deposition of the top gate electrodes on the active
regions of the n- and p-channel transistors.

Characterization. The electrical characteristics of the OFETs were
extracted from the drain current via gate voltage bias or drain voltage
bias (channel width (W)/length (L): 1000/20 pm). The channel
width and length of n- and p-channel transistors in the complementary
inverters are 1000 and 20 pm, respectively. Activation energy was
extracted from the mobility via a vacuum state probe chamber while
decreasing the temperature from 297.1S to 78.15 K in 20 K steps using
liquid nitrogen. All measurements were taken using a Keithley 4200-
SCS semiconductor parameter analyzer connected to an N,-purged
glovebox probe station.

Table S. Summary of Gain and Inverting Voltage (V,,,) for PBDP-Fu, PBDP-Th, and PBDP-Se Complementary Inverters

PBDP-Fu PBDP-Th PBDP-Se
gain Vi AVTH,m gain Vi AVT]—[,m gain Vi AVTH,m
forward 3.50 57.40 =272 15.81 37.00 -9.59 22.72 22.00 —17.18
reverse 8.61 31.10 14.33 28.00 18.73 17.20
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