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N-Type semiconducting polymers are important materials for modern electronics but limited in variety
and performance. To design a new n-type polymer semiconductor requires a judicious trade-off
between structural parameters involving both backbone and side-chain modifications. The appeal of
backbone modification emerges from the tunable electronic structures and conformational control.
To control these effects typically needs installation of substituents such as halogens. In a polymer
system with high molecular complexity, a few common substituents such as methyl and methoxy
groups are an underdeveloped area of chemical space. In this work, we study the substituent effects in
methyl- and methoxy-substituted thienothiophene—bis(oxoindolinylidene)benzodifurandione copolymers on
field-effect performances. The two substituents affect the conformations of the backbone and increase the
frontier orbital energy levels of the polymers. Using such electronic effects, we are able to tune the charge
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transport behaviors from n-channel to ambipolar. This strategy allows further substitution patterns for
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Introduction

Substituent effects are ubiquitous in all facets of organic
chemistry." For example, bulky substituents are critical to
exerting repulsive stereochemical control in asymmetric catalysis;
and changing terminal substituents can promote cellular
membrane permeability or add metabolic stability in drug
discovery.>™ In organic electronics, small-molecule and poly-
meric semiconductors are also benefited from the introduction
of substituents which can construct targeted structures with
increased mobilities and efficient charge injections. The impor-
tance of such substituent effects is magnified in tuning
charge transport properties of semiconductors, because a
modest modification in the molecular structure may lead to an
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backbone modification in other polymer semiconductors.

uncontrollable change in macroscopic parameters.” Currently,
modifications for screening an applicable small-molecule or
polymeric semiconductor require both target- and diversity-
oriented synthesis—the former one is to find a certain core that
holds promise for excellent performance, and the latter one
probes into its relevant chemical space, a process that typically
studies substituent effects. Although the screening seems
tedious and time-consuming in many cases, ex post facto design
guidelines learned from these trial-and-error processes can rule
out unfavorable candidates for further exploration.
High-mobility semiconductors are imperative in realizing
modern applications, such as field-effect transistors (FETSs),
which promise to impact our daily life. In many applications
such as logic circuits, both p- and n-type materials are needed
with balanced mobilities. Although the mobilities of p-type
polymeric semiconductors can rival those of amorphous or
paracrystalline silicon, n-type semiconductors are still under-
explored. To design a high-performance n-type semiconductor,
the first concern is whether its frontier orbital energy levels
match the Fermi level of the electrode. A stable electron trans-
port material features a low-lying lowest unoccupied molecular
orbital (LUMO) level close to —4.0 eV, or even lower.®™°
Electron-donating and -withdrawing substituents can readily
tune this parameter; and in some cases, introducing such
substituents is of necessity to ensure the energy levels are
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located in the optimal window. Moreover, substituents can
induce intra- and intermolecular interactions to rigidify the
backbone, improve aggregation, and thus facilitate charge
transport. Many great strides in device performance optimiza-
tion have been made for unveiling the substituent effects.
Despite the well-established side-chain engineering concept,”"*>
backbone modification by halogen and chalcogen atoms also plays
vital roles in controlling the opto-electronics properties."*™ The
underlying origin includes electronic and steric effects, both
of which are crucial to the charge transport processes from a
mechanistic perspective. The electronic effects modulate the
conjugation that provides precise control over carrier injection
from electrodes to the semiconductor layer, whereas the steric
effects influence the self-aggregation behavior that stems from
the conformations and noncovalent interactions. Although many
principles have been proposed to guide the diversity-oriented
design of high-mobility materials, the substituent effects in
complex molecular systems are still ill-defined because of the
synergy and competition between such electronic contribution,
steric repulsion, and attractive noncovalent bonding. Specifi-
cally, n-type polymeric systems typically consist of electron-
withdrawing functionalities that allow for efficient electron
injection and in turn enhance n-channel transport. In-depth
studies on substituent effects in n-type polymer semiconductors
have pushed the limits of classic design concepts, and are
therefore an appealing topic for electronics applications.

In this work, we choose a polymer system with high electron
affinity in an effort to probe into the substituent effects
on electron mobilities. The polymers are composed of a
benzodifurandione-bridged indolone (NBDO) acceptor and a
substituted thienothiophene (TT) donor. NBDO contains four
carbonyl groups and two pyridinic nitrogen atoms that greatly
stabilize the frontier orbitals. Dai et al for the first time
reported this building block, and obtained an NBDO-based
polymer semiconductor with the highest electron mobility of
3.22 em® V' s71.'® This high electron affinity unit was then
used to construct other ambipolar and n-type polymers with
a maximum electron mobility exceeding 7 em> V™" s71.77 we
introduced methyl and methoxy groups to modify the structures
(hereafter referred to as DMTT for dimethylthienothiophene
and MOTT for dimethoxythienothiophene). Methyl substi-
tuents can tune the electronic and morphological effects in
optoelectronics,”®*>> whereas methoxy substituents are used
to typically form noncovalent S---O interactions for high-
performance p-type semiconductors.>*>® Inspired by these
precedent works, we note that both the NBDO acceptor and
the substituted TT donor, have nearly linear linkage sites,
which enable a high degree of backbone rigidity. The major
object of this work lies in the steric and electronic control by
introduction of the substituents, while other important struc-
tural variables, including backbone linearity and side-chain
structure, are constrained to ensure the precise comparison of
these substituents. We then fabricated field-effect transistors
(FETs) to describe the charge transport behaviors. The
results show the substituents can raise the frontier orbital
energy levels and shift the charge transport polarity, both of
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which allows fine-tuning of the carrier mobilities for use in
electronics.

Results and discussion

Design and synthesis

The NBDO unit has proven efficient in lowering the LUMO
energy level of the polymer for electron injection; the structural
modification is therefore placed on the donor moiety. To ensure
the overall molecular symmetry, we introduced the substituents
into 3,6-positions of thienothiophene while leaving 2,5-positions
for late-stage coupling sites. We envisioned that the methyl could
engage in conformational control of the backbone, whereas the
electron-donating methoxy could both generate intramolecular
noncovalent bonds with adjacent units and regulate the electronic
effects. The attached side chains we installed on the NBDO moiety
are 4-octadecyldocosyl groups, which ensure the solubility and
interdigitation for the corresponding polymers.'®'® Scheme 1
depicts the synthetic routes to the target NBDO-based polymers.
DMTT was accessed by the ring-closure reaction of 2,5-dihydroxy-
2,5-dimethyl-3-hexyne with sulfur in high pressure reactor. MOTT
was obtained through a copper(u) oxide-catalyzed aromatic
nucleophilic reaction of 3,6-dibromothienothiophene with
sodium methoxide. Both intermediates were treated with n-butyl
lithium and quenched with trimethylstannyl chloride to
afford their respective crystalline, high purity tin-containing
monomers.”>*” The target polymers were readily obtained
through the Pd,(dba)s;/P(o-tol)s-catalyzed Stille copolymeriza-
tion in excellent yields. The number-average molecular weights
(M,,) are 54.3, 43.6, and 32.4 kDa, and polydispersity indices (D)
are 2.36, 1.72, and 1.93 for PNBDO-TT, PNBDO-DMTT, and
PNBDO-MOTT, respectively (Fig. S1 and Table S1, ESIt). The 5%
weight loss temperatures (Fig. S2, ESI{) for PNBDO-TT, PNBDO-
DMTT, and PNBDO-MOTT are 407, 409, and 395 °C, respec-
tively, indicating that these polymers are stable candidates for
late-stage device optimization under annealing treatment
(Table 1).

Optical properties

To evaluate the substituent effect on optical properties, we
performed UV-visible-near infrared (UV-vis-NIR) absorption
spectroscopy in the 1,2-dichlorobenzene (DCB) solutions and
thin films (Fig. 1 and Table 1). All spectra show broad absorp-
tion in the range of 600-1000 nm. The absorption maximum
(Amax) Of the unsubstituted PNBDO-TT in solution is located at
839 nm, and that in thin film does not shift. Nevertheless, its
relative absorption intensity versus shoulder peaks (ca. 800 nm)
is higher than that in solution spectrum, clearly indicating that
the stronger m-m interactions or more orderly aggregation
still occurs in PNBDO-TT thin film.?**° For the DMTT-based
polymer, the absorption maxima are 850 and 870 nm in
solution and thin film, respectively. The redshift is consistent
with the electronic effects that the electron-donating substituents
on the donor moieties enhance the intramolecular bond polari-
zation, leading to an increased highest occupied molecular

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1tc02833b

Published on 05 gusht 2021. Downloaded on 9.11.2025 4:47:09 e paradites.

Journal of Materials Chemistry C

S,
HO> — <OH Sulfur 4 |/
26% 'S

DMTT
Br O/
A S/ MeONa, CuO 7 S}
S Kl, MeOH,70% S
Br /0
MOTT

2) Me3SnCl, 71%

Me3Sn—Sn Mej

View Article Online

Paper

1) n-BuLi S,
_—

Messn—¢ ]I )—snMe;
2) Me3SnCl, 83% S

DMTT-Sn

/
o

/ S,
MesSn | )—SnMe3
S

1) n-BuLi

Py

Pd(dba)s, P(o-tol)3

o

NBDO-2Br
O/
§otr @ o+ HIp+ -s?/I‘}s-
= . : / / /
R= & C1gHaz S S S 4
/

PNBDO-TT, 91%

PNBDO-DMTT, 93% PNBDO-MOTT, 90%

Scheme 1 Synthetic routes and chemical structures of PNBDO-TT, PNBDO-DMTT, and PNBDO-MOTT.

Table 1 Molecular weights and distribution, and optical and electrochemical properties of three thienothiophene—bisoxoindolinylidene-

benzodifurandione copolymers

;Lmax (nm)
Polymer M,/D* Soln® Film EgP¢ (eV) Exomo” (eV) Erumo” (eV) Tae (°C)
PNBDO-TT 54.3/2.36 839 839 1.35 —5.99 —4.07 407
PNBDO-DMTT 43.7/1.72 850 870 1.31 —5.94 —4.00 409
PNBDO-MOTT 34.5/1.93 897 908 1.21 —5.75 —4.00 395

“ Determined by GPC at 150 °C. ? In DCB solutions. ¢ Calculated from the absorption edges of thin films (EgP" = 1240 4p5 onset)- 4 Estimated by CV.
Egomo = —(4.4 + E&er) €V, Erumo = —(4.4 + Exd.) eV. ¢ Onset decomposition temperature (5% weight loss) measured by TGA.

orbital (HOMO) energy level and a narrowed energy gap. For the
MOTT-based polymer, as a stronger electron donor, the installed
methoxy groups further increase the absorption maxima to 897
and 908 nm in solution and film, respectively. Therefore, the
degree of this destabilization effect is relevant to the electron-
donating strength such that the methoxy-substituted PNBDO-MOTT
exhibits a broader absorption than that of the methyl-substituted
PNBDO-DMTT. From the absorption onsets, we estimated the
optical gaps of TT-, DMTT-, and MOTT-based polymers to be 1.35,
1.31, and 1.21 eV, respectively. These values also agree with the
electronic effects.

Frontier orbital energy levels

To further study the electronic effects on energy levels, we
measured the conducted ultraviolet photoelectron spectroscopy
(UPS) and cyclic voltammetry (CV) tests (Fig. S3, S4, Table S2,
ESIt and Table 1). The UPS data indicate that the ionization
energies decrease from 5.92 eV for PNBDO-TT to 5.72 eV for
PNBDO-DMTT to 5.41 eV for PNBDO-MOTT. The corresponding
HOMO energy levels (Efoamo) are —5.92 eV, —5.72 eV, and —5.41 eV

This journal is © The Royal Society of Chemistry 2022

for these polymers, respectively. Consistent with the UPS data,
HOMO levels estimated from the oxidation waves in CV show a
similar tendency with electron-donating groups increasing the
energy levels. Note that the estimated LUMO energy levels slightly
increases from —4.07 eV for PNBDO-TT to —4.00 eV for PNBDO-
DMITT. This energetic difference is in line with the orbital hybridi-
zation of donor and acceptor moieties, that substituents on the
donor affect HOMO more significantly than LUMO. The experi-
mental energy levels confirm the electronic tuning by substitution of
methyl or methoxy groups. Compared with bithiophene-containing
NBDO-based polymers, the unsubstituted TT-based polymer shows
lower-lying frontier orbital energy levels, in accordance with the
weaker electron-donating ability of thienothiophene.”” We infer that
the LUMO energy levels of all polymers are in the optimal window of
n-type materials, while the HOMO levels of the two substituted
polymers may also allow hole injection.

Theoretical modeling

To correlate the experimental data with theoretical electronic
effects and to gain insight into the steric effects, we then

J. Mater. Chem. C, 2022,10, 2671-2680 | 2673
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Fig.1 UV-vis-NIR absorption spectra of the three thienothiophene—
bisoxoindolinylidene-benzodifurandione copolymers in DCB solutions
and thin films.

studied the substituent effects using theoretical modeling.
Because there is a pyridinic nitrogen atom proximal to the
linking thiophene derivative, we envisage that noncovalent
S---N interactions occur to reinforce the planarity of the back-
bone (Fig. 2). The single bond between the donor and acceptor
may rotate to form two conformers. For the two possible
conformers of PNBDO-TT, both S---N and CH- - -N interactions
can construct planar substructures,®' whereas for the S-trans
conformers of PNBDO-DMTT and PNBDO-MOTT, the lone pair
of nitrogen atoms have steric repulsion with either methyl or
methoxy groups. To quantify these electronic and steric effects,
we calculated the energies of different conformers using
potential energy scan. Simulation models were simplified using

PNBDO-TT

PNBDO-DMTT

PNBDO-MOTT

View Article Online
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the fragments that consist of the different donor moiety and
the azaindolone subunit. The molecular geometries were opti-
mized using density functional theory at the B3LYP/6-31G(d)
level.>” The dihedral angle between two subunits was set to
0-180° (syn to anti) at 10° intervals, and the 0° conformer was
set as the reference in the plot. Each single-point energy was
further recalculated at the MP2/cc-pVDZ level to allow a more
precise prediction of noncovalent interactions.>* As shown in
Fig. 3, the TT-based subunit exhibits a conventional energy
diagram for highly planar molecules, with two local conforma-
tional energy minima at 0 and 180°. The S- - -N interaction leads
to the energetically more stable 0° conformer. The rotational
barrier of 27.5 k] mol™" indicates the significant planarization
effect by the noncovalent interactions. The DMTT-based sub-
unit, which contains two methyl groups on the thienothio-
phene, shows a smaller rotational barrier of 18.1 k] mol " and a
conformational ambiguity around the planar conformers. This
simulated result is due to the repulsion between the attached
methyl groups and the fused pyridine rings. The energetically
disfavored repulsion competes against the S---N interaction,
giving a detrimental effect on the overall planarity and con-
jugation of the backbone. The MOTT-based subunit also has a
different conformational preference in comparison with the
other two polymers. The methoxy group has an intense repul-
sion against the unshared electron pair of pyridinic nitrogen
atoms in the 180° conformer, but strengthens the preference of
the 0° conformer by formation of a weak CH-: - -O interaction.
These interactions give rise to an enhanced rotational barrier of
29.0 k] mol ™" and a more significant energy difference between
the 0 and 180° conformers.

Notably, the methoxy groups are not oriented in a uniform
manner in the optimized conformation. The methoxy groups
are intrinsically flexible; their conformational preference differs
depending on the neighboring molecular system. To further
unveil such effect, we scanned the energy distribution regarding
rotation of the methoxy group (Fig. S5, ESIt). This detailed
evaluation of the methoxy group reveals that both repulsion and
attraction participate in the conformational control, where steric

R / R \
N 0.0 H O N_O 0.0 o
N= N
7 - N
Y NA L7 WY NS
il 07N o o070 o7 N //o
R / R \

Fig. 2 Schematic illustration of noncovalent interactions and steric repulsions in the polymer system. (a) Dimeric co-repeating unit with S---N
interactions. (b) Different conformations of a co-repeating unit with noncovalent attractions or repulsions or both.
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Fig. 3 Potential energy distribution of single-bond rotation in substructures of NBDO-based polymers with different substituents. Insets are

corresponding conformers at local energy minima or maxima.

interaction dominates the overall preference. We observed flexible
conformations with dihedral angles in the range of 0-110° in the
energy diagram, whatever in a NBDO-MOTT subunit or in an
individual MOTT. Energetic stabilization by attractive CH---O
interaction is tenuous because of the inferior directionality.
Although the resonance effect exerts a stabilizing interaction
due to electron delocalization, the repulsion between methoxy
and sulfur groups in the 0° conformer slightly offsets such
stabilization effect. Note that the 180° conformer shows a
pronounced energy barrier due to the steric congestion twisting
the co-repeating unit. These results are reasonable to clarify the
overall substituent effect of methoxy groups: (1) the intrinsic
flexibility of methoxy groups can affect the intermolecular pack-
ing, and (2) herein the conformational control of methoxy groups
is a synergistic contribution of steric and electronic effects.
With an optimized set of torsional preferences in hand, we
calculated the geometries of dimers. As expected, only methyl
groups slightly twist the backbone, whereas the unsubstituted
or methoxy-substituted dimers show highly planar geometries
(Fig. S6, ESIT). The S---N interactions in these dimers are also
confirmed by the electrostatic potential surface plot (Fig. S7, ESIt)
and detailed reduced density gradient analyses (Fig. S8-S10,
ESIt).*** The calculated HOMO and LUMO energy levels, as well
as the tendency by substitution of methyl or methoxy groups,
accord with the groups and the fused pyridine rings. The energe-
tically disfavored repulsion competes against the S---N inter-
action, giving a detrimental effect on the overall planarity and
conjugation of the backbone. The MOTT-based subunit also has a

This journal is © The Royal Society of Chemistry 2022

different conformational preference in comparison with the other
two polymers. The methoxy group has an intense repulsion
against the unshared electron pair of pyridinic nitrogen atoms
in the 180° conformer, but strengthens the preference of the 0°
conformer by formation of a weak CH---O interaction. These
interactions give rise to an enhanced rotational barrier of
29.0 k] mol * and a more significant energy difference between
the 0 and 180° conformers.

Field-effect transistors

We then fabricated thin-film transistors based on the three
polymers using the conventional solution-processing techni-
que. We used Corning glass as the substrate and poly(methyl
methacrylate) (PMMA) as the dielectric layer. The transfer and
output characteristics are illustrated in Fig. 4. We observed a
typical enhancement in charge transport using thermal treat-
ment to optimize the device performance (Fig. S11, ESIt). The
transistors based on PNBDO-TT only exhibit an n-type transport
behavior, whereas the devices based on the other two polymers
provide n-type dominated ambipolar transport behaviors.
Extracting the mobility from the saturation regimes, we calcu-
lated the average electron mobilities of 1.94, 0.648, and
0.0976 cm? V' s' for the devices based on PNBDO-TT,
PNBDO-DMTT, and PNBDO-MOTT, respectively (Table 2). The
highest mobilities are 2.08, 0.739, and 0.103 cm® V™' s~ for
PNBDO-TT, PNBDO-DMTT, and PNBDO-MOTT, respectively.
The electron mobility is in line with the electron affinity of
each polymer, suggesting that a slightly destabilized frontier

J. Mater. Chem. C, 2022,10, 2671-2680 | 2675


https://doi.org/10.1039/d1tc02833b

Published on 05 gusht 2021. Downloaded on 9.11.2025 4:47:09 e paradites.

View Article Online

Paper Journal of Materials Chemistry C
10° 10"
(a) 0.03 vV, =100V 40’ (b) v, =-100V V,, =100V (c) V,, =100V
0.02} -
3 -
'ﬂ:\ o2l 4o .‘%‘A R ?.'A 0.006 1105A
< << ol <
o~ 11o’l;g 0.01 = 8 —
—o 001f = "a = — 0003 f0°=
= . = ot =
110
0.00} ; e TR e PP |
-30 -150-120 -90 -60 -30 0 30 60 90 120 -120 90 -60 -30 0 30 60 90 120
Voo (V) Ves V)
800 Ves = 15} Ves*® Ves =
(d) —a— 10V 1750 (f) —a—-20V | ——10V 1120
—e—30V —e—-40V | ——30v
600 | —a— 50V —a— 60V | ——50V
——T0V {500 ady —— 80V | ——70V 180
a —— 90V a —o—-100V | —+—90V
‘i 400 ——110V §_ ——110V
8 1250 _8 ¢ 140
200 -
ot 0 of q0
0 20 40 60 80 100 -100-80 -60 40 -20 0 20 40 60 80 100 -100 -80 -60 -40 20 0 20 40 60 80 100

vos(v) Vns(v)

vns(v) Vus(v)

Fig. 4 The transfer (a—c) and output (d and f) characteristics of the field-effect transistors based on three polymers measured under optimized
conditions. (a and d) PNBDO-TT. (b and e) PNBDO-DMTT. (c and f) PNBDO-MOTT.

Table 2 Electrical properties of polymer based thin-film transistors

Polymer .uavg'Z (sz V71 Sil) .umaxb (sz V71 Sil) Ion/Ioff VTI—[ (V)
PNBDO-TT n-Channel 1.94 2.08 10°-10* 43+ 5
PNBDO-DMTT n-Channel 0.648 0.739 10°-10* 45 + 4
p-Channel 0.0250 0.0255 10-10> —92+5
PNBDO-MOTT n-Channel 0.0976 0.103 10%-10° 45 4+ 4
p-Channel 0.0616 0.0711 103-10* —87+3

 lavg, average mobilities calculated from 10 devices. b Umax, the maximum mobilities.

orbital suppresses electron injection. Also observed are an increased
hole injection through substitution of electron-donating func-
tionalities, with hole mobilities increased to 0.1 cm* V™' s~ for the
methoxy-substituted material. It is noteworthy that the ratios of
hole to electron mobility are in agreement with control over frontier
orbital levels, from pure n-channel (PNBDO-TT) to near-balanced
ambipolar transport (PNBDO-MOTT). These results bode well for
further applications in electronics.

Morphology and aggregation

The aggregation behaviors are important for intermolecular
charge transport because a tightly packed chain allows faster
carrier hopping in a semicrystalline, polymeric system. To detect
the device optimization conditions, we first tested the surface
morphology using tapping-mode atomic force microscopy (AFM)
(Fig. S12, ESIt). The images all showed fiber-like grains in
as-spun and annealed thin films, and the grains became
larger after annealing treatment. To identify the difference in
packing of the polymers with varying substituents, we per-
formed grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements. Because we obtained the optimal charge

2676 | J. Mater. Chem. C, 2022, 10, 2671-2680

transport behaviors under thermal treatment, each sample
was also tested after annealing treatment. The acquired two-
dimensional (2D) and 1D diffraction patterns are provided in
Fig. 5 and Fig. S13, S14 (ESI{). As shown in Fig. 5, the as-spun
and annealed films of the three polymers all adopt the typical
edge-on dominated packing with (%200) diffraction peaks up to
the fourth order in the out-of-plane direction and a character-
istic (010) diffraction peak in the in-plane direction. The d-d
spacing, which indicate the distance between polymer back-
bone through alkyl-chain interactions, are estimated to be
28.2 A for PNBDO-TT, 27.5 A for PNBDO-DMTT, and 28.7 A
for PNBDO-MOTT, and increase to 28.9, 28.2, 28.9 A, respec-
tively (Table 3). These distances with sub-Angstrom differences
infer that alkyl chains are packed in a tight, interdigitated
manner. The methyl and methoxy groups on the backbone do
not substantially affect the overall packing motif. The n-n
spacing, indicative of the distance between polymer backbones,
are estimated to be 3.43-3.44 A for the three polymers. There
are significant enhancements in (010) diffraction intensities
between their respective as-spun and annealed thin films of
PNBDO-TT and PNBDO-DMTT, though their n-n spacing are

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1tc02833b

Published on 05 gusht 2021. Downloaded on 9.11.2025 4:47:09 e paradites.

Journal of Materials Chemistry C

PNBDO-TT 20

as-spun

PNBDO-TT

annealed
1.5

1.0

a, (A7)
a, (A7)

0.5

0.0
00 05 10 15 20

Gy (A7)

PNBDO-DMTT
annealed

00 05 1.0 15 2.0
-1
Gy (A7)

PNBDO-DMTT
as-spun

0, (A"

00 05 1.0 15 20
-1
Gy (A7)

PNBDO-MOTT
as-spun

00 05 10 15 20
-1
Gy (A7)

PNBDO-MOTT
annealed

a (A"

00 05 1.0 15 20
Kl
Gy (A7)

00 05 1.0 15 20
Kl
Gy (A7)

Fig. 5 GIWAXS images of the PNBDO-TT, PNBDO-DMTT, and PNBDO-
MOTT thin films.

almost the same (Fig. S14, ESIf). Therefore, the increased
mobilities through thermal treatment are due mainly to the
increased crystallinity. We then analyzed the coherence length
using the Scherrer equation L. = 2nK/Ag, where L. is the
coherence length, K is the shape factor (0.89), and Aq is the
full width at the half-maximum of the (100) peak.’**” In as-
spun thin films, PNBDO-TT has a coherence length of 120 A;
this value increases to 228 A after annealing. Likewise, the other
two polymers also have enhanced crystallinities after anneal-
ing. We also calculate the paracrystalline disorder parameter
(g) to confirm the tendency,*®?° because a reduced g factor
shows a more ordered molecular packing that facilitates hop-
ping. The g factors are estimated from the first three orders of
diffraction peaks in the out-of-plane direction, and reduce from
7.38% to 4.91% for PNBDO-TT, from 8.05% to 6.42% for
PNBDO-DMTT, and from 6.67% to 5.39% for PNBDO-MOTT,
respectively, through annealing treatment. This parameter
agrees with the enhanced charge transport properties.

Table 3 Thin film aggregation parameters of three polymers
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Conclusions

In this study, we introduced two weak-to-moderate electron-
donating functionalities, methyl and methoxy groups into the
NBDO-TT based polymers in order to explore the substituent
effects on charge transport behaviors. The unsubstituted
PNBDO-TT polymer showed a unipolar n-channel behavior with
the highest electron mobility up to 2.08 cm” V~' s™', whereas
the methyl- or methoxy-substituted polymers provided ambi-
polar behaviors. The results indicate that the electronic effects
of electron-donating groups on the donor moiety can destabi-
lize the frontier orbitals and allow hole injection in these
molecular systems. Meanwhile, although the introduced
groups exert steric control over the backbone conformations,
the overall packing motif does not change according to the
diffraction measurements. These less bulky functional groups
are potential candidates for backbone modification of complex
semiconducting polymer systems to narrow the understanding
gap, leverage the theoretical insight, and guide semiconductor
design.

Experimental section
Material and measurements

Feedstock chemicals were purchased from Alfa, J&K, Innochem
chemical or other commercial sources, and used without
further purification. Anhydrous solvent (THF) was purified by
distilling over sodium wire/benzophenone under inert atmo-
sphere. (3E,7E)-3,7-bis(2-oxo-1H-pyrrolo[2,3-b|pyridin-3(2H)-ylidene)-
benzo[1,2-b:4,5-b']difuran-2,6(3H,7H)-dione, 2,5-bis(trimethyl-
stannyl)thieno[3,2-b]thiophene, 3,6-dimethylthieno[3,2-b]thio-
phene, and 3,6-dibromothieno[3,2-b]thiophene were prepared
following the described procedures in literatures.'®>>*%*!
All air- and water-sensitive reactions were performed under
argon atmosphere.

The "H NMR and *C NMR spectra of intermediates and
monomers were recorded on a Bruker Fourier 300 NMR spec-
trometer. High temperature '"H NMR spectra of the polymer
materials were recorded on a Bruker Avance III 400 NMR
spectrometer at 100 °C. Mass spectrometry (MS)/high rank
mass spectrometry (HRMS) were collected on a Bruker APEXII
or a 9.4 T Solarix FT-ICR mass spectrometers. High temperature
gel permeation chromatography (GPC) analyses were carried out
on a Polymer Labs PL 220 system (concentration: 0.10 mg mL )
using a refractive index detector at 150 °C with polystyrenes as
the standard and 1,2,4-trichlorobenzene (TCB) as the eluent
(flow rate: 1.00 mL min ™), respectively. Elemental analyses
of polymer materials were conducted on a Carlo Erba 1106

d-d distance (A) n—n distance (A)

Coherence length (A) Paracrystalline disorder parameter (g)

Polymer RT Annealed RT Annealed RT Annealed RT Annealed
PNBDO-TT 28.2 28.9 3.44 3.44 120 228 7.38% 4.91%
PNBDO-DMTT 27.5 28.2 3.44 3.43 114 216 8.05% 6.42%
PNBDO-MOTT 28.7 28.9 3.43 3.43 173 227 6.67% 5.39%
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Elemental Analyzer. Thermogravimetric analyses (TGA) were
conducted on a PerkinElmer series 7 thermal analysis system
under N, at a heating rate of 10 °C min . Solution and thin film
Absorption spectra were recorded on a Hitachi U-3010 spectro-
photometer. The corresponding polymer solutions were
obtained by dissolving the polymer materials in DCB and diluted
to a concentration of ca. 0.03 mg mL ™", while the polymer thin
films were prepared on a quartz through spin-coating method.
Cyclic voltammetry (CV) curves were collected on an electro-
chemistry workstation at room temperature with a conventional
three-electrode configuration in dry acetonitrile containing
0.1 M (n-Bu),NPF, using Ag/AgCl electrode and Platinum wire
as reference electrode, and counter electrode, respectively.
A platinum stick electrode deposited with a polymer thin layer
was adopted as the working electrode. Before testing, nitrogen
was bubbled into the acetonitrile solution. The energy levels
were calibrated using Fc'/Fc (—4.80 eV). All UPS spectra were
acquired from an Axis-Nova CJ109, Kratos, working on a polymer
thin film on silicon wafer (ca. 1 x 1 cm?), with a photoelectron
energy of 21.22 eV. Theoretical calculations were performed
using the Gaussian09 package. The optimization of polymer
dimers is calculated at the B3LYP/6-31G(d) level. Potential energy
scan was conducted at 10° intervals and the single-point energy
was recalculated at the MP2/cc-pVDZ level. Reduced density
gradient was analyzed by the MultiWfn package.”

Film morphology was characterized using a Digital Instru-
ments Nanoscope V atomic force microscope operated in tap-
ping mode. Film aggregation were analysed at BL14B1 Station
of Shanghai Synchrotron Radiation Facility (SSRF). To calculate
the paracrystalline disorder parameter, the following equation
was used: Ab = 1/d[l/N + (ngh)*], where Ab is the integral breadth
(b=2sin 0/ = g/27), N is the average number of Bragg planes, d
is the d-spacing of the corresponding peak, # is the order of the
diffraction peak, and g is the paracrystalline disorder para-
meter. The g value can be readily obtained from the slope of the
Ab-h? plot.

3,6-Dimethylthieno[3,2-b]thiophene (DMTT). To an 100 mL
autoclave were successively added 2,5-dihydroxy-2,5-dimethyl-
3-hexyne (6.0 g, 42 mmol), elemental sulfur (3.4 g, 105 mmol),
and benzene (40 mL). The autoclave was sealed and heated
overnight at 200 °C. After slowly cooling to room temperature,
the autoclave was carefully opened and the resulting brown
residue was poured into 200 mL of H,O and then extracted with
benzene. The combined solvent was dried over anhydrous
Na,SO,. After removal of the solvent, the crude product was
purified by silica column chromatography using hexane as the
eluent to give the desired product as a white crystallize solid
(1.45 g, 26%). *H NMR (300 MHz, CDCl,, 6): 6.93 (s, 2H), 2.34
(s, 6H). *C NMR (75 MHz, CDCl;, ) 140.08, 130.35, 121.79,
14.62. EI-MS m/z: [M]" caled for C¢HgS,: 167.0. Found: 166.9.

(3,6-Dimethylthieno[3,2-b]thiophene-2,5-diyl)bis(trimethyl-
stannane) (DMTT-Sn). To a solution of DMTT (1.00 g,
6.0 mmol) in dry THF (40 mL) was added 2.5 M solution of
n-butyl lithium in hexane (6.0 mL, 15.0 mmol) was added
dropwise at —78 °C. The mixture was stirred at —78 °C for
another 2 h. 1.0 M solution of trimethyltin chloride in hexane
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(15.5 mL, 15.5 mmol) was added in one portion. The solution
was warmed to room temperature and stirred overnight. The
reaction mixture was extracted with diethyl ether (3 x 60 mL).
After removal of the solvent, the crude product was recrystal-
lized from hexane twice to afford white crystals (2.45 g, 83%).
'"H NMR (300 MHz, CDCl;, §): 2.36 (s, 6H), 0.40 (s, 18H).
BC NMR (75 MHz, CDCl;, §) 147.60, 136.38, 134.84, 16.43,
—8.18. HRMS (MALDI-TOF): caled for Cy,H,,4S,Sn, [M]":
495.9360. Found: 495.9359.

3,6-Dimethoxythieno[3,2-b]thiophene (MOTT). To a 100 mL
single-necked round bottle flask containing 3,6-dibromothi-
eno[3,2-b]thiophene (2.5 g, 8.4 mmol), CuO (0.70 g, 8.4 mmol),
KI (0.07 g, 0.42 mmol) was added 1.0 M NaOMe in MeOH
(40 mL). The solution was heated to reflux and stirred over-
night. After cooled to room temperature, the mixture obtained
was poured into 200 mL of H,O, and then extracted with
dichloromethane (3 x 50 mL). The extract was washed with
brine and dried over anhydrous Na,SO,. After removal of the
solvent, the crude product was purified by silica column
chromatography using hexane as the eluent to give the desired
product as a colorless crystalline solid (1.15 g, 70%). "H NMR
(300 MHz, CDCl;, d): 6.26 (s, 2H), 3.91 (s, 6H). *C NMR
(75 MHz, CDCl;, §) 150.8, 128.4, 97.3, 57.5. HRMS (MALDI-
TOF): caled for CgHg0,S, [M]': 199.9966. Found: 199.9968.

(3,6-Dimethoxythieno[3,2-b]thiophene-2,5-diyl)bis(trimethyl-
stannane) (MOTT-Sn). The synthetic procedure of DMTT-Sn was
followed using MOTT (1.00 g, 5.0 mmol), 2.5 M solution of
n-butyl lithium in hexane (5.0 mL, 12.5 mmol), and 1.0 M
solution of trimethyltin chloride in THF (13.0 mL, 13.0 mmol)
to give colorless crystals (2.00 g, 71%). "H NMR (300 MHz,
CDCl3, 6): 3.98 (s, 6H), 0.38 (s, 18H). >*C NMR (75 MHz, CDCl;,
d) 155.3, 136.1, 118.0, 59.5, —8.3. EI-MS m/z: [M]" caled for
C14H540,5,8n,: 525.9. Found: 525.8.

General synthetic procedure for Stille copolymerization. To a
50 mL Schlenk flask were successively added tin monomer
(0.15 mmol) and NBDO-based monomer (0.15 mmol),
Pd,(dba); (4.0 mg), P(o-tol); (9.0 mg), and chlorobenzene
(5.0 mL). After purged with argon for another 30 min at
—78 °C, the mixture was stirred at 115 °C for 12 h. After being
cooled to room temperature, the reaction mixture was poured
into 200 mL methanol containing 5 mL of HCI (aq. 6 M), and
stirred for 3 h. The resulting solid was filtered, and then purified
via Soxhlet extraction in methanol, acetone, and hexane for 24 h,
respectively. Finally, the solid residue was collected with DCB.
After being concentrated under reduced pressure, the resulting
stick solution was precipitated into methanol, filtered and dried
in vacuo at room temperature to give the desired polymer as a
film-like solid.

PNBDO-TT (233 mg, 91%). "H NMR (400 MHz, d,-C,D,Cl,,
5): 9.14-8.59 (m), 8.23 (br), 7.30-7.16 (m), 6.86 (br), 6.50-5.33 (m),
4.00-3.31 (br), 2.62-2.49 (br), 1.62-0.93 (m). GPC: M,, = 53.4 kDa,
M,, = 128.8 kDa, PDI = 2.36. Elemental anal. calcd for
C110H170N406S,: C 77.32, H 10.03, N 3.28. Found: C 77.79,
H 10.25, N 3.41.

PNBDO-DMTT (242 mg, 93%). 'H NMR (400 MHz,
dy-C,D,Cly, 9): 9.16-8.56 (m), 8.31 (br), 7.32-7.20 (m), 6.86 (br),
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6.53-6.34 (m), 4.01-3.33 (br), 2.61-2.16 (br), 1.60-0.92 (m). GPC:
M, = 43.7 kDa, M,, = 75.3 kDa, PDI = 1.72. Elemental anal. calcd
for Cy1,H174N,06S,: C 76.46, H 10.10, N 3.23. Found: C 76.90,
H 10.33, N 3.37.

PNBDO-MOTT (238 mg, 90%). "H NMR (400 MHz, d,-C,D,Cl,,
d): 9.16-8.29 (m), 7.43-7.20 (m), 6.89 (br), 6.54-6.34 (m), 4.32-
3.47 (m), 2.56-2.30 (br), 1.59-0.90 (m). GPC: M,, = 32.5 kDa, M,, =
62.9 kDa, PDI = 1.93. Elemental anal. calcd for Cy1,H;7,N,OgS,:
C 76.05, H 9.92, N 3.17. Found: C 76.49, H 10.04, N 3.13.

Transistor fabrication and characterization

Organic field-effect transistors with a top-gate/bottom-contact
configuration were fabricated on the 1.5 x 1.5 cm” glass slide.
These substrates were sequentially cleaned by deionized water,
ethanol, and acetone, and then dried by a nitrogen gun. The
30 nm-thick Au drain/source electrodes were deposited onto the
glass substrates through vacuum evaporation, and the channel
length/width (L/W) of 30/1400 pm was employed. The semi-
conducting and dielectric layers were fabricated by sip-coating
a polymer solution (3.0 mg mL ™" in DCB) and a PMMA solution
(60 mg mL ™" in n-butyl acetate) and future heating at 180 and
80 °C under nitrogen atmosphere, respectively. Eventually, an
Al (80 nm) gate electrode were vacuum evaporated. A Keithley
4200 was used to explore their electrical performance under air
condition. The saturation mobility was extracted from the
equation: Ips = (W/2L)Ciu(Vas — Vin)?, where Cj is the capacity
per unit, 1 the saturation mobility, Vgs the gate voltage, Vps the
drain/source voltage, Vi, the threshold voltage, and Ips the
drain/source current.
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