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Cyano-Functionalized Pyrazine: A Structurally Simple and Easily
Accessible Electron-Deficient Building Block for n-Type Organic
Thermoelectric Polymers

Lijun Tu+, Junwei Wang+, Ziang Wu, Jianfeng Li, Wanli Yang, Bin Liu, Siqi Wu,
Xiaomin Xia, Yimei Wang, Han Young Woo, and Yongqiang Shi*

Abstract: Developing low-cost and high-performance n-
type polymer semiconductors is essential to accelerate
the application of organic thermoelectrics (OTEs). To
achieve this objective, it is critical to design strong
electron-deficient building blocks with simple structure
and easy synthesis, which are essential for the develop-
ment of n-type polymer semiconductors. Herein, we
synthesized two cyano-functionalized highly electron-
deficient building blocks, namely 3,6-dibromopyrazine-
2-carbonitrile (CNPz) and 3,6-Dibromopyrazine-2,5-di-
carbonitrile (DCNPz), which feature simple structures
and facile synthesis. CNPz and DCNPz can be obtained
via only one-step reaction and three-step reactions from
cheap raw materials, respectively. Based on CNPz and
DCNPz, two acceptor–acceptor (A–A) polymers, P-
(DPP-CNPz) and P(DPP-DCNPz) are successfully de-
veloped, featuring deep-positioned lowest unoccupied
molecular orbital (LUMO) energy levels, which are
beneficial to n-type organic thin-film transistors
(OTFTs) and OTEs performance. An optimal unipolar
electron mobility of 0.85 and 1.85 cm2V� 1 s� 1 is obtained
for P(DPP-CNPz) and P(DPP-DCNPz), respectively.
When doped with N-DMBI, P(DPP-CNPz) and P(DPP-
DCNPz) show high n-type electrical conductivities/
power factors of 25.3 Scm� 1/41.4 μWm� 1K� 2, and
33.9 Scm� 1/30.4 μWm� 1K� 2, respectively. Hence, the
cyano-functionalized pyrazine CNPz and DCNPz repre-
sent a new class of structurally simple, low-cost and
readily accessible electron-deficient building block for
constructing n-type polymer semiconductors.

Introduction

Design and synthesis of novel π-conjugated building blocks
is a powerful strategy to modulate the optoelectronic
properties of organic semiconductors for advancing the field
of organic electronics, such as organic thin-film transistors
(OTFTs),[1] organic solar cells (OSCs),[2] perovskite solar
cells (PVSCs),[3] and organic thermoelectrics (OTEs).[4] For
instance, OTFTs have achieved excellent mobilities over
10 cm2V� 1 s� 1 and OSCs have demonstrated high power
conversion efficiency (PCE) of over 19%.[5] Although this
strategy has been widely utilized to enrich the structural
diversity of organic semiconductors, only a handful of n-type
(electron-transporting) polymer semiconductors have shown
exceptional device performance in the field, specifically in
OTEs.[6]

For building efficient thermoelectric generators, high-
performance complementary p-type (hole-transporting) and
n-type (electron-transporting) semiconductors are both re-
quired. Up to now, p-type semiconducting polymers exhibit
excellent TE performance with electrical conductivity (σ)
over 2000 Scm� 1.[7] Nonetheless, there are only a limited
number of n-type semiconducting polymers with σ over
10 Scm� 1.[8] The unbalanced development between n-type
and p-type polymers restricted OTE materials practical
applications.[9] Therefore, it is highly desired to develop n-
type polymer semiconductors with high electrical conductiv-
ities. Notably, there are significant obstacles to overcome in
order to develop high-performance n-type polymer semi-
conductors: Firstly, a deep-lying lowest unoccupied molec-
ular orbital (LUMO) energy level of polymers is required
for efficient electron transport, thus strong electron-with-
drawing functional groups such as imide,[10] amide,[11]

cyano,[12] or B !N groups[13] should be incorporated into the
polymer backbone. Secondly, tuning of the polymer back-
bone from a donor–acceptor (D–A) type to an acceptor–
acceptor (A–A) type is a power strategy to achieve unipolar
n-type characteristics.[14] However, functional groups (trial-
kyltin or boronic ester) in electron-deficient monomers are
required, which face huge challenges to synthesis and
purification of these monomers. The availability of electron-
deficient building blocks is limited, thus severely restricting
the further development of high-performance n-type poly-
mer semiconductors. Some representative strong electron-
withdrawing building blocks have been reported in liter-
atures, such as naphthalene diimide (NDI),[15] naphtho[2,3-
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b :6,7-b’]-dithiophenediimide (NDTI),[16] bithiophene imide
and derivatives (BTIn),[10a] benzodifurandione-based
oligo(p-phenylene vinylene) (BDOPV),[17] B !N bridged
bipyridine (BNBP),[13b] and diketopyrrolopyrrole (DPP) and
derivatives.[18] These electron-deficient building blocks have
been widely investigated for constructing high-performance
n-type polymer semiconductors. For example, Guo et al.
reported a CNI electron-deficient building blocks by
introducing CN group onto BTI (Figure 1a), the CNI-based
polymer shows a μe of 0.18 cm2V� 1 s� 1 and n-type σ of
23.3 Scm� 1.[19] Lei et al.[20] developed an n-type semiconduct-
ing polymer based on pyrazine-flanked DPP unit PzDPP
(Figure 1a). Introduction of pyrazine electron-deficient
building block into polymer backbone can effectively lower
the LUMO energy level, tune the conjugated structure and
intermolecular interaction of organic semiconductors, thus
achieving high TE performance with PF of 57.3 μWm� 1K� 2.
Geng et al. reported an n-type conjugated polymer based on
thiazole-flanked DPP unit Tz-5-DPP (Figure 1a). Homopol-
ymer PTz-5-DPP has low-lying HOMO and LUMO levels
and shows great polaron delocalization. When doped with
N-DMBI, PTz-5-DPP exhibited a σ of 8 Scm� 1 and a PF as
high as 106 μWm� 1K� 2.[18]

However, despite these building blocks and resulting
polymers exhibiting excellent device performance, these
electron acceptor units possess complicated chemical struc-
tures, lengthy synthetic route and tedious purification
processes, thus resulting in increased production cost, which
seriously limits their practical application in OTE. Further-
more, further modification of these monomers is remarkably
challenging. Recently, decorating n-type semiconducting
polymers with polar oligo (ethylene glycol) (OEG) side
chain has drawn intensive attention for application in
OTEs.[21] The introduction of polar side chains can increase

the miscibility between host polymer and guest dopants,
thus improving the TE performance. However, OEG side
chains often bring unexpected low electron mobility and
poor film morphology. Moreover, the OEG-monomer
possesses tedious synthesis steps and needs multiple purifi-
cations, inevitably leading to high cost and low yield.[22]

Currently, many efforts are focused on improving
thermoelectric performance, however, very few have been
made to reduce the costs of the thermoelectric materials,
and the costs of the efficient thermoelectric materials
reported so far were too high to meet commercial
application of the OTE due to their complicated molecular
structures, verbose multi-steps synthesis, and multiple
purifications.[23] Therefore, there is an urgent need to
develop low-cost and efficient OTE materials to meet the
basic requirements of OTE generators for the transition
from the laboratory to commercialization. Herein, we design
and synthesize two cyano-functionalized pyrazine electron-
deficient building blocks, 3,6-dibromopyrazine-2-carbonitrile
(CNPz) and 3,6-Dibromopyrazine-2,5-dicarbonitrile
(DCNPz) (Figure 1b), which combine the advantages of
both cyano and pyrazine functionalities to enable these two
acceptors with strong electron-withdrawing characteristics,
small steric hindrance, and planar backbone. CNPz and
DCNPz possess simple molecular structures and can be
synthesized with low cost and high yields. Notably, the
synthesis of CNPz and DCNPz electron-deficient units
requires only one-step reaction and three-step reactions
from cheap raw materials, respectively. These CN-function-
alized pyrazine units show deep-lying FMO and are much
stronger electron acceptor units than imide, amide, and B !

N units. Such strong acceptor units are highly pursued for
developing n-type polymer semiconductors.

Figure 1. (a) Representative electron-deficient building blocks for n-type organic thermoelectrics materials, which typically require tedious synthesis
steps and multiple purifications. (b) The molecular design strategy in this work, which synergistically combines the advantages of both pyrazine
and cyano functionalities to achieve novel cyano-functionalized pyrazine building blocks with simple structure and strong electron-withdrawing
abilities.
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The theoretical calculation was also performed to study
the steric hindrance effects of the CN-functionalized
pyrazine building blocks (Figure 2). Both CNPz and DCNPz
exhibit high planarity, which renders them promising
candidates for developing n-type polymer semiconductors.
Benefiting from their unique structures, two A� A type
polymers, P(DPP-CNPz) and P(DPP-DCNPz) are synthe-
sized. These two polymers show deep-lying FMO energy
levels and high planar backbone, which are beneficial to
achieving high n-type performance. As a result, substantial
unipolar electron mobilities of 0.85 and 1.85 cm2V� 1 s� 1 were
obtained for P(DPP-CNPz) and P(DPP-DCNPz) in OTFTs,
respectively. Upon doped with molecular dopant N-DMBI,
P(DPP-CNPz) and P(DPP-DCNPz) display a remarkable σ
of 25.30 and 33.93 Scm� 1 with a high PF of 41.4 and
30.4 μWm� 1K� 2 respectively. These results demonstrate that
CNPz and DCNPz are very promising electron-deficient
building blocks with simple structures for accessing high-
performance and low-cost n-type polymer semiconductors.

Results and Discussion

Synthesis of monomers and polymers:

Asymmetrically functionalized pyrazine of 3,6-dibromopyr-
azine-2-carbonitrile (CNPz) or symmetrically 3,6-dibromo-
pyrazine-2,5-dicarbonitrile (DCNPz) was synthesized in one

step or three steps from 3-aminopyrazinecarbonitrile (Sche-
me 1a). The detailed synthesis procedure is as follows:

The synthesis of compound 2 was efficiently achieved by
oxidation of start material 1 with 3-chloroperbenzoic acid
(m-CPBA) in 65% yield. Compound 2 was reacted with
trimethylsilyl cyanide (TMSCN) at room temperature for
15 min to get compound 3 in 47% yield. Subsequently,
nitrosation of 3 followed by bromination was realized by
treating with t-butyl nitrite and copper (II) bromide in
acetonitrile at room temperature for 2 h to get target
monomer 3,6-dibromopyrazine-2,5-dicarbonitrile (DCNPz)
in 80% yield. Their chemical structures were confirmed by
1H NMR and 13C NMR (Figure S1–S7). The overall yield of
CNPz and DCNPz were calculated to be 76% and 24%,
with a corresponding synthetic cost of $15.55 g� 1 and
$68.39 g� 1 (Table S3–S4).

Then, the two A� A type polymers P(DPP-CNPz) and
P(DPP-DCNPz) were synthesized by Stille coupling poly-
merization of CNPz and DCNPz with the distannylated DPP
monomer, respectively. After polymerization, the polymers
were purified by successive Soxhlet extraction with meth-
anol, acetone, hexane, dichloromethane, and chloroform to
remove oligomers and impurities. The final chlorobenzene
fractions were collected and reprecipitated into methanol to
get the target polymer for material characterization and
device fabrication. The number-average molecular weights
(Mn) and polydispersity index (PDI) of two polymers were
measured by using high-temperature gel permeation chro-

Figure 2. Chemical structures, optimized geometries, frontier molecular orbital energy levels, and electrostatic potential (ESP) surface for pyrazine
and the cyano-functionalized pyrazine (CNPz and DCNPz) reported in this work. Calculations are carried out at the DFT//ωB97XD/6-31G(d, p)
level.
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matography (HT-GPC) at 150 °C with 1,2,4-trichloroben-
zene as the eluent: P(DPP-CNPz) and P(DPP-DCNPz)
showed Mn of 96 and 20 kDa with a PDI of 1.5 and 3.2,
respectively (Table 1). Both polymers showed excellent
thermal stabilities with decomposition temperatures over
330 °C (Figure S12), and no obvious phase transition can be
observed in the temperature range of 30–300 °C (Fig-
ure S13).

Theoretical Calculations

To further study the effects of cyano group onto pyrazine-
based A–A type polymers, the density functional theory
(DFT) calculations were performed at the ωB97XD/6-31G
(d, p). In order to simply the calculations, long side chains
were replaced with methyl group, and polymers with one
repeat unit were calculated. As shown in Figure 3a,b, both
polymers showed highly planar backbone, enhancing the
intermolecular stacking, which should be beneficial for

Scheme 1. Synthetic route to (a) dibrominated cyano-functionalized pyrazine monomers CNPz and DCNPz, and (b) their corresponding A–A type
polymers P(DPP-CNPz) and P(DPP-DCNPz).

Table 1: Molecular Weights, Optical and Electrochemical Properties of P(DPP-CNPz) and P(DPP-DCNPz).

Polymer Mn (kDa)[a] PDI[a] λonset
film (nm)[b] Eg

opt (eV)[c] ELUMO (eV)[d] EHOMO (eV)[e]

P(DPP-CNPz) 96 1.5 894 1.38 � 3.46 � 4.84
P(DPP-DCNPz) 20 3.2 965 1.28 � 3.83 � 5.11

[a] Determined by GPC using trichlorobenzene as the eluent at 150 °C. [b] Estimated from the absorption edge. [c] Optical band gap (Eg
opt) derived

from the optical absorption onset of polymer film using the equation: Eg
opt=1240/λonset

film (eV). [d] Estimated from cyclic voltammetry
measurements. [e] EHOMO=ELUMO� Eg

opt.

Figure 3. Optimized molecular geometries of P(DPP-CNPz) and P(DPP-DCNPz) by DFT calculation at ωB97XD/6-31G (d, p). Long alkyl side chains
were replaced with methyl group to simplify the calculation.
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efficient intermolecular charge transport. Although the
introduction of cyano group onto pyrazine unit, P(DPP-
CNPz) and P(DPP-DCNPz) still exhibit an entirely planar
backbone between DPP and neighboring CNPz or DCNPz.
For the calculated frontier molecular orbitals (FMOs)
energy levels, both low-lying lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital
(HOMO) energy levels were observed for P(DPP-CNPz)
and P(DPP-DCNPz), which can be attributed to the strong
electron-withdrawing nature of the cyano-functionalized
pyrazine building blocks. In addition, the calculated results
also show that the two cyano-functionalized pyrazine-based
P(DPP-DCNPz) feature lower- lying LUMO level than one
cyano-functionalized pyrazine-based analogue polymer P-
(DPP-CNPz). We also calculated the energy barriers for
molecular torsions within the polymer backbones (Fig-
ure 3c), and large energy barriers were observed for
molecular torsion between DPP moiety and CNPz or
DCNPz unit, indicating a more rigid backbone for P(DPP-
CNPz) and P(DPP-DCNPz). Apparently, the planar back-
bone of these two polymers should be beneficial for charge
transport.

Polymer optical and electrochemical properties

The ultraviolet-visible (UV/Vis) absorption spectra of P-
(DPP-CNPz) and P(DPP-DCNPz) in solution and as thin
films are shown in Figure 4a, and the corresponding data are
summarized in Table 1. In the dilution chloroform solution,
P(DPP-CNPz) and P(DPP-DCNPz) exhibited intensive
absorption bands in the near-infrared region (800–900 nm)
with a typical absorption shoulder for DPP-based polymers.

Compared to P(DPP-CNPz), P(DPP-DCNPz) show red-
shifted absorption peaks in solution, which likely attributed
to the increased intramolecular charge transfer (ICT)
character of P(DPP-DCNPz) between DPP unit and strong
electron-withdrawing cyano-functionalized pyrazine
(DCNPz) unit. In the film state, the absorption peaks of two
conjugated polymers also had red-shifted in comparison to
those in solution, indicating the compact packing of
aggregation in the solid state, probably due to the planar
and rigid polymer backbone of these two conjugated
polymers. Based on the film absorption onset (λonsetfilm), the
optical band gaps of P(DPP-CNPz) and P(DPP-DCNPz) are
calculated to be 1.38 and 1.28 eV, respectively. According to
the absorption, the introduction of cyano group into the
polymer backbone did not affect the polymer backbone
planarity.

Cyclic voltammograms (CV) was used to investigate the
electrochemical properties of these two polymers. As shown
in Figure 4b, these two polymers display distinctive reduc-
tion peaks, indicative of their n-type characteristics. Accord-
ing to their reduction onsets, the LUMO energy levels of
P(DPP-CNPz) and P(DPP-DCNPz) were found to be � 3.46
and � 3.83 eV, respectively. The HOMO energy levels were
calculated from the equation EHOMO=ELUMO� Eg

opt, which
are � 4.84 and � 5.11 eV for P(DPP-CNPz) and P(DPP-
DCNPz), respectively. The deep-lying FMOs should facili-
tate electron injection and suppress hole accumulation, thus
leading to unipolar n-type characteristics in OTFT. Addi-
tionally, the deep-lying FMOs would also render these two
polymers highly desirable in developing high-performance
n-type OTE.

Polymer charge transport properties.

The electron-transporting properties of P(DPP-CNPz) and
P(DPP-DCNPz) were studied with top-gat/bottom-contact
(TG/BC) OTFT device structure. Transfer and output
characteristics of the OTFTs are shown in Figure S12,
detailed fabrication and characterization procedures are
described in the Supporting Information. Both the two A–A
type polymers exhibit unipolar n-type electron transporting
characteristics with low off current (~10� 6–10� 7 A) and
reasonably high on/off ratios (Ion/Ioff�10

3–104), which are
due to their extremely low LUMO and HOMO energy
levels. The electron mobilities (μe) in the linear (μe,lin) and
saturation (μe,sat) regimes for two polymers were 0.47 and
0.85 cm2V� 1 s� 1 for P(DPP-CNPz), 0.82 and 1.85 cm2V� 1 s� 1

for P(DPP-DCNPz), respectively (Table 2). The μe,sat of

Figure 4. (a) UV/Vis-NIR absorption spectra of P(DPP-CNPz) and
P(DPP-DCNPz) in chloroform solution (dash line) and thin-films (solid
line), respectively. (b) Cyclic voltammograms curves of polymers
P(DPP-CNPz) and P(DPP-DCNPz).

Table 2: Electron mobilities of pristine polymers and electrical conductivities and power factors of N-DMBI doped polymers.

Polymer μe,lin (cm2V� 1 s� 1) μe,sat (cm
2V� 1 s� 1) σ[a] (Scm� 1) S[b] (μVK� 1) PF[b] (μWm� 1K� 2)

P(DPP-CNPz) 0.47 0.85 25.30 � 131.9 41.4
P(DPP-DCNPz) 0.82 1.85 33.93 � 95.25 30.4

[a]The best electrical conductivity performance of these two polymers at their optimal N-DMBI dopant concentrations. [b] The best power factor
performance
of these polymers and the corresponding Seebeck coefficient factor values.
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1.85 cm2V� 1 s� 1 is much higher than recently reported
polymer PCNDFDE-DPP.[24] Compared with other DPP-
based copolymers, which typically show p-type or ambipolar
transport behaviors, P(DPP-CNPz) and P(DPP-DCNPz)
polymers only show unipolar n-type charge transport in
OTFT. The result demonstrates that cyano-functionalized
pyrazine (CNPz or DCNPz) is a strong electron-withdrawing
building block for constructing unipolar n-type polymer
semiconductors.

n-Doping Thermoelectric Performances

The deep-lying LUMOs of P(DPP-CNPz) and P(DPP-
DCNPz) should be beneficial for efficient n-type doping. N-
DMBI was selected to dope both polymers because of its
strong n-doping ability and good solution processability.
UV/Vis-NIR absorption spectroscopy was conducted to
evaluate the n-doping efficiency for both polymers (Fig-
ure 5a,b). Upon doping, P(DPP-CNPz) and P(DPP-DCNPz)
films are accompanied by a sharp decrease in the band
intensity at �800 nm, along with a new feature peak at
1300–2300 nm are appearing, respectively. These new spec-
tral features are attributed to the polaron/bipolaron-induced
transitions, in accord with previous studies. Note that
P(DPP-DCNPz) shows a stronger polaron or bipolaron
absorption intensity than P(DPP-CNPz) for each dopant
fraction. All the results suggest that P(DPP-DCNPz) can be
more easily doped than P(DPP-CNPz). This result was

further supported by electron spinning resonance (ESR)
measurements (Figure 5c). As expected, due to its lower
LUMO level, higher intensity of radical signal was observed
for P(DPP-DCNPz) than P(DPP-CNPz), suggesting an
increased charge concentration of the doped P(DPP-
DCNPz) film, which should contribute to a higher electrical
conductivity of this polymer.

Thermoelectric properties of polymers

The thermoelectric performances of doped polymers were
evaluated by measuring the electrical conductivities and
Seebeck coefficients. As shown in Figure 6 and summarized
in Table 2. The maximum σ values of P(DPP-CNPz) and
P(DPP-DCNPz) are 25.3 and 33.9 Scm� 1, respectively, which
obtained at a dopant concentration of 2.0 mgmL� 1 for
P(DPP-CNPz) and 1.2 mgmL� 1 for P(DPP-DCNPz). The
trend in σmax is consistent with the trend in the μe,OTFT for
these two polymers. Further increased the N-DMBI dopant
concentration resulted in a decreased in σ, this maybe
because the excessive dopants disrupt polymer morphology
and lower the polymer crystallinity. The higher σ value of
P(DPP-DCNPz) should be attributed to its relatively lower-
lying LUMO, higher μe,OTFT and higher n-doping efficiency
as revealed by the ESR studies.

Then we estimated the Seebeck coefficients (S) of both
doped films. As shown in Figure 6a,b, all the S values are
negative, confirming n-type doping. As the doping level

Figure 5. UV/Vis-NIR absorption spectra of the thin films of (a) P(DPP-CNPz) and (b) P(DPP-DCNPz) before and after n-doping with the molecular
dopant N-DMBI. (c) ESR signals of P(DPP-CNPz) and P(DPP-DCNPz) after n-doping with N-DMBI.

Figure 6. Electrical conductivity and Seebeck coefficient of (a) P(DPP-CNPz) and (b) P(DPP-DCNPz), and (c) the corresponding power factors
upon doping with N-DMBI solution (0.2–2.0 mgmL� 1).
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increased, the S value of P(DPP-CNPz) decreased from
� 584 to � 110 μVK� 1. For P(DPP-DCNPz), S varied from
� 232 to � 63 μVK� 1. The S was consistent with its negative
correlation with the charge carrier concentration. The power
factors (PF) of doped polymer films were calculated with
the formula of PF=σS2 (Figure 6c). The best PF values for
P(DPP-CNPz) and P(DPP-DCNPz) are 41.4 and
30.4 μWm� 1K� 2, respectively (Table 2). Please note that the
PFs recorded for P(DPP-CNPz) and P(DPP-DCNPz) are
among the highest values reported for n-type OTE materi-
als, which are also much higher than other DPP-based
polymers.[25] This result suggests that the introduction of
CNPz or DCNPz electron-deficient building blocks onto the
polymer backbone is an efficient strategy for organic
thermoelectric application.

Film Morphology and Microstructure.

Atomic force microscopy (AFM) was performed to inves-
tigate the surface morphology properties of both pristine
and doped films of P(DPP-CNPz) and P(DPP-DCNPz)
(Figure S17–18). All the pristine films show smooth surfaces
with root mean square (RMS) roughnesses of 0.89 and
0.65 nm for P(DPP-CNPz) and P(DPP-DCNPz), respec-
tively. The smaller RMS value of P(DPP-DCNPz) should be
responsible for its higher electron mobility in OTFT. After
doping with N-DMBI, rougher surface with larger RMS
were found for both polymer films, 2.49 nm for P(DPP-
CNPz) and 1.55 nm for P(DPP-DCNPz). The larger RMS
values may be caused by the aggregation of dopant on the
film surface. However, a relatively smaller RMS roughness
of doped P(DPP-DCNPz) film might suggest its better
miscibility with N-DMBI dopant. The good miscibility of the
P(DPP-DCNPz)/N-DMBI blend improved doping effi-
ciency, thus resulting in an enhanced conductivity.

To gain insights into polymer chain packing of P(DPP-
CNPz) and P(DPP-DCNPz) before and after N-DMBI
doping, grazing-incidence wide-angle X-ray scattering (GI-

WAXS) was carried out, the 2D-GIWAXS images and one-
dimensional line profiles are showed in Figure 7. Clearly,
both pristine polymers show preferential face-on orientation
with strong out-of-plane (OOP) (010) π-stacking diffraction
peak. Based on the qz values of (100)/(010) diffraction
peaks, the lamellar stacking/π-stacking distances of P(DPP-
CNPz) and P(DPP-DCNPz) polymers were calculated to be
20.9/3.80 Å and 21.6/3.76 Å, respectively. After doping, from
the GIWAXS, the in-plane lamellar reflections nearly no
obvious change in intensity, however, in the out-of-plane
direction, (100), (200), and (300) lamellar reflections
increase in intensity. Also, we find that the diffraction
patterns and π-stacking distances remain almost unchanged
in OOP directions for the two polymers, implying the highly
ordered molecular packing was well maintained during the
doping process. These results indicated that the dopants are
mainly distributed in the amorphous region of polymer
films. Clearly, these microstructure characteristics of poly-
mers in both pristine and n-doped films should be respon-
sible for their high electron mobility and high TE perform-
ance.

Conclusion

In summary, we have designed and synthesized two simple
structured highly electron-deficient building blocks, CNPz
and DCNPz, by incorporating strong electron-withdrawing
CN groups into electron-deficient pyrazine backbone. The
new building blocks not only feature easy synthesis and
preparation procedures (one step for CNPz and three steps
for DCNPz) but also show small steric hindrance, planar
backbone and high electron-deficient characteristics, render-
ing them ideal candidates for constructing low-cost n-type
polymer semiconductors. Benefiting from their strong elec-
tron-withdrawing ability of CNPz and DCNPz, the resulting
polymers P(DPP-CNPz) and P(DPP-DCNPz) exhibited
unipolar n-type transport characteristics with μe of 0.85 and
1.85 cm2V� 1 s� 1 achieved in OTFT devices, respectively.

Figure 7. 2D GIWAXS images of (a,b) P(DPP-CNPz) and (c,d) P(DPP-DCNPz) films before (a,c) and after (b,d) doped by N-DMBI, and (e) in-plane
and out-of-plane line-cut profiles of the 2D-GIWAXS images.
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After n-doping with molecular dopant N-DMBI, P(DPP-
CNPz) and P(DPP-DCNPz) exhibited electrical conductiv-
ities and power factors of 25.3 Scm� 1 and 41.4 μWm� 1K� 2,
and 33.9 Scm� 1 and 30.4 μWm� 1K� 2, respectively. These
values are among the highest reported for n-type OTE
materials. This work demonstrates that the incorporation of
simple structured cyano-functionalized pyrazine electron-
deficient building blocks into the polymer backbone is an
efficient strategy to greatly lower the LUMO energy levels
of conjugated polymers and offers new insights into material
design guidelines for the future development of n-type
organic electronics.
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