
Subscriber access provided by UNIV OF LOUISIANA

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Organic Electronic Devices

Improving the Electronic Transporting Property for Flexible Field-
effect Transistor with Naphthalene Diimide-based Conjugated

Polymer through Branching/linear Side-chain Engineering Strategy
Jing Ma, Zhiyuan Zhao, Yunlong Guo, Hua Geng, Yanan Sun, Jianwu Tian, Qiming He,
Zhengxu Cai, Xisha Zhang, Guanxin Zhang, Zitong Liu, Deqing Zhang, and Yunqi Liu

ACS Appl. Mater. Interfaces, Just Accepted Manuscript • DOI: 10.1021/acsami.9b00531 • Publication Date (Web): 09 Apr 2019

Downloaded from http://pubs.acs.org on April 9, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



 1 

Improving the Electronic Transporting Property for 

Flexible Field-effect Transistor with Naphthalene 

Diimide-based Conjugated Polymer through 

Branching/linear Side-chain Engineering Strategy 

Jing Ma,†‡ § Zhiyuan Zhao,† § Yunlong Guo,† Hua Geng,※ Yanan Sun,※ Jianwu Tian,†‡ Qiming 

He,# Zhengxu Cai,||  Xisha Zhang,‡ Guanxin Zhang, † Zitong Liu,*†  Deqing Zhang,*†‡ Yunqi Liu† 

†Beijing National Laboratories for Molecular Sciences, CAS Key Laboratories of Organic Solids, 

CAS Research/Education Center for Excellence in Molecular Sciences, Institute of Chemistry, 

Chinese Academy of Sciences, Beijing 100190, P. R. China 
‡University of Chinese Academy of Sciences, Beijing 100049, P. R. China 
#Institute for Molecular Engineering, The University of Chicago, 5640 South Ellis Avenue, 

Chicago, Illinois 60637, United States 
||Beijing Key Laboratory of Construction Tailorable Advanced Functional Materials and Green 

Applications, School of Material Science & Engineering, Beijing Institute of Technology, 

Beijing 100081, China 
※Department of Chemistry, Capital Normal University, Beijing, 100048, P.R. China. 
§These authors contributed equally to this work 

Keywords: n-type polymeric semiconductor; conjugated polymer; naphthalene diimide; side 

chain; flexible field-effect transistor 

Page 1 of 25

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 2 

Abstract  

n-Type organic/polymeric semiconductors with high electron mobilities are highly demanded 

for future flexible organic circuits. Except for developing new conjugated backbone, recent 

studies show that side-chain engineering also plays an indispensable role in boosting the charge 

transporting property. In this paper, we report a new polymer PNDI2T-DTD with a 

representative n-type naphthalene diimide (NDI)-bithiophene backbone for high-performance n-

type flexible thin film transistors through branching/linear side-chain engineering strategy. 

Serving as the flexible side chains, the linear/branching side chain pattern is found to effective in 

tuning the pre-aggregation behavior in solution and the packing ordering of polymeric chains, 

resulting in the improvement of thin film crystallinity. The electron mobility of the thin film of 

PNDI2T-DTD on flexible substrates can reach 1.52 cm2V-1s-1, which is approximately five times 

higher than that of PNDI2T-DT with the same conjugated backbone and only branching alkyl 

chains. 

Introduction  

Semiconducting conjugated polymers show good solution rheology and mechanical properties 

as well as good compatibility with plastic substrates.1–4 Therefore, field-effect transistors with 

polymeric semiconductors (PFETs) and integrated circuits can be utilized for flexible electronics 

such as flexible wearable sensors and electronic skin, large area displays, and memory devices.5–

9 Over the past decades, a number of conjugated polymers have been designed and investigated 

for PFETs with high semiconducting performances.10–21 However, most of them exhibit p-type 

semiconducting behaviors, while the development of unipolar n-type polymeric semiconductors 

lags far behind the p-type ones. Although many n-type semiconducting polymers have been 
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reported recently, most of PFETs based on them are fabricated on rigid substrates and measured 

under inert atmosphere or even vacuum.11,12,16,17 Moreover, the PFETs with certain 

semiconducting polymers show low on/off ratios (even less than 103) because these polymers not 

only show n-type characteristics, but also weak p-type transporting behaviors.22–24 In fact, PFETs 

fabricated from unipolar n-type conjugated polymers, possessing both satisfying electron 

mobility,  high on/off ratio and good air stability, are urgently demanded. 

Among the n-type conjugated D–A polymers, naphthalene-diimide (NDI)-based copolymers 

have been extensively investigated.3, 25–35 This is owing to the unique advantages of NDI, 

including i) highly electron-deficient characteristics of NDI with good planarity, ii) good 

solubility after incorporation of alkyl chains at the nitrogen-positions and iii) excellent thermal 

stability. To date, various NDI-based copolymers with various electron donors, such as 

thiophene,26 selenophene,34 thiophen-vinyl-thiophene,30 and bithiophene,31–32 have been 

investigated. For instance, some of us reported NDI-selenophene copolymers exhibiting electron 

mobility up to 8.5 cm2V-1s-1 on OTS-modified SiO2/Si substrate.34 Later, Michinobu, Wang and 

their coworkers prepared NDI-based copolymer entailing benzothiadiazole units in the backbone 

and the resulting PFET on amine-tailed self-assembly monolayer modified SiO2/Si substrate 

exhibited electron mobility up to 5.35 cm2V-1s-1 in vacuum.35 In comparison, n-type PFETs with 

conjugated copolymers on flexible substrates were less explored. The surface of flexible 

substrate is usually not smooth, which can affect the packing of polymer chains. Facchetti and 

co-workers once reported n-type FETs (field-effect transistors) with NDI-bithiophene copolymer 

on flexible PET (polyethylene terephthalate) substrate with maximum electron mobility of 0.65 

cm2V-1s-1,3 being much lower than those for thin films of the same polymer on solid substrates.36–

39 Since then, the NDI-bithiophene skeleton polymers have become benchmarks in organic 
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 4 

semiconductor including PFETs and organic solar cells.30–32 The simple structure and accessible 

precursors make them more promising for future applications. Hence, development of NDI-

based polymers with high electron mobilities on flexible substrate is an urgent task. 

In this paper, we report n-type FETs on flexible polyethylene terephthalate (PET) substrate 

with electron mobility up to 1.52 cm2V-1s-1 and on/off ratios reaching 105 by using new NDI-

based copolymer PNDI2T-DTD through branching/linear side-chain engineering strategy 

(Scheme 1). The conjugated backbone of PNDI2T-DTD contains representative alternating NDI 

and bithiophene units as in PNDI2OD-T2.3 Each NDI unit in PNDI2T-DTD is connected to one 

branching and one linear alkyl chains at the N, N′-positions. It is noted that long branching alkyl 

chains (2-decyltetradecyl) can endow PNDI2T-DTD with good solubilities, while linear alkyl 

chain (n-dodecyl) can improve the planarity of conjugated backbone by reducing the steric 

hindrance and promoting interchain interdigitation and thus dense interchain packing.  As a 

result, thin film of PNDI2T-DTD shows better crystallinity based on GIWAXS data and 

approximately five times higher electron mobility than that of NDI-based copolymer PNDI2T-

DT with the same conjugated backbone as PNDI2T-DTD, but with two branching chains. We 

believe that the better crystallinity is attributed to the strong interchain pre-aggregation of 

PNDI2T-DTD in solutions, affecting the surface orientation of conjugated polymers on 

substrates and thus the semiconducting properties. These results demonstrate that this 

branching/linear side-chain engineering strategy is an efficient approach to modulate the 

interchain packing modes and boost the n-type semiconducting performances of conjugated 

polymers. 
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 5 

 

Scheme 1. (a) Chemical structure of PNDI2T-DTD and schematic illustration of top-gated FET 

device structure. (b) Schematic illustration of the branching/linear side-chain engineering 

strategy which can reduce the steric crowding of branching alkyl chains and improve interchain 

packing order. 

Results and Discussion 

Synthesis and Character ization 

Synthesis of copolymer PNDI2T-DTD is shown in the Supporting Information. For 

comparison, copolymer PNDI2T-DT with the same backbone as of PNDI2T-DTD with two 

branching alkyl chains at the N, N′-positions was also prepared. The syntheses and 

characterizations of monomers are provided in the Supporting Information. The Stille coupling 

of monomer 1 with distannylated bithiophene yielded copolymer PNDI2T-DTD in 87% yield 

after purification by Soxhlet extraction with different organic solvents to remove remaining 

monomers, oligomers, and other side products. PNDI2T-DT was prepared following the same 
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 6 

procedure. Copolymers PNDI2T-DTD and PNDI2T-DT were characterized with high 

temperature 1H NMR and elemental analysis. The Mws (weight-average molecular weights) and 

PDIs (polydispersity indexes) determined by high temperature gel permeation chromatography 

were measured to be 45 and 37 kDa with PDI = 2.1 and 2.4 for PNDI2T-DTD and PNDI2T-DT, 

respectively. The decomposition temperatures of PNDI2T-DTD and PNDI2T-DT were 

measured to be 470 oC and 467 oC (5% weight loss) based on the thermogravimetric analysis 

(TGA, Figure S1). Thus, both copolymers are thermally stable under ca. 470 oC. No obvious 

thermal transitions were observed in the DSC curves (Figure S2). While PNDI2T-DT exhibits 

good solubility (higher than 10 mg/mL) in 1,2-dichlorobenzene, PNDI2T-DTD shows poor 

solubility (less than 1 mg/mL) in 1,2-dichlorobenzene at room temperature. 

Electrochemical and Optical Proper ties 

Cyclic voltammogram of PNDI2T-DTD was measured (Figure S3). The onset potentials 

(oxidation and reduction) were 1.01 and -0.89 V in reference to the redox potential of ferrocence 

(E1/2 (Fc/Fc+)). Accordingly, the HOMO/LUMO energies of PNDI2T-DTD were estimated to be 

-5.81/-3.91 eV (Table 1). Similarly, on the basis of the onset oxidation and reduction potentials 

of PNDI2T-DT, its HOMO/LUMO energies were estimated to be -5.88/-3.88 eV. The LUMO is 

slightly lowered and the HOMO is enhanced for thin film of PNDI2T-DTD compared to those 

of PNDI2T-DT.  

Thin film of PNDI2T-DTD shows strong absorption around 714 nm with a shoulder peak at 

781 nm, which is slightly red-shifted compared to the thin film absorption maximum of 

PNDI2T-DT, as shown in Figure 1a. Based on the thin film onset absorptions, the optical 

bandgap of PNDI2T-DTD and PDNI2T-DT were estimated to be 1.41 and 1.42 eV, respectively.  
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 7 

Table 1. Absorption maxima, redox potentials, HOMO/LUMO energies, and bandgaps of 
PNDI2T-DTD and PNDI2T-DT. 

a Absorption maxima; b Onset potentials (V vs Fc/Fc+); c Based on redox potentials; d Based on 
absorption spectral data; e DFT calculations for the respective dimers. 

Interestingly, the absorption maximum of PNDI2T-DTD (715 nm) in 1,2-dichlorobenzene 

(10-2 mg/mL) was largely red-shifted by 101 nm compared to that of PNDI2T-DT as shown in 

Figure 1b. Considering the fact that PNDI2T-DTD and PNDI2T-DT possess the same 

conjugated backbone and have different side alkyl chains, we hypothesized that such large 

spectral shift can be attributed to pre-aggregation of polymer chains of PNDI2T-DTD in 

solution. The possible steric hindrance due to the branching alkyl chains along the conjugated 

backbone can be reduced by replacement with linear ones, and accordingly the planarity of the 

conjugated backbone can be improved. The backbone planarity of PNDI2T-DTD was also 

confirmed by DFT calculations (see below). The planar backbone of is beneficial for the pre-

aggregation of PNDI2T-DTD in solution. The pre-aggregation of polymer chains of PNDI2T-

DTD in solution was experimentally confirmed by the absorption spectra of PNDI2T-DTD in 

1,2-dichlorobenzene at different temperatures. Figure 1c shows gradual blue shift in the 

absorption spectrum of PNDI2T-DTD by increasing the solution temperature from 25 oC to 120 

oC. Pre-aggregation in solution is known to efficiently affect the packing order of conjugated 

polymer and thus the semiconducting properties.40–42 Moreover, the pre-aggregation of polymer 

chains in solution may avoid the further self-assembly of polymer chains on flexible polymer 

Polymer 

λmax
a (nm) 

Ered
onset 

(V)b 
Eox

onset 
(V)b 

experimental(calcd.)e 
Eg

cv 
(eV)c 

Eg
opt 

(eV)d solution thin film 
LUMO 

(eV) 

HOMO 

(eV) 

PNDI2T-DTD 392, 715 398,714 -0.89 1.01 -3.91(-3.47) -5.81(-5.56) 1.90 1.41 

PNDI2T-DT 368, 614 392, 696 -0.92 1.08 -3.88(-3.45) -5.88(-5.61) 2.00 1.42 
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 8 

substrates. This feature is expected to be beneficial for the fabrication of flexible FETs as 

discussed below.   

 

Figure 1. Normalized absorption spectra of PNDI2T-DTD and PNDI2T-DT in their thin films 

(a) and 1,2-dichlorobenzene solutions (10-2 mg/mL) at room temperature (b) as well as those of 

PNDI2T-DTD in 1,2-dichlorobenzene solutions at different temperatures (c). 

Theoretical calculation 

In order to investigate the influence of the linear side chains, DFT calculations for PNDI2T-

DTD and PNDI2T-DT were carried out (see Figure 2). For simplicity, two-repeated units of 

PNDI2T-DTD and PNDI2T-DT were calculated.  The dihedral angle between two NDI units 

was employed to estimate the planarity of polymer backbones. For PNDI2T-DTD, the twist 

angle of two NDI units was calculated to be 27.7°, which decreased significantly compared to 

that of PNDI2T-DT (76.5°) calculated with PM6/3-21G(d,p). Obviously, introducing linear side 

chains in polymer backbone significantly improves the conjugated backbone planarity, which is 

beneficial for both intra- and interchain charge transporting.   

The long side chains in the optimized configurations were replaced by methyl groups and the 

frontier orbital energies were calculated with B3LYP/6-31G(d,p). The HOMO/LUMO orbitals 

were calculated to be -5.56/-3.47 eV for the dimer of PNDI2T-DTD and -5.61/-3.45 eV for the 
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 9 

dimer of the reference polymer PNDI2T-DT. This agrees well with the absorption spectral and 

cyclic voltammetric data which indicate that PNDI2T-DTD and PNDI2T-DT possess similar 

frontier orbital (HOMO/LUMO) energies (see Table 1). These calculations show that the 

replacement of branching alkyl chains with the linear alkyl chains do not have a significant 

influence on frontier orbital energies of PNDI2T-DTD. This may be explained by considering 

that the HOMO and LUMO energy levels of conjugated donor-acceptor polymers are related to 

the super-exchange coupling.43 As shown in Figure 2, the frontier orbital charge densities at the 

donor and acceptor linkage sites have negligible distribution for the respective dimers of 

PNDI2T-DTD and PNDI2T-DT. Accordingly, the super-exchange coupling becomes weakly 

dependent on the dihedral angles. Thus, it is not unexpected that the calculated frontier orbital 

energies of the dimers of PNDI2T-DTD and PNDI2T-DT are rather similar although the 

conjugated backbone of PNDI2T-DTD is more planar. 

 

Figure 2. The calculated dihedral angles between the two neighboring NDI units and frontier 

orbital energies for the two repeated units of PNDI2T-DTD (up) and PNDI2T-DT (down). 
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 10 

Charge-transporting proper ties of FETs 

Thin films of PNDI2T-DTD were utilized to fabricate top-gate/bottom-contact (TGBC) FETs 

with a device structure of polyethylene terephthalate (PET)/Au/PNDI2T-DTD/poly (methyl 

methacrylate) (PMMA)/Al. The devices were fabricated in glove-box (nitrogen), and then their 

charge transporting characteristics were measured under ambient conditions. Thin films were 

prepared by spin-coating of the PNDI2T-DTD solution in 1,2-dichlorobenzene (3 mg/mL) on 

PET substrates containing source and drain electrodes, followed by thermal annealing at 160 oC 

to remove the solvent residues. After that, PMMA was deposited on to the thin films as a 

dielectric and encapsulation layer for the devices (for details, see the Supporting Information).44 

For comparison, FETs with thin films of PNDI2T-DT on PET substrates were also fabricated 

similarly.  

 

Figure 3. Transfer (VDS = 100 V) (a) and output (b) characteristics of PNDI2T-DTD and 
PNDI2T-DT fabricated on PET devices measured in air with TGBC structure (W = 4500 μm, L 
= 30 μm). (c) The variation of electron mobility for the FET with thin film of PNDI2T-DTD 
which was stored in air with 15% humidity for 100 days. 
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 11 

Figure 3 shows the typical transfer and output curves of thin film FETs of PNDI2T-DTD and 

PNDI2T-DT. As expected, the thin films of both PNDI2T-DTD and PNDI2T-DT exhibit 

dominant n-channel transporting characteristics. The corresponding FET performance data, 

including electron mobilities, threshold voltages, on/off current ratios (Ion/Ioff), and sub-threshold 

swings (SS), are listed in Table 2. For comparison, the semiconducting performance data for the 

bottom-gate top-contact FETs on rigid substrate with PNDI2T-DT31 were also included in Table 

2, while Table S1 summarized the performances of the recently reported n-type FETs on flexible 

substrates with polymeric semiconductors. The average electron mobility (µe
ave) of thin film of 

PNDI2T-DTD on PET substrate can reach 1.34 cm2V-1s-1 with the µe
max up to 1.52 cm2V-1s-1, 

being about six times higher than µe
ave (0.23 cm2V-1s-1) of PNDI2T-DT. By following the recent 

report,45 the effective electron mobilities for FETs with thin films of PNDI2T-DTD and 

PNDI2T-DT were calculated and listed in Table 2 (for details, see Supporting Information).  

The FET with PNDI2T-DTD on PET substrate also shows higher electron mobility than that 

with PNDI2T-DT OTS-modified SiO2/Si rigid substrate (see Table 2).31 Moreover, FETs with 

thin films of PNDI2T-DTD show high on/off ratio up to 105 in the saturation regime by 

comparing to those (Ion/Ioff = 103) of FETs with PNDI2T-DT. As discussed below, the superior 

semiconducting performance of PNDI2T-DTD over PNDI2T-DT can be attributed to the 

improvement of thin film crystallinity after introducing the linear chain for each NDI unit in 

PNDI2T-DTD. Furthermore, the electron mobility of the flexible FETs with PNDI2T-DTD 

remained to be 1.50 cm2V-1s-1 after the devices were stored under ambient conditions for 100 

days (Figure 3c). Therefore, FETs with PNDI2T-DTD on PET substrates exhibit good air-

stability. In addition, mechanical bending experiments (see Supporting Information) demonstrate 
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 12 

that the semiconducting performances of FETs with PNDI2T-DTD on flexible substrate are 

stable after mechanical bending. 

Table 2. The electron mobilities, threshold voltages (Vth), on/off current ratios (Ion/Ioff), and sub-

threshold swings (SS) for thin-film FETs of PNDI2T-DT and PNDI2T-DTD.a 

polymer μe
max(cm2V-1s-1)  μe

ave (cm2V-1s-1)  Vth(V) Ion/Ioff 
SS 

(V/decade) 

 PNDI2T-DTDb 1.52 (1.34 d)  1.34 (1.18 d)  30±4 104-105 8-10 

PNDI2T-DTb 0.32 (0.22 d)  0.23 (0.16 d)  28±3 103 

 

 

14-17 

PNDI2T-DT (ref.)c 0.39 0.32 34.8 1.8×104 --- 

aData from this work were obtained based on more than 30 devices. bData from this work. cData 
from previous report for bottom gate top-contact FETs on OTS-modified SiO2/Si rigid 
substrate.31 dThe effective mobilities were calculated with the reliability factors (rsat), which were 
calculated to be 0.88 and 0.68 for PNDI2T-DTD and PNDI2T-DT, respectively, on the basis of 
their respective device transfer curves.45 

 
GIWAXS and AFM character izations 

The thermally annealed thin film of PNDI2T-DTD was characterized by grazing-incidence 

wide angle X-ray scattering (GIWAXS) and atomic force microscopy (AFM). Figure 4 shows 

the two-dimensional GIWAXS pattern and the pole figures of PNDI2T-DTD, compiled by the 

integral intensities from (100) peaks in out-of-plane direction. The corresponding linecut profiles 

are provided in Figure S5. For comparison, the thin film of PNDI2T-DT was also investigated. 

In out-of-plane direction (Figures 4a, 4b, and S5), (x00) scattering signals up to 5th order due to 

lamellar packing of side chains were observed for thin film of PNDI2T-DTD, and the 

corresponding d-spacing was calculated to be 23.2 Å. In comparison, only (100) and (200) 

scattering signals as well as a very dispersive (300) one with a d-spacing of 23.9 Å were 

observed for thin film of PNDI2T-DT. It is obvious that replacing branching chains with linear 
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ones as in PNDI2T-DTD can improve the lamellar packing order of side alkyl chains and 

shorten the lamellar packing d-spacing.    

 In in-plane direction (Figures 4a, 4b, and S5), a broad and weak (010) signal at qy = 1.65 Å-1 

was observed for thin film of PNDI2T-DTD due to the interchain π‒π packing of 3.8 Å. For thin 

film of PNDI2T-DT, a weak (010) scattering signal (qz = 1.61 Å-1), corresponding to a π‒π 

stacking distance of 3.9 Å, was detected in out-of-plane direction. We also observed (100) and 

(200) scattering signals for both the polymers in the in-plane direction, indicating that both edge-

on and face-on packing modes co-exist in the two polymer thin films. Pole figures based on (100) 

scattering signals (Figure 4c-d) were further constructed to calculate the ratios of the edge-on 

and face-on populations, and found as 12/1 and 4/1 for the thin films of PNDI2T-DTD and 

PNDI2T-DT, respectively. These results demonstrate that the polymer chains of PNDI2T-DTD 

adopt mainly edge-on packing mode on the substrate, whereas those of PNDI2T-DT adopt both 

edge-on (80%) and face-on (20%) orientations. It is noted that edge-on packing mode is known 

to be favorable for charge transporting in FET devices.46 This may contribute to the fact that 

electron mobility of thin film of PNDI2T-DTD is higher than that of PNDI2T-DT. These results 

manifest that this side chain strategy can alter the interchain packing mode. The edge-on packing 

preference observed for PNDI2T-DTD is relevant to the pre-aggregation of the polymer chains 

in solution. The single polymer chain of PNDI2T-DT in well dissolved state is expected to lie 

flat (face-on) or stand up (edge-on) on the substrate randomly. However, in the case of PNDI2T-

DTD, the pre-aggregates are more inclined to stand up on the substrate as reported previously.47  
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Figure 4. GIWAXS patterns of PNDI2T-DTD (a), PNDI2T-DT (b) and their out-of-plane and 

pole figures, compiled by the integral intensities from (100) peaks, of thin films of PNDI2T-

DTD (c) and PNDI2T-DT (d) after thermal annealing at 160 oC; χ is defined as the angle 

between the crystallite orientation and the surface normal. 

The thin films of PNDI2T-DTD and PNDI2T-DT were also characterized by AFM. As 

depicted in Figure 5a, 5c, fibrous morphology is present in thin film of PNDI2T-DT with RRMS 

(root-mean-square roughness) of 0.41 nm. However, after introducing linear chains, thin film of 

PNDI2T-DTD (Figure 5b, 5d) displays grain-like morphology with RRMS of 0.88 nm. Such 

morphology difference can be understood as follows. PNDI2T-DT exhibits good solubility 

because of the presence of two branching alkyl chains in each NDI unit. As a result, pre-

aggregation of PNDI2T-DT cannot occur and the polymer chains tend to assemble into fibrous 

structures after evaporation of solvents with the spin-coating method, according to previous 

studies.48 In comparison, PNDI2T-DTD shows poor solubility after replacing one branching 
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alkyl chain with the linear one. Thus, pre-aggregation of the polymer chains can occur, which 

agrees well with the absorption spectral studies as discussed above. Moreover, the linear alkyl 

chains in PNDI2T-DTD are favorable for the dense packing of polymer chains. The assembly of 

these pre-aggregates in solution of PNDI2T-DTD is anticipated to form grains within the spin-

coated thin film.   

 

Figure 5. AFM height images and phase images (2 μm ×2 μm) of the thin -films of PNDI2T-DT 

(a, c) and PNDI2T-DTD (b, d) after annealing at 160 °C. 

Conclusion 

In summary, we report a simple and efficient side-chain engineering strategy by partially 

replacing branching alkyl chains with linear ones in typical n-type NDI-bithiophene copolymer 

PNDI2T-DTD. By comparing with PNDI2T-DT in which the branching alkyl chains are 

connected to all NDI units, the thin film of PNDI2T-DTD shows improved lamellar packing of 

alkyl chains and the interchain π-π stacking distance is shortened, as revealed by the GIWAXS 
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data. Moreover, the absorption spectra at different temperatures reveal that the pre-aggregation 

of polymer chains of PNDI2T-DTD occurs in solution. As a result, the FET devices with thin 

films of PNDI2T-DTD on flexible PET substrates exhibit high electron mobility up to 1.52 

cm2V-1s-1. Furthermore, the devices show good air stability, and maximum electron mobility can 

remain to be 1.50 cm2V-1s-1 after being left in air for 100 days. This study demonstrates the 

effectiveness of this side chain modification strategy, in which half of the branching alkyl chains 

are replaced by the linear ones, for improving thin film crystallinity, enhancing charge mobility 

and fabricating flexible FETs. 
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