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utilized to modulate the carrier density in 
organic semiconductors to achieve high 
power factors (S2σ, where S and σ are 
Seebeck coefficient and electrical conduc-
tivity, respectively) in the organic thermo-
electrics community.[7,12,18–20] The simple 
implementation of molecular doping by 
low-temperature solution coprocessing 
with a host/dopant mixture is one of its 
intrinsic advantages over other doping 
strategies, such as electrochemical doping. 
A key parameter for the evaluation of the 
molecular doping process is the doping 
level or relative carrier density. Molecular 
doping is considered to be governed by 
many factors, such as the energetics of 
host molecules, strength of the dopant, 
miscibility of the host/dopant system, and 
spatial arrangement between the host and 
dopant molecules.[21–23] Numerous strate-
gies, such as controlling the host/dopant 
mixture solution temperature,[24] tuning 
the strength of the dopants,[25] control-
ling the morphology of doped films, and 
synthetically modifying the host,[18,26–28] 
have been used to enhance molecular 
doping. Although substantial progress has 

been made, most of these works were conducted in p-doped 
conjugated polymers, while doping of their counterparts, n-type 
conjugated polymers are still not well developed.

Looking back at the history of organic electronics, donor–
acceptor (D–A) copolymers play a key role in advancing device 
performance.[29–33] The most important feature of D–A copoly-
mers is the ability to finely tune their electronic properties via 
careful selection of the two moieties. However, the intrinsically 
complex molecular structure brings more challenges to the 
molecular doping of these systems. The most famous and widely 
used n-type D–A copolymer is poly{[N,N′-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl](NDI)-alt-5,5′-
(2,2′-bithiophene)}(BT) P(NDI2ODT2), called also N2200.[32] 
Currently, the highest electrical conductivity recorded in doped 
n-type D–A copolymers is only 1 × 10−3–5 × 10−3 S cm−1, which 
was obtained from N2200 doped with molecular dopants, 
such as (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)
phenyl)dimethylamine (n-DMBI).[34–36] However, conjugated 
polymers without D–A character were recently reported to be 
efficiently n-doped with the same dopants and to give electrical 

In this contribution, for the first time, the molecular n-doping of a donor–

acceptor (D–A) copolymer achieving 200-fold enhancement of electrical 

conductivity by rationally tailoring the side chains without changing its D–A 

backbone is successfully improved. Instead of the traditional alkyl side chains 

for poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-

2,6-diyl](NDI)-alt-5,5′-(2,2′-bithiophene)} (N2200), polar triethylene glycol 

type side chains is utilized and a high electrical conductivity of 0.17 S cm−1 

after doping with (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)

dimethylamine is achieved, which is the highest reported value for n-type 

D–A copolymers. Coarse-grained molecular dynamics simulations indicate 

that the polar side chains can significantly reduce the clustering of dopant 

molecules and favor the dispersion of the dopant in the host matrix as 

compared to the traditional alkyl side chains. Accordingly, intimate contact 

between the host and dopant molecules in the NDI-based copolymer with 

polar side chains facilitates molecular doping with increased doping efficiency 

and electrical conductivity. For the first time, a heterogeneous thermoelectric 

transport model for such a material is proposed, that is the percolation of 

charge carriers from conducting ordered regions through poorly conductive 

disordered regions, which provides pointers for further increase in the 

themoelectric properties of n-type D–A copolymers.

n-Doping of Conjugated Polymers

Molecular doping of organic semiconductors represents a 
key strategy for advancing organic electronic devices, which 
include organic field-effect transistors, optoelectric devices, and 
organic thermoelectrics.[1–17] For example, molecular doping is 
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conductivities of 0.18–14 S cm−1.[22,37,38] It is well known that 
the D–A copolymer has highest occupied molecular orbital and 
lowest unoccupied molecular orbital (LUMO) spatially distrib-
uted on the donor and acceptor moieties, respectively.[39] Pre-
vious works suggested that the n-doping of D–A copolymers 
causes relatively localized charges/polarons on the acceptor 
moiety in comparison to p-doping.[40,41] Very recently, Wang  
et al. noted that polarons of doped D–A copolymers were more 
localized on a single chain than those of doped homopolymers 
due to an unfavorable distortion of the D–A backbone, which 
could be a reason for the weak n-doping behavior of D–A copoly -
mers.[38] Bao and co-workers improved the electrical conduc-
tivities of n-doped D–A copolymers by minimizing their D–A 
character via backbone modification.[35] Although different 
explanations have been proposed, the underlying reason for the 
weak n-doping of D–A copolymers remains vague, and strate-
gies for enhancing molecular doping in these systems are less 
explored.

In this contribution, we successfully improved the molecular 
n-doping of an NDI-based copolymer for the first time with a 
200-fold enhancement of its electrical conductivity by rationally 
tailoring the side chains without changing its D–A backbone. 
Instead of using traditional alkyl side chains on the acceptor 
moiety of N2200, we utilized polar triethylene glycol-based side 
chains and achieved a high electrical conductivity of 0.17 S cm−1 
after doping with n-DMBI, which is the highest reported value 
for n-type D–A copolymers. UV–vis absorption spectra, work 
function, direct measurement of charge carrier density, and See-
beck coefficient measurements confirmed the increased doping 
level as the primary cause for the improved electrical conduc-
tivity. Moreover, coarse-grained molecular dynamics simulations 
indicate that dopant molecules are more likely to disperse in the 
polar environment of triethylene glycol chains than in the apolar 
environment of the alkyl chains. Thus, an improved atomic 
force microscopy (AFM) morphology with reduced phase sepa-
ration was observed for the doped NDI-based copolymer with 
polar side chains. We argued that an intimate contact between 
the host and the dopant molecules in the NDI-based copol-
ymer with polar side chains facilitates the molecular doping 
and gives rise to an improved electrical conductivity. Our work 
demonstrates the role that polar side chains play in successful 
n-doping of D–A copolymers and provides a guideline for side 
chains which may influence the charging behavior.

We synthesized a modified N2200 copolymer bearing polar 
triethylene glycol-based side chains (see synthetic details in 
the Supporting Information), which we called TEG-N2200. 
The chemical structure of TEG-N2200 is displayed together 
with those of N2200 with the traditional alkyl side chains and 
n-DMBI dopant in Figure 1a. Figure 1b shows the cyclic vol-
tammetry characterization of N2200 and TEG-N2200 thin 
films. The first half-wave reduction potentials (potential in 
electron volts vs Fc/Fc+) are −1.04 eV for N2200, which agrees 
with the literature,[32,42] and −1.11 eV for TEG-N2200. The esti-
mated LUMO levels of N2200 and TEG-N2200 are −3.76 and 
−3.69 eV, respectively. The deep LUMO levels confirm the 
strong electron affinity of the NDI core. A slight upshift of the 
LUMO level is observed from N2200 to TEG-N2200, which is 
attributed to the stronger electron-donating character of the 
TEG side chains as compared to alkyl side chain to the polymer 

backbone.[43] It is believed that charges are actually transferred 
from the singly occupied molecular orbital level (−2.36 eV) of 
n-DMBI to the LUMO level of host molecules upon activation 
of the doping.[44] Therefore, both D–A copolymers are expected 
to be efficiently doped by n-DMBI from a view point of ener-
getics. Figure 1c,d displays the UV–vis–NIR absorption coeffi-
cient spectra of pristine N2200 and TEG-N2200 thin films and 
those varyingly doped by n-DMBI, respectively. Pristine N2200 
thin film showed two characteristic neutral peaks at 390 and 
706 nm, which we assign to the π–π* transition and charge 
transfer transition, respectively.[38] As N2200 thin films are 
doped with more n-DMBI, these neutral spectra peaks are grad-
ually bleached, which is accompanied by the appearance of two 
absorption bands located at ≈500 and 820 nm. These new spec-
tral features are attributed to the polaron-induced transitions, 
in accord with previous studies.[38] The pristine TEG-N2200 
thin film exhibits similar absorption peaks (391 and 704 nm), 
but with enhanced intensities and reduced line widths with 
respect to the N2200 thin film, possibly caused by a modified 
π–π* stacking or molecular alignment induced by the polar side 
chains.[45] Additionally, the absorption onset of the TEG-N2200 
thin film becomes redshifted and less steep compared to that of 
the N2200 thin film. For the doped TEG-N2200 thin films, the 
high-energy signal of polaron-induced absorptionat ≈500 nm is 
also observed, while the low-energy signal is not visible. The 
reason for the latter is not clear at this stage. Additionally, 
n-doping of the TEG-N2200 thin films shows more pronounced 
bleaching of the neutral peaks at ≈390 and 705 nm than doping 
of the N2200 thin films, indicating increased doping levels.

The work functions of the N2200 and TEG-N2200 thin films 
doped from 0.36 to 71 mol % were measured using Kelvin 
probe on Au layers as shown in Figure S4 (Supporting Informa-
tion). As the carrier densities in the pristine organic layers were 
very low, it is impossible to obtain accurate work functions in 
the pristine states. It is assumed that the Fermi level in the pris-
tine material is roughly located in the middle of the bandgap. 
Considering their similar LUMO levels and bandgaps, a Fermi 
level of ≈−4.5 eV is speculated for the two pristine copolymers. 
Doped TEG-N2200 thin films exhibit lower work functions than 
the doped N2200 thin films at the same doping concentrations, 
which indicates increased doping levels for the former, which is 
consistent with absorption spectra analysis.

Figure 2a shows the electrical conductivities (σ) of the doped 
N2200 and TEG-N2200 thin films at different doping concentra-
tions. At a doping concentration of 7.1 mol%, the doped TEG-
N2200 layer exhibits an average σ of 1.5 × 10−4 S cm−1, which is 
much higher than that (1.6 × 10−6 S cm−1) of the doped N2200 
layer. As the doping concentration increases, the electrical con-
ductivities of both the doped thin films gradually increase. The 
doped N2200 layer achieves a highest average σ of 8.6 × 10−4 S cm−1  
at a doping concentration of 56 mol%, which is consistent with 
previously reported values.[34,35] An optimized averaged σ of 
0.17 S cm−1 is obtained from the 71%-doped TEG-N2200 thin 
film, which represents a 200-fold increase with respect to the 
doped N2200 thin film and the highest electrical conductivity 
for the class of n-doped D–A copolymers. The charge transport 
in the doped films is thermally activated with activation ener-
gies of 261 and 160 meV for the 71%-doped N2200 and TEG-
N2200, respectively. The smaller activation energy observed for 
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the doped TEG-N2200 indicates that more charge carriers are 
generated by the molecular doping.[46] Additionally, we carried 
out field-effect mobility measurements for pristine N2200 and 
TEG-N2200 thin films using a bottom contact/top gate geom-
etry, as displayed in Figure S5 (Supporting Information). The 
pristine N2200 layer exhibited a µ of 7.2 × 10−3 cm2(Vs)−1 in the 
saturated regime, which is a typical value for the chloroform-
processed N2200 layer.[47] Although the TEG-N2200-based  
transistor shows more “textbook” characteristics than the 
N2200-based devices do, the former exhibits an inferior µ of 
2.2 × 10−4 cm2(Vs)−1. Therefore, we argue that the differences in 
the conductivity of two doped D–A copolymers are not caused 
by their intrinsic charge transport properties, but related to the 
extrinsic molecular doping.

The Seebeck coefficient (S) is determined by the difference 
between the Fermi level energy (EF) and the charge transport 
energy (ET).[48] As the doping level increases from molecular 
doping, more charges are generated, which shifts EF toward 
ET and decreases the absolute S value. Therefore, the Seebeck 
coefficient is usually considered an important parameter for 
evaluating the doping level. We measured S values for vary-
ingly doped N2200 and TEG-N2200 thin films, which are dis-
played in Figure 2b (see details in Figure S6 in the Supporting 

Information). Notably, we used a steady-state method to obtain 
the thermal voltages, which excluded any transient ionic 
Seebeck effects and improved the accuracy of the measure-
ments.[49] The Seebeck coefficient of the doped N2200 layers 
can be changed from −894 ± 6 to −292 ± 4 µV K−1 by modu-
lating the doping concentration from 14 to 71 mol%. For doped 
TEG-N2200 thin films, S varied from −433 ± 3 µV K−1 at a 
doping concentration of 7.1 mol% to −111 ± 0.6 µV K−1 at a 
doping concentration of 85 mol%. Both doped D–A copolymer 
films display negative S values, indicating n-type doping with 
electrons as the charge carrier. Doped TEG-N2200 layers exhibit 
much lower absolute S than those of doped N2200 layers, 
which clearly indicates higher doping levels and it agrees well 
with previous results. Note that the doped N2200 layer shows 
an optimized power factor of only 0.01 µW m−1 K−2 at a doping 
concentration of 56 mol%, which is consistent with the pre-
vious study;[38] while doping TEG-N2200 gives a maximum 
power factor of 0.40 µW m−1 K−2 at 56 mol%. Although the 
power factor of the doped TEG-N2200 layer still lags behind 
those of doped copolymers without any D–A character due due 
to its low carrier mobility, we open a new pathway to engineer 
the doping level of D–A copolymers to advance their applica-
tions in thermoelectric and optoelectronic devices.

Adv. Mater. 2018, 30, 1704630

Figure 1. a) The chemical structures of N2200, n-DMBI, and TEG-N2200; b) cyclic voltammograms; the UV–vis–NIR absorption coefficient spectra of 
pristine and doped N2200 c) and TEG-N2200 d) thin films.
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To directly measure carrier densities of various doped films, 
we employ admittance spectroscopy to metal–insulator–semi-
conductor (MIS) structured devices. The scope of carrier 
density extracted by this method is mainly determined by 
the capacitance of the used insulator according to the Mott–
Schottky equation (see the Experimental Section). We used 
high-k HfO2 and for the first time an ion–gel layer, which has 
a one order of magnitude higher capacitance than the former, 
as the insulator of MIS devices (see Figure S7 in the Sup-
porting Information). The carrier densities and corresponding 
doping efficiencies for differently doped N2200 and TEG-
N2200 layers are displayed in Figure 2c,d, respectively. Doped 
N2200 films at the doping concentration ranging from 10 to 
60 mol% show carrier densities falling between 1018 cm−3 and 
1019 cm−3 while doped TEG-N2200 films have carrier densities 
(>1019 cm−3) of ≈10 times higher than those of doped N2200 
films at same doping concentrations. To our knowledge, this 
is the first time to directly measure the carrier density in 
molecularly doped organic films at high doping concentra-
tions. Doped TEG-N2200 layers show doping efficiencies of 
>10%, which are more than one order of magnitude higher 
than those (≈1%) of doped N2200. These results highlight not 
only the effectiveness of ion gel-based MIS devices for directly 
extracting carrier density in heavily doped films, but also ben-
efits of the polar side chains for improving n-doping of D–A 
copolymers.

We analyzed the surface morphologies of the pristine and 
differently doped N2200 and TEG-N2200 thin films by AFM as 
displayed in Figure 3 and Figures S8 and S9 in the Supporting 
Information. The pristine N2200 film shows a fibril-textured 
morphology, implying long-range order,[50] while small nod-
ules are observed in pristine TEG-N2200 film. The difference 
in morphology may explain the origin of the higher carrier 
mobility of pristine N2200 with respect to TEG-N2200. The 
doped N2200 films show lower threshold doping concentra-
tion (≈14%) for observing surface aggregates than the doped 
TEG-N2200 (≈42%). These aggregations are considered to 
be caused by the phase separation between the undoped host 
matrix and polar dopant/doping products, which is driven by 
surface energy differences.[23,51] As shown in Figure 3c, many 
small spherical aggregates are ubiquitously dispersed on  
42 mol%-doped N2200 film (marked by white rectangle). These 
spherical aggregates are presumably caused by the poor solu-
bility of the polar dopant in the N2200 matrix.[34] In contrast, 
42 mol%-doped TEG-N2200 film shows a very clean surface 
morphology except for few large aggregates. Recently, ethylene 
glycol-based side chains have been reported to increase the 
polarities of conjugated polymers in electrochemical transistor 
devices and organic p-type doped systems.[28,52] We argued 
that polar n-DMBI molecules can be more easily dispersed in 
the TEG-N2200 matrix because of the hydrophilic triethylene 
glycol-based side chains than in N2200, with its hydrophobic 
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Figure 2. The electrical conductivities a) and Seebeck coefficient and power factor b) of differently doped N2200 and TEG-N2200 layers; c) and 
d) carrier densities extracted from MIS devices based on HfO2 (filled symbols) and ion–gel dielectric layers (open symbols) and corresponding 
doping efficiencies as a function of doping concentration in differently doped N2200 films and doped TEG-N2200 films. The total density of 
8 × 1020 cm−3 is used for both D–A copolymers.
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alkyl side chains. Since the two D–A copolymers exhibit similar 
LUMO levels, the doping process is mainly influenced by the 
quality of mixing between the host and dopant molecules. The 
improved mixing of the TEG-N2200/n-DMBI blend facilitates 
doping with an improved doping efficiency and thus causes 
an enhanced conductivity as compared to the N2200/n-DMBI 
blend.

The influences of side chains and doping process on molec-
ular packing of the two D–A copolymers were studied by grazing 
incidence wide angle x-ray scattering (GIWAXS). The GIWAXS 
patterns and relative intensity cuts are shown in Figure 3e,f 
and Figure S10 in the Supporting Information. Clearly, N2200 
mainly packs in a face-on orientation, in agreement with what 
is reported in the literature,[53] as evidenced by the orienta-
tion of the (100) reflection along the horizonthal qy direction.  

On the contrary, TEG-N2200 stacks edge-on relative to sub-
strate, (100) reflection along the vertical qz direction. Both pris-
tine D–A copolymers show clear (010) reflection, associated 
with a π−π stacking distance between molecules of about 3.9 Å. 
The difference in side-chain length between the two polymers 
is responsible for the different (100) lamellar spacing of 24 
and 16 Å for N2200 and TEG-N2200, respectively. The doping 
process does not appear to significantly change the molecular 
orientations of the two polymers, having an influence only on 
the extent of developed crystallinity. For TEG-N2200, the (010) 
spacing remains unchanged upon doping and (100) spacing 
along qz direction is only slightly increased to 17 Å. This finding 
indicates that polar n-DMBI dopants are mainly incorporated 
in polar side chains because of their similar polarities, which 
is favorable for in-plane charge transport. Additionally, the 

Adv. Mater. 2018, 30, 1704630

Figure 3. Topographic AFM morphology images of pristine N2200 a) and TEG-N2200 b) films, and doped N2200 c) and doped TEG-N2200 d) at a 
doping concentration of 42 mol%; 2D GIWAXS patterns for the pristine N2200 e) and TEG-N2200 f) thin films. The numbers are indicative of the hkl 
miller indices for the crystallographic planes.
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crystallization of N2200 is more disturbed by doping than that 
of TEG-N2200 as observed from the linecuts in Figure S10 (Sup-
porting Information).

To investigate the effect that the microenvironments cre-
ated by the two different side chains may exert on the dopant 
molecules, we performed coarse-grained molecular dynamics 
simulations. To this end, we set up systems where different 
concentrations of n-DMBI molecules are solvated in a pure 
phase of side chains of either N2200 or TEG-N2200. The 
models employed are based on the Martini force field,[54] a 
transferable coarse-grained force field parametrized based on 
thermodynamic data that is widely used to study carbon nano-
structures, polymers, and soft heterojunction materials.[55–58] 
More details on the force field and coarse-grained models are 
given in the Supporting Information. Representative snapshots 
of simulations which have reached equilibrium are shown in 
Figure 4a (alkyl) and b (TEG). The molecular dynamics simula-
tions showed a rather high tendency for the dopant molecules 
to cluster in the alkyl phase, where molecules quickly form 
small cluster which, if given enough time, then further cluster 
together. By contrast, the TEG phase is a much better solvent 
for n-DMBI, with molecules being well dispersed up to concen-
trations of 20 mg mL−1, as quantified by the number of contacts 
between dopant molecules shown in Figure 4c. From n-DMBI 
solvation-free energies (calculated via thermodynamic integra-
tion as described in the Supporting Information) in either of 
the two phases, the free energy of transfer required to move an 
n-DMBI molecule from the alkyl to the TEG phase was found 
to be −16 kJ mol−1, quantifying further the strong preference 
for the TEG phase over the alkyl one, which was already evi-
dent from the equilibrium simulation results. Furthermore, to 
exclude any effect of the length or branching of the side chains 
on the dispersion of n-DMBI molecules, we performed addi-
tional simulations with phases of ethylene glycol and alkyl side 
chains of different length and branching degree. The results, 
shown in Figure S11 in the Supporting Informatin, confirm 
the findings of Figure 4, consolidating the fact that the effect 
depends solely on the polarity of the side chain. The higher 
TEG-solubility seems to be the consequence of the molecular 

structure of n-DMBI, containing imidazole and amine groups, 
make this dopant moderately polar. Molecular dynamics sim-
ulations thus indicate a rather strong tendency for the apolar 
alkyl environment to induce clustering of the dopant mole-
cules, as opposed to the polar TEG phase which instead favors 
the molecular dispersion of n-DMBI. In view of these results, 
the small aggregates noted in the AFM images of doped N2200 
films could be ascribed to n-DMBI molecules.

To achieve a deeper understanding of the charge transport 
in this system, we measured the variable-temperature electrical 
conductivity and Seebeck coefficient of the doped TEG-N2200 
layer. The electrical conductivity due to hopping in disordered 
materials is temperature dependent[3,59]

σ σ= − 











exp0

0T

T

s

 

(1)

Here, σ0 and T0 are the preexponential factor and the 
characteristic temperature, respectively. s is a hopping exponent 
related to different charge transport behaviors: (1) s = 0.25 
represents 3D Mott variable-range hopping (VRH) transport; 
(2) s = 1 for nearest-neighbor hopping (NNH) featuring ther-
mally activated transport. The temperature-dependent conduc-
tivity of the 71%-doped TEG-N2200 layer can be well described 
by the 3D Mott VRH model with s = 0.25, as shown in Figure 5a. 
The inset of Figure 5a shows a similar s of 0.24 based on an 
approach by Zabrodskii and Zinoveva.[59] For a 3D Mott VRH 
system, the absolute Seebeck coefficient linearly increases with 
T0.5.[60,61] However, we observed that the absolute Seebeck coef-
ficient linearly increases with 1/T in the 71%-doped TEG-N2200 
layer, as shown in Figure 5b (see details in Figure S13, Sup-
porting Information), largely violating the 3D Mott VRH theory. 
A weak dependence of S on temperature (∂ S/(1/T) = 35 meV) 
in the doped TEG-N2200 layer and well-defined lamellar crystals 
from GIWAXS study indicate low molecular disorder,[38] which 
makes NNH more likely for charge transport. In Figure 5c, the 
doped TEG-N2200 follows the empirical relation of S ∝ σ−1/4, 
which has already been observed for other semiconducting poly-
mers,[7,28,38] while Mott VRH gave a different S – σ relationship  

Adv. Mater. 2018, 30, 1704630

Figure 4. Representative snapshots of coarse-grained molecular dynamics simulations of n-DMBI molecules dissolved in a) a pure N2200 side chain 
phase and b) a pure TEG-N2200 side chain phase. The normalized number of contacts between dopant molecules in the two phases at different 
concentrations is also shown c).
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(blue dashed line, obtained using a method similar to one 
previously reported).[7,62] The empirical trend also implies low 
molecular disorder.[7,38,63]

The characteristic temperature-dependence analysis of the 
electrical conductivity and Seebeck coefficient in the doped 
TEG-N2200 system revealed seemingly contradicting charge 
transport mechanisms, which may suggest a heterogeneous 
thermoelectric transport.[61] As proposed in Figure 5d, the 
doped TEG-N2200 film might have NNH dominated transport 
regions with relatively high molecular order interspersed by 
disordered domains featuring 3D Mott VRH transport, which 
agrees with AFM morphology (Figure 3b), GIWAXS data, 
and the microstructural pictures of the typical semicrystalline 
polymers.[62,64] It is noted that, due to the absence of tie mol-
ecules between adjacent ordered domains, the charge transport 
across the disordered domains dominates carrier conduction 
as the rate-limiting step, which is evidenced by the low elec-
tron mobility. Therefore, we observed 3D Mott VRH-dominated 
charge transport from the variable-temperature conductivity 
experiments. However, the Seebeck coefficient mainly origi-
nates from the ordered regions and shows NNH transport 
behavior because the Mott VRH regions only makes up a small 
portion of the total contribution (see the blue dashed line in 

Figure 5c). Additionally, the S – σ relationship in Figure 5c can 
be well fitted by Snyder’s model using a transport parameter 
value of 3 and transport coefficient of σE0 = 5 × 10−4 S cm−1.[62] 
The small σE0 value indicates a poor percolation of charge car-
riers from ordered regions through disordered regions, which 
further validates the heterogeneous model. This heterogeneous 
model can well explain the thermoelectric transport observed 
in doped TEG-N2200 and suggests a possible direction for 
simultaneously improving S and σ by tuning the morphology 
of doped TEG-N2200, which is beyond the scope of this work.

In summary, for the first time we demonstrated that the 
molecular n-doping of an NDI-based copolymer can be greatly 
improved to produce a 200-fold enhancement in the electrical 
conductivity by rationally tailoring the side chains without 
changing the D–A backbone. We replaced the traditional alkyl 
side chains of N2200 with the polar triethylene glycol-based 
side chains and achieved a high electrical conductivity of 
0.17 S cm−1 upon n-DMBI doping, which is the highest reported for  
n-type D–A copolymers. UV–vis absorption spectra, work func-
tion, direct measurements of carrier densities, and Seebeck 
coefficient measurements confirmed the increased doping level 
as the primary cause for the improved electrical conductivity. 
The coarse-grained molecular dynamics simulations indicated 

Adv. Mater. 2018, 30, 1704630

Figure 5. The temperature dependence of the electrical conductivity a) and Seebeck coefficient b) of the 71 mol%-doped TEG-N2200 thin film; c) a plot 
of the Seebeck coefficient versus the electrical conductivity of doped TEG-N2200 from the simulation based on 3D Mott VRH (blue dashed line) and 
experiment (open symbol), and fittings of experimental data by the empirical relation (S ∝ σ−0.25) and Snyder’s model (transport parameter = 3 and σE0 =  
5 × 10−4 S cm−1); and d) a schematic presentation of the heterogeneous thermoelectric transport regions.
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that the polar side chains could greatly reduce the clustering 
of n-DMBI molecules and favor the dispersion of the dopant 
into the host matrix. Accordingly, intimate contact between the 
host and dopant molecules in the NDI-based copolymer system 
with the polar side chains facilitates the molecular doping 
and improves the electrical conductivity. The charge transport 
mechanism of the doped TEG-N2200 film was analyzed with 
a proposed morphologically heterogeneous model, which sug-
gests a method for further promoting thermoelectric properties 
of n-doped D–A copolymers. Our work emphasizes role of the 
polar side chains of D–A copolymers in n-doping and provides 
a guideline for designing efficient n-type D–A copolymers for 
advancing organic electronics.

Experimental Section

Materials: TEG-N2200 was synthesized in our lab. ActivInk N2200 
and n-DMBI were purchased from Flexterra, Inc. and Sigma-Aldrich, 
respectively.

Computational Methods: Classical coarse-grained molecular dynamics 
simulations were carried out using a new major version of the Martini[54] 
force field soon to be published. The n-DMBI model was based on 
the model developed in our recent work.[65] Bonded parameters for 
the TEG model were taken from the literature.[66,67] All the details 
for the coarse-grained particle types employed in this study are reported 
in the Supporting Information, as well as all the files needed to 
reproduce the simulation results. Simulations were performed using the 
GROMACS 2016.x software package,[68] keeping constant pressure and 
temperature at 1 bar and 298 K, respectively. A time step of 20 fs was 
used to integrate the equations of motion. All simulation parameters 
correspond to the “new” Martini set of run parameters.[69] The number 
of contacts has been computed from 400 ns of equilibrated simulations 
(which were at least 1.2 µs long in total). n-DMBI–n-DMBI contacts per 
n-DMBI molecule were normalized with respect to their number in a 
pure n-DMBI phase.

Conductivity and Carrier Density Measurement: For the electrical 
conductivity measurements, parallel line-shape Au electrodes with 
a width (w) of 13 mm and a channel length (L) of 100–300 µm were 
deposited as the bottom contact before spin coating. Voltage-sourced 
two-point conductivity measurements were conducted with a probe 
station in a N2 glovebox, and the variable-temperature conductivity was 
measured under vacuum in a cryogenic probe station. The electrical 
conductivity (σ) was calculated according to the formula: σ = (J/V) × L/ 
(w × d). The conductivity reported in this work was averaged from six 
devices. The charge carrier densities (n) in doped films were measured 
from admittance spectroscopy of metal–insulator–semiconductor 
architecture (ITO/insulator/doped active layer/Al) combined with Mott–
Schottky analysis[70]
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where εr and Cp are dieledtric constant of active layer and capacitance 
of MIS devices. The capacitance–voltage (Cp–V) measurements were 
conducted at a frequency of 200 and 10 Hz for HfO2 and ion gel-based 
MIS devices, respectively (see the details of preparing HfO2 and ion gel 
insulator in the Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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