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5
N-Type Organic
Thermoelectrics of
Donor–Acceptor Copolymers:
Improved Power Factor by
Molecular Tailoring of the
Density of States
In this chapter, we demonstrated that the n-type thermoelectric performance
of donor-acceptor (D-A) copolymers can be enhanced by a factor of >1000
by tailoring the density of states (DOS). The DOS distribution is tailored by
embedding sp -nitrogen atoms into the donor moiety of the D-A backbone.
Consequently, an electrical conductivity of 1.8 S/cm and a power factor of
4.5 𝜇Wm K are achieved. Interestingly, we observe an unusual sign
switching (from negative to positive) of the Seebeck coefficient of the unmodified D-A copolymer at moderately high dopant loading. A direct measurement
of the DOS shows that the DOS distributions become less broad upon modifying the backbone in both pristine and doped states. Additionally, dopinginduced charge transfer complexes (CTC) states, which are energetically located below the neutral band, are observed in DOS of the doped unmodified
D-A copolymer. We propose that charge transport through these CTC states
is responsible for the positive Seebeck coefficients in this n-doped system.
I would like to thank Jian Liu, B. van der Zee and J. A. Koster for help in device measurements and
numerical simulation; J. Dong, G. Portale for help in GIWAXS; Xinkai Qiu for help in AFM and Yuru Liu
for help in calculation. Parts of this chapter have been published in Adv. Mater., 2018, 1804290.
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5.1. Introduction
olecular doping of organic semiconductors (OSCs) has proven a powerful strat-

M egy to modulate the electronic properties for advancing the development of or-
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ganic electronics, such as light-emitting diodes, organic/hybrid solar cells, organic
thermoelectrics (OTE) and field-effect transistor etc.[1–14] Although this strategy
is widely utilized in academic and industrial fields, the doping process is still little understood. So far, two different models have been proposed to describe the
molecular doping of OSCs: the integer charge transfer (ICT) model and the molecular orbital hybridization (MOH) model.[1, 2, 15, 16] Both of them consider the
molecular doping as a two-step process: charge transfer followed by charge carrier
release. In the ICT model, an integer charge transfer between donor and acceptor
is assumed. In the MOH model, frontier orbital hybridization yields a new state
from which charge carriers can be released. These charge transfer processes give
rise to charge transfer complexes (CTC).[16, 17] In the ICT model, these CTCs are
regarded to be energetically located below/above the center of the lowest unoccupied molecular orbital (LUMO)/highest occupied molecular orbital (HOMO) levels
by an energy difference (ΔE) of several 100 meV due to a large Coulomb force
from the ionized dopant molecules.[16, 18] As a next step, free charge carriers are
released from those CTC states by thermal ionization. Such a two-step process
explains the typically low doping efficiency and freeze-out of free charge carriers in
a doped OSC.[1, 16] Regardless the model, the molecular doping process can be
regarded as a modification of the density of states (DOS) of the OSC upon dopant
admixture. As the DOS is closely related to the electronic properties of OSCs, a better understanding of the molecular doping and its relation to the DOS is urgently
required.
In the category of OTE, the molecular doping is usually employed to control
the carrier density in OSCs to achieve high power factors (S 𝜎, where S and 𝜎
are Seebeck coefficient and electrical conductivity, respectively).[19, 20] For the
practical TE applications, both efficient p-type and n-type TE materials are required; however, the development of the latter lags much behind that of the
former.[19, 21–23] For this reason, growing research efforts are being directed towards developing better n-type TE materials.[24–27] So far, advanced conjugatedbackbone designs targeting favorable energetics, high mobility, planar structure and
good host/dopant miscibility have been reported.[8, 23, 28–33] Moreover, donoracceptor (D-A) copolymers can show very high charge carrier mobilities.[34, 35]
The first trial based on D-A copolymer is doping poly[N,N’-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl] (NDI)-alt-5,5’-(2,2’-bithiophene) (2T)
(N2200) with (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine
(n-DMBI).[36] As a result, electrical conductivities in the range of 1×10 -5×10
S/cm were achieved.[36, 37] Recent works demonstrated that the doping of D-A
copolymers can be enhanced by increasing the host/dopant miscibility through the
use of polar side chains.[28, 38] This can achieve an optimized electrical conductivity of up to 0.3 S/cm.[28] However, the electrical conductivity of the n-doped
D-A copolymers is still at a low level, which causes a relatively low power factor
of ≈0.4 𝜇Wm K . As is well known, increasing the carrier density by molecu-
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lar doping enables an increase in electrical conductivity, but usually at the cost of
the reducing Seebeck coefficient. Therefore, an alternative strategy is desired for
simultaneous increase in the two TE parameters. Fundamentally, it is clear that
both the electrical conductivity and the Seebeck coefficient are closely related to
the DOS distribution.[39] Recently, Kemerink et al., broadened the DOS distribution by mixing two donor polymers in order to obtain very high Seebeck coefficients
(of over 1 mV/K) at the expense of electrical conductivity.[40] To the best of our
knowledge, none of the previous works focused on improving the n-type OTE from
a perspective of DOS.
In this chapter, we demonstrated that the n-type thermoelectric properties of
donor-acceptor copolymers can be greatly improved by tailoring the DOS. The tailoring of the DOS is realized by introducing sp -nitrogen atom into the donor moiety
of an NDI-2T backbone, which improves not only the molecular planarity but also
the structural order. Consequently, a very high electrical conductivity of 1.8 S/cm
for doped D-A copolymers is achieved. Interestingly, we observed an unusual sign
switching of the Seebeck coefficient from negative to positive with increasing the
dopant loading in the D-A copolymer without sp -nitrogen atoms into the donor
moiety. A direct DOS profile measurement indicates that the DOS distributions become narrower after backbone modification in both the pristine and doped state.
Additionally, doping-induced charge transfer complexes (CTC), which are energetically located below the neutral band, were observed for the doped unmodified D-A
copolymer. We propose that charge transport through these CTC states is responsible for the positive Seebeck coefficient in this n-doped system. We argue that
tailoring the DOS of a doped film towards reducing those CTC states within the
bandgap can increase the absolute Seebeck coefficient. Therefore, a very good
power factor of 4.5±0.2 𝜇Wm K for n-doped D-A copolymers is achieved in the
doped modified copolymers.

5.2. Results and Discussions
Figure5.1a shows the chemical structures of two D-A copolymers, which are denoted as PNDI2TEG-2T and PNDI2TEG-2Tz, respectively. The synthetic routines
are demonstrated in the experimental section. Both of them use NDI as the acceptor moiety, which carries the polar triethylene glycol side chains to enable
good host/dopant miscibility. PNDI2TEG-2T was synthesized by copolymerizing
NDI monomers with electron-rich bithiophene (2T) monomers. With sp -nitrogen
atoms embedded in the 2T units, PNDI2TEG-2Tz was obtained with bithiazole (2Tz)
as the donor moiety. Density functional theory (DFT) calculations were carried
out for the monomers of the two D-A copolymers as shown in Figure5.1b. The
computed S···O distance is only 2.85 Å and 2.95 Å for the PNDI2TEG-2T monomer
and the PNDI2TEG-2Tz monomer, respectively. These distances are significantly
smaller than the sum of S and O van der Waals radii (3.32 Å), strongly suggesting
that the backbones are planar in the solid state. However, the energy-minimized
dihedral angle between the plane of the NDI block with neighboring arene units
are distinctly different. The dihedral angle between the NDI block and bithiophene
blocks is 40° in PNDI2TEG-2T while The PNDI2TEG-2Tz exhibits a dihedral angle of
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Figure 5.1: (a) The chemical structures of PNDI2TEG-2T, PNDI2TEG-2Tz and n-DMBI; (b) DFT-optimized
geometries for PNDI2TEG-2T repeat unit and PNDI2TEG-2Tz repeat unit. Alkyl and N-ethylene glycol
substituents are replaced by methyl groups to simplify the calculations. Calculations were carried out at
the B3LYP/6-31G** level. The dihedral angles and the regions of steric repulsion torsion are indicated
by the circles; (c) 2D GIWAXS patterns of the pristine PNDI2TEG-2T and PNDI2TEG-2Tz thin films; and
(d) AFM images of pristine PNDI2TEG-2T and PNDI2TEG-2Tz films.

only 1°. These results indicate an improved molecular planarity after introducing
sp -N atoms, which is consistent with previous reports.[41, 42]
Figure5.1c displays the two-dimentional (2D) grazing incidence wide angle x-ray
scattering (GIWAXS) patterns of the pristine PNDI2TEG-2T and PNDI2TEG-2Tz thin
films. Clearly, PNDI2TEG-2T chain preferentially packs in a ‘face-on’ orientation,
in agreement with the literature,[43] as evidenced by the orientation of the (100)
reflection along the horizontal q direction. On the contrary, PNDI2TEG-2Tz chain
stacks edge-on relative to substrate, (100) reflection along the vertical q direction.
Both copolymers exhibit q (010) reflection at 1.4 Å−1 , associated with a 𝜋 − 𝜋
stacking distance of ≈ 4.0 Å. It is very important to note that, PNDI2TEG-2Tz shows
an extra peak at around 1.75 Å−1 (3.6 Å) likely belonging to the 𝜋 − 𝜋 stacking of
thiazole moiety.[44] The doping process appears not to significantly change the
molecular orientations of the two polymers, having an influence only on the extent
of developed crystallinity (Figure5.14).
The cyclic voltammetry characterization of PNDI2TEG-2T and PNDI2TEG-2Tz
was carried out to investigate the effects of backbone modification on the energetics (see Figure5.8). We also confirm that the effect of the polar side chains
(as compared to alkyl ones) on energetics is small, in accordance with our pre-
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vious findings.[38] The introduction of the electron-deficient sp -nitrogen atoms
causes a shift of LUMO/HOMO level from -4.18 eV/-5.39 eV for PNDI2TEG-2T to
-4.26 eV/-5.56 eV for PNDI2TEG-2Tz, which is consistent with the DFT calculation
(Figure5.9).
Previous works showed n-DMBI is a good n-type dopant for NDI-based copolymers.[28,
36, 38] Therefore, n-DMBI was also employed to dope the two D-A copolymers in
the present study. Figure5.1d shows surface morphologies of pristine D-A copolymers characterized by atomic force microscopy (AFM). PNDI2TEG-2Tz exhibits a
fibril-textured morphology, which is not apparently seen for PNDI2TEG-2T. This
indicates an improved molecular self-assembling after backbone modification and
agrees well with the molecular conformation and GIWAXS data. The effects of doping on the surface morphology were also investigated (see Figure 5.15). Both doped
D-A copolymers show good surface morphology with few aggregates. These results
indicate good host/dopant miscibilities for both doped D-A copolymers, which are
likely enabled by their polar side chains and may guarantee efficient n-doping for
both D-A copolymers.

5

Figure 5.2: The electrical conductivities (a) and Seebeck coefficient and power factor (b) of prisitne and
doped PNDI2TEG-2T and PNDI2TEG-2Tz thin films.

Figure5.2a displays the electrical conductivity (𝛿) of the doped PNDI2TEG-2T
and PNDI2TEG-2Tz thin films at different doping concentrations (see Figure 5.11
for the current-voltage data). Upon molecular doping with n-DMBI, the PNDI2TEG2T based film exhibits an optimized conductivity of 7.0×10 S/cm at a doping
concentration of 42 mol%. An optimized 𝛿 of 1.8 S/cm is obtained for the doped
PNDI2TEG-2Tz at a doping concentration of 21 mol%, which represents an enhancement of more than a factor of 2000 relative to that of the doped PNDI2TEG-2T
film and a new record for n-doped D-A copolymers. Our results indicate that the
backbone modification by embedding sp -nitrogen atoms in the donor moiety is a
way to tune the charging behavior of D-A copolymers.
Figure5.2b displays the Seebeck coefficients of differently doped D-A copolymers (see Figure 5.11 and 5.12). At a doping concentration of 7 mol%, the doped
PNDI2TEG-2T and doped PNDI2TEG-2Tz films exhibit very similar Seebeck coefficients of -254.5±2.5 𝜇V/K and -263.1±8.7 𝜇V/K, respectively. The negative sign of
Seebeck coefficient indicates n-type doping with electrons as the dominating charge
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carriers. By increasing the doping concentration up to 28 mol%, the Seebeck coefficients of the doped PNDI2TEG-2T and PNDI2TEG-2Tz films are gradually changed to
-48.4±0.3 𝜇V/K and -105.7±1.1 𝜇V/K, respectively. The doped PNDI2TEG-2T films
show negligible power factors on an order of magnitude of ≈10 𝜇Wm K ; while
n-doping of PNDI2TEG-2Tz gives a maximum power factor of 4.5±0.2 𝜇Wm K
at a doping concentration of 21 mol%, which is the best result reported by far for
n-doped D-A copolymers. These results confirm the effectiveness of tailoring the
donor moiety for promoting thermoelectric performance of n-type D-A copolymers.
Interestingly, by further increasing the doping concentration, we observed an unusual sign switching for the Seebeck coefficient in the doped PNDI2TEG-2T system,
which displays positive Seebeck coefficients of 57.2±3.1 𝜇V/K and 66.8±2.7 𝜇V/K
at doping concentrations of 42 mol% and 56 mol%, respectively. It is noted that
the possibility of the positive Seebeck coefficient originating from the movement
of the ionized dopant can be excluded here as we used a steady-state method for
the Seebeck coefficient measurement.[45] The Seebeck coefficient is determined
by the difference between the Fermi level energy (E ) and the charge transport
energy (E ).[39] Hwang et al. reported a change of sign of the Seebeck coefficient
upon doping by chemically n-doping poly(pyridinium phenylene) (P(PymPh)) with a
very strong reductant.[20] As a result of intense doping, the EF continuously passes
over the original LUMO level of P(PymPh), which is sufficiently filled up by the extrinsic electrons and acts as the new HOMO with the former LUMO+1 effectively
becoming the new LUMO.[20] They considered this transition in electronic states
by extremely strong doping with a doping level of >1 as the main cause of the
sign switching of Seebeck coefficient.[20] However, we wish to point out that the
change of sign in our system occurs at a much lower doping level.
To gain insight in the doping processes of the D-A copolymers, we measured the
UV-vis-NIR absorption spectra of pristine and doped PNDI2TEG-2T and PNDI2TEG2Tz thin films (see Figure 5.3a and Figure 5.3b). The pristine PNDI2TEG-2T film
shows two characteristic neutral features centered at 403 nm and 843 nm, which
we assign to the 𝜋 − 𝜋* transition and a intramolecular charge-transfer band,
respectively.[8, 37] Similarly, two neutral peaks at 465 nm and 907 nm were observed in the pristine PNDI2TEG-2Tz film. As the D-A copolymers are doped with
more n-DMBI, the transitions in the neutral spectra peaks gradually decrease in
intensity in the two doped systems. This is accompanied by the appearance of additional absorption bands at 570 nm and 975 nm for the doped PNDI2TEG-2T and
at 1000 nm for the doped PNDI2TEG-2Tz, respectively. Another low-energy broad
absorption in the range of 1800 nm to 2500 nm grows with the loading of n-DMBI
in the doped PNDI2TEG-2Tz film. These new spectral features are attributed to
polaron-induced transitions,[37] and can be considered as proof that the two D-A
copolymers are doped.
Generally, the loss of the transitions in the neutral spectra is caused by the integer charge transfer or orbital hybridization between the host and dopant molecules,
which generates charge transfer complexes (CTC). Figure 5.3c shows the relative
neutral peak intensities of differently doped D-A copolymers, which are normalized
to those of their pristine films. Interestingly, the normalized neutral peak inten-
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Figure 5.3: The UV-vis-NIR absorption spectra of pristine and doped (a) PNDI2TEG-2T and (b)
PNDI2TEG-2Tz; (c) the absorption intensity at the neutral peak (843 nm for PNDI2TEG-2T and 907
nm for PNDI2TEG-2Tz) normalized to that of the pristine samples; (d) the carrier densities extracted
from MIS devices based on ion-gel dielectric layers and corresponding doping efficiencies as a function
of the doping concentration in doped PNDI2TEG-2T and PNDI2TEG-2Tz films. A total density of states
of 8×10 cm is used for both D-A copolymers.

sity scales linearly with the doping concentration for both D-A copolymers. This is
consistent with their good host/dopant miscibilities as any phase-separation would
render this sub-linear. The formation efficiency (𝜂 ) of the CTC during molecular
doping can be estimated from the slopes in Figure 5.3c, which yields 𝜂
of 38 %
and 47 % for PNDI2TEG-2T and PNDI2TEG-2Tz, respectively. It is to be noted that
the sign switching of Seebeck coefficient occurs at approximately 35 mol% for the
doped PNDI2TEG-2T, corresponding to ∼13 % loss of the neutral band. This is very
different from the work by Hwang et al. on chemically doped P(PymPh) where the
neutral band is completely lost at the doping density that corresponds to a change
in sign of the Seebeck coefficient.[20]
As explained in the introduction, the formation of CTC states is only the first step
towards free charge carriers. To determine the doping levels of both doped D-A
copolymers, we directly measured the carrier density by using admittance spectroscopy on ion-gel-based metal-insulator-semiconductor (MIS) devices (see Figure 5.16). The effectiveness of this strategy for the measurement of carrier den-
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sity in moderately doped OSCs has been demonstrated previously.[38] Figure 5.3d
displays the carrier densities and doping efficiencies of doped PNDI2TEG-2T and
PNDI2TEG-2Tz films. The two doped D-A copolymers show similar carrier densities
falling between 4×10 cm to 4×10 cm at doping concentrations ranging
from 7 mol% to 42 mol%, which gives a similar doping efficiency (𝜂) of ~10 % for
both systems. These results indicate that the two D-A copolymers are similarly
doped, i.e. the density of free carriers is similar. The sign of the Seebeck coefficient for PNDI2TEG-2T switches at a doping level of only 0.04, which is much lower
than the required doping level of >1 according to the previous work.[20] Given
such a moderate doping level, it is unlikely the E will pass over the level of the
pristine conduction band to cause the sign switching of the Seebeck coefficient for
doped PNDI2TEG-2T.

5

Figure 5.4: The measured DOS functions of PNDI2TEG-2T and PNDI2TEG-2Tz in the pristine (open
symbols) and 28 28 mol%-doped state (closed symbols). The dashed lines are Gaussian fits.

The similar and moderate doping levels of the two doped D-A copolymers could
not explain their huge difference in electrical conductivity and the unusual signswitching of the Seebeck coefficient in the doped PNDI2TEG-2T. To explore the
underlying reasons, we directly measured the DOS functions for both D-A copolymers using an electrochemical method (see Figure 5.17). Different from previous reports,[46, 47] we use an ion liquid as the electrolyte instead of organic solvent/inorganic salts for the purpose of keeping the organic films from being partially
dissolved. Figure 5.4 displays the measured DOS energy distributions versus the Ag
reference for the pristine PNDI2TEG-2T (open black symbols) and PNDI2TEG-2Tz
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(open red symbols). Clearly, the PNDI2TEG-2Tz film exhibits a DOS distribution not
only with higher site density than that of PNDI2TEG-2T but also with narrower distribution. We attribute the changes of DOS distribution to the improved backbone
planarity and structural order in the in-plane direction after tailoring the donor moiety. The mobility measurement of pristine D-A copolymers by field-effect transistor
with a bottom gate/bottom contact geometry shows three orders of magnitude
enhancement of mobility after backbone modification (from 9.3×10 cm /Vs to
1.2×10 cm /Vs, see Figure5.10). This agrees with the difference between the
DOS distributions of two D-A copolymers. The first half of DOS distribution in the
two D-A copolymers, which is mostly relevant to the charge transport, can be well
approximated by the Gaussian function (the dash lines).

𝑔(𝐸) =

𝑁
√2𝜋𝜎

𝑒𝑥𝑝[−(

𝐸−𝐸
√2𝜎

)]

(5.1)

The total density N of 6.4×10 cm and 8.8×10 cm- , E of -0.31 eV and
-0.21 eV, and the width 𝜎 of 130 meV and 78 meV are obtained for the PNDI2TEG2T and PNDI2TEG-2Tz, respectively. Upon molecular doping with 28 mol% n-DMBI,
the original neutral DOS are reduced and shifted upwards for both D-A copolymers.
Interestingly, another newly-formed energy band sitting below the neutral band
was observed in the doped PNDI2TEG-2T. We assigned these new states to charge
transfer complexes (CTCs). However, such a CTC band was not seen in the doped
PNDI2TEG-2Tz. It should be pointed out that does not mean that there are no CTC
states in the doped PNDI2TEG-2Tz. We believe that the CTC states exist in the
doped PNDI2TEG-2Tz, as its neutral band is actually lost upon doping, but the ΔE is
too small to make a CTC band resolvable. The underlying reason is not clear at this
stage. We speculate it might be related to the carrier delocalization, which is highly
impacted by molecular planarity and structural order. These results indicate that
the modification of donor moiety by introducing sp -N atoms changes not only the
DOS distribution in the pristine state but also that in the doped state. The narrower
and denser DOS distribution of PNDI2TEG-2Tz as compared with that of PNDI2TEG2T largely contributed to the huge enhancement of electrical conductivity.[48, 49]
Besides the introduction of sp -N atoms, PNDI2TEG-2Tz and PNDI2TEG-2T also
differ in molecular weight (M = 30 kg/mol for the former versus M = 14 kg/mol
for the latter). In general, the molecular weight can affect the microstructure of
the doped polymer and the mobility of charge carriers. However, the effects of
the molecular weight on the properties of the doped films are not easily intuited.
In the pristine state, a sufficiently low molecular weight reduces the mobility because higher molecular weights tend to lead to higher degrees of crystallinity (i.e.,
𝜋-stacking). However, highly crystalline polymers can also drive phase-segregation
when doped, leading to poor morphologies and low doping efficiencies. Recent
studies by Müller and coworkers show that the molecular weight has little influences on the electrical conductivity of an n-doped and p-doped polymer.[28, 50]
We have measured the conductivity and Seebeck coefficient of the hexane-fraction
(i.e. low molecular weight) of PNDI2TEG-2T in the doped state (see Figure 5.13).

5

5. N-Type Organic Thermoelectrics of Donor–Acceptor Copolymers:
102 Improved Power Factor by Molecular Tailoring of the Density of States
The performance of this low-molecular-weight fraction is very similar to that shown
in Figure 5.2, suggesting that the molecular weight does not significantly influence
the results. We therefore tentatively conclude that the difference in power factor
and conductivity between PNDI2TEG-2T and PNDI2TEG-2Tz is not caused by the
difference in molecular weight.

5.3. Conclusions

5

In summary, we demonstrated that the n-type thermoelectric performance of donoracceptor copolymers can be greatly improved by tailoring the DOS distribution
through molecular design. Here, the molecular design is embedding sp -N atoms
into the donor moiety of an NDI-2T based D-A copolymer (PNDI2TEG-2T). By doing so, a new copolymer named PNDI2TEG-2Tz with improved molecular planarity
and the 𝜋 − 𝜋 overlap was obtained. Furthermore, the molecular stacking in the
thin film is changed into a preferential edge-on pattern from the original face-ondominated microstructure. Due to the molecular and microstructural motif, the
PNDI2TEG-2Tz exhibits much narrower and denser DOS energy distribution than
PNDI2TEG-2T. For this reason, the doped PNDI2TEG-2Tz copolymer exhibits a high
electrical conductivity of 1.8 S/cm, which represents over three orders of magnitude
enhancement as compared to that of unmodified D-A copolymer. Additionally, the
tailoring of DOS distribution reduces the loss of the Seebeck coefficient, leading to
an improved power factor of 4.5 𝜇Wm K , which is a very good result for n-type
organic thermoelectrics. Our work provides insights into the fundamental understanding of the molecular doping and sheds light on designing efficient n-type OTE
materials from a new perspective of tailoring the DOS.

5.4. Experimental
5.4.1. Synthesis and characterization of materials
All reagents and solvents were commercial and were used as received. 4,4’-bis(octyloxy)2,2’-bis(trimethylstannyl)-5,5’-bithiazole (2Tz) was purchased from SunaTech. 4,9dibromo-2,7-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)benzo[lmn][3,8]phenanthroline1,3,6,8(2H,7H)-tetraone (NDI-TEG) and (3,3’-bis(dodecyloxy)-[2,2’-bithiophene]5,5’-diyl)bis(trimethylstannane) (2T) and were synthesized according to literature
procedures.[51–53]
HNMR and CNMR were performed on a Varian Unity Plus (400 MHz) instrument at 25 ∘ C, using tetramethylsilane (TMS) as an internal standard. NMR shifts
are reported in ppm, relative to the residual protonated solvent signals of CDCl3 (𝜎=
7.26 ppm) or at the carbon absorption in CDCl3 (𝜎 = 77.23 ppm). Multiplicities are
denoted as: singlet (s), doublet (d), triplet (t) and multiplet (m). High Resolution
Mass Spectroscopy (HRMS) was performed on a JEOL JMS 600 spectrometer. FTIR spectra were recorded on a Nicolet Nexus FT-IR fitted with a Thermo Scientific
Smart iTR sampler. GPC measurements were done on a GPC-PL220 high temperature GPC/SEC system at 150 ∘ C vs polystyrene standards using trichlorobenzene as
eluent. Thermal properties of the polymers were determined on a TA Instruments
DSC Q20 and a TGA Q50. DSC measurements were executed with two heating-
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cooling cycles with a scan rate of 10 ∘ C min , and from each scan, the second
heating cycle was selected. TGA measurements were done from 20 to 800 ∘ C with
a heating rate of 20 ∘ C min . Cyclic voltammetry (CV) was carried out with a Autolab PGSTAT100 potentiostat in a three-electrode configuration where the working
electrode was glassy carbon electrode, the counter electrode was a platinum wire,
and the pseudo-reference was an Ag wire that was calibrated against ferrocene
(Fc/Fc ). Cyclic voltammograms for the D-A copolymer films deposited on the
glassy carbon working electrode in CHCN3 solution containing Bu4 NPF6 (0.1 mol
L ) electrolyte at a scanning rate of 100 mV s . Density functional theory (DFT)
calculations were performed using Orca 4.0.1[54]. Structures of PNDI2TEG-2T and
PNDI2TEG-2Tz were optimized via DFT calculations using the B3LYP functional and
the 6-31G** basis set.

5.4.2. General synthetic procedures for the NDI based D-A
copolymers

5

Figure 5.5: Synthetic route to PNDI2TEG-2T and PNDI2TEG-2Tz.

To a dry three-neck flask, NDI based monomer (0.1 mmol) and dialkoxybithiophene monomer (0.1 mmol) or dialkoxybithiazole based monomer (0.1 mmol) were
added under N2 followed by tris(dibenzylideneacetone) dipalladium [Pd2 (dba)3 ]
(8 mg)and tri(o-tolyl)phosphine [P(o-tolyl)3 ](12 mg). The flask and its contents
were subjected to 3 pump/purge cycles with N2 followed by addition of anhydrous,
degassed chlorobenzene (5 mL) via syringe. The reaction mixture was stirred at 110
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C for three days. After cooling to room temperature, the deeply colored reaction
mixture was dropped into 100 mL vigorously stirred methanol (containing 5 mL 12
M hydrochloride acid). After stirring for 4 hours, the precipitated solid was collected
by filtration. The solid polymers were redissolved in chloroform and reprecipitated
into methanol. After filtration, the polymers were subjected to sequential Soxhlet
extraction. The sequential solvents were methanol, hexane and chloroform. Impurities and low-molecular-weight fraction were removed by methanol and hexane.
Finally, the polymer solution in chloroform was concentrated to give the polymer
as solid.
PNDI2TEG-2T Synthesis according to the general polymerization procedure (Figure 5.5): monomer NDI-TEG (74 mg, 0.1 mmol), dialkoxybithiophene monomer 2T
(86 mg, 0.1 mmol), dry chlorobenzene (5 mL). The polymer was obtained as a green
solid (85 mg, 90 %). HNMR (400 MHz, CDCl3 ) 𝛿: 9.30-7.33 (m, 2H), 7.25-6.57 (m,
2H), 4.85-2.69 (m, 28H), 2.05-1.76 (m, 4H), 1.61-1.03 (m, 44H), 0.99-0.68 (m,
6H). IR (cm ): 656, 720, 764, 791, 928, 1057, 1109, 1176, 1206, 1249, 1314,
1376, 1439, 1567, 1663, 1702, 2852, 2920.
PNDI2TEG-2Tz Synthesis according to the general polymerization procedure (Figure 5.5): monomer NDI-TEG (74.4 mg, 0.1 mmol), dialkoxybithiazole monomer 2Tz
(75 mg, 0.1 mmol), dry chlorobenzene (5 mL). The polymer was obtained as a
brown solid (80 mg, 96 %). HNMR (400 MHz, CDCl3 ) 𝛿: 10.63-8.60 (m, 2H), 5.372.95 (m, 28H), 2.71-0.57 (m, 40H). IR (cm ): 691, 719, 763, 790, 896, 949, 982,
1072, 1106, 1176, 1209, 1245, 1297, 1314, 1329, 1366, 1441, 1458, 1487, 1565,
1647, 1698, 2854, 2920.
Table 5.1: Summary of molecular weight, thermal properties, photophysical properties and electrochemical properties and electron mobility of NDI-based conjugated polymers.

Polymer
M (g/mol)
M (g/mol)
PDI
T (∘ C)
.
(nm)
(nm)
.
E
(eV)
(V)
E
(V)
E
LUMO (eV)
HOMO (eV)

PNDI2TEG-2T

PNDI2TEG-2Tz

.

.

.

N2200

.
.

.
.

.

.

.
.

.

.

.

.
.
.

= 1240 ÷
Calculated from thin film absorption onset: E
Calculated from CV: E
= -(5.1 + E
) eV.
Calculated from CV: E
= -(5.1 + E
) eV.
.
.
Calculated from E
and E
: E
=E
-E

eV.
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5.4.3. Characterization of NDI based D-A copolymers
Thermal properties
The thermal behavior of these copolymers were evaluated by thermogravimetric
analysis (TGA) and differential scanning chromatography (DSC). The temperature
of 5 % weight-loss was selected as the onset point of decomposition (T ). As
shown in Figure 5.6a, both polymers show excellent stability with a decomposition
temperature of 321 ∘ C and 338 ∘ C for PNDI2TEG-2T and PNDI2TEG-2Tz, respectively, indicating that they are sufficient thermally stable for devices applications.
As shown in Figure 5.6b and Figure 5.6c, The DSC curves of PNDI2TEG-2T and
PNDI2TEG-2Tz show that there are no distinct exothermal transition in the second heating cycle and cooling cycle, revealing that no crystalline behavior or phase
transition occurred during this temperature section.

5

Figure 5.6: a) TGA curves of PNDI2TEG-2T and PNDI2TEG-2Tz; DSC curves of PNDI2TEG-2T (b) and
PNDI2TEG-2Tz (c).

Photophysical properties
Optical absorption spectra of the dialkoxybithiazole based polymer PNDI2TEG-2Tz
and dialkoxybithiophene based polymer PNDI2TEG-2T in chloroform solutions and
thin films are shown in Figure 5.7. Compared to PNDI2TEG-2T, the low energy
absorption charge transfer band of PNDI2TEG-2Tz are red-shifted, and the intensity
ratio between the charge transfer band and the high-energy band is much higher
for PNDI2TEG-2Tz than PNDI2TEG-2T. The optical band gaps were calculated to
be 1.07 eV for PNDI2TEG-2T and 1.02 eV for PNDI2TEG-2Tz. The difference of
PNDI2TEG-2T and PNDI2TEG-2Tz in optical properties results from higher backbone
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coplanarity and enhanced 𝜋 − 𝜋 overlap of dialkoxybithiazole based polymers than
dialkoxybithiophene based polymers. The lower optical band gaps of PNDI2TEG2Tz can be attributed to enhanced push-pull interactions in the alkoxybithiazole unit
due to thiazole is an electron-poor heterocycle.

5
Figure 5.7: The UV-Vis-NIR absorption spectra of pristine in CHCl3 solution and solid thin film.

Cyclic voltammetry characterization
The cyclic voltammetry (CV) characterization was carried out, as shown in Figure
5.8 and the corresponding data are shown in Table 5.1. The ferrocene/ferrocenium
(Fc/Fc ) was used as an standard reference, which was assigned an absolute energy
of −4.8 eV vs vacuum level. All the polymer show reversible reduction waves while
the oxidation process is irreversible. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) energy levels of these polymers are calculated from the onset of oxidation and reduction potentials using the
equation E
= -(5.10 +E
)eV and E
= -(5.10 +E
)eV, respectively.
The onset reduction potentials of PNDI2TEG-2T and PNDI2TEG-2Tz is −0.92 V and
−0.84 V, respectively, which are relative to the redox potential of Fc/Fc . The estimated LUMO energy levels of PNDI2TEG-2T and PNDI2TEG-2Tz, respectively are
−4.18 eV and −4.26 eV, respectively. The deeper low LUMO levels of both polymers
confirm the strong electron affinity of NDI moiety, indicating that they have sufficent
force for charge transfer for the host and n-tpye dopant. Compare to PNDI2TEG2T, PNDI2TEG-2Tz have 0.08 eV lower LUMO energy level because of thiazole is
an electron-deficient hetero-cycle. The onset oxidation potentials PNDI2TEG-2T
and PNDI2TEG-2Tz is 0.29 V and 0.46 V, respectively, which are relative to the redox potential of Fc/Fc . The estimated HOMO energy levels of PNDI2TEG-2T and
PNDI2TEG-2Tz, are −5.39 eV and −5.56 eV, respectively, indicating that changing
dialkoxybithiophene to dialkoxybithiazole moiety led to a significant effect on HOMO
energy level than the LUMO of polymer, which is good agree with our calculation
results (Figure 5.9).
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Figure 5.8: Cyclic voltammograms of the PNDI2TEG-2T and PNDI2TEG-2Tz thin films deposited on glass
carbon working electrode.

5

Figure 5.9: The calculated LUMO and HOMO for PNDI2TEG-2Tz repeat unit and PNDI2TEG-2T repeat
unit.

5.4.4. Device fabrication and characterization
Mobility measurement
The pristine D-A copolymer base field effect transistors (FET) were fabricated with
a bottom contact and top gate geometry. The heavily doped silicon substrates
with 230 nm thermal oxide insulator were purchased from Fraunhofer Institute for
photonic microsystems (IPMS). The channel length and width are defined by interdigitated Au electrodes as 20 µm and 10 mm, respectively. After cleaning the substrates by sequential ultrasonication in acetone and isopropanol for 20 minutes, the
active layers were prepared by spin-coating directly on substrates from chloroform
solution, followed by thermal annealing at 120∘ C for 1.5 h. The transistor devices
were tested on a probe station sitting in N2 -filed glovebox with data recorded by
Keithley 4200scs semicondctor analyzer.
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Figure 5.10: The transfer characteristics of pristine PNDI2TEG-2T (a) and PNDI2TEG-2Tz (b) The red
solid lines represent the linear fits. The V = 40 V.

5

Device fabrication
Clean borosilicate glass substrates were treated with UV-ozone for 20 minutes. The
doped films were prepared by spin-coating conjugated polymer solution (10 mg mL−1
in chloroform) mixed with different amounts of dopant solution (20 mg mL−1 in chloroform) in a glovebox with nitrogen atmosphere. The resultant films were annealed
at 120 ∘ C for 2 hours. For the electrical conductivity measurements of the doped
PNDI2TEG-2T, parallel line-shape Au electrodes with a width (w) of 13 mm and
a channel length (L) of 100 µm to 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. The electrical conductivity (𝜎) was
calculated according to the formula: 𝜎 =(J/V)×L/(w×d). The conductivity reported
in this work were obtained by averaging 6 devices. A four-point probe method
was used to measure the conductivity of the doped PNDI2TEG-2Tz thin films. The
conductivity measurements were performed in an N2 controlled environment.
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The measurement of electrical conductivity
For the electrical conductivity measurements of the doped PNDI2TEG-2T, parallel line-shape Au electrodes with a width (w) of 13 mm and a channel length (L)
of 100 µm to 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. The electrical conductivity (𝜎) was calculated according
to the formula: 𝜎=(J/V)×L/(w×d). The conductivity reported in this work were
obtained by averaging 6 devices. For the electrical conductivity of PNDI2TEG2Tz, 4-point-probe measurements were performed in an N2 -controlled environment.
The conductivity was calculated with 𝜎=(J/V)×L/(w×d), with L (1mm); w(4.5mm);
d(100nm), the length, width and height of the channel respectively. The conductivities of the separate points were averaged to obtain the conductivity of one device.

5

Figure 5.11: (a) The measured I/V curves for the doped PNDI2TEG-2Tz at different doping concentrations (7-42 mol7 mol% to 42 mol%); (b) the measured V/ T curves for the corresponding doped
PNDI2TEG-2Tz. The Seebeck coefficients are calculated with the formula S = V/ T , which corresponds
to the slope of a linear fit of the V/ T data.
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Seebeck coefficient measurement
The Seebeck coefficient of doped PNDI2TEG-2Tz thin-film samples were measured
in a home-build setup reported previously.[27] The Seebeck coefficients of the
doped PNDI2TEG-2T thin-film samples were measured in another home-build probe
station in vacuum.[38] The two pairs of Au line electrodes (width: 1 mm and length:
7 mm; width: 1 mm and length: 4 mm) were deposited on glass substrate with
a distance of 7 mm. The thin-film sample was spin-coated on one of the Au line
electrodes (width: 1 mm and length: 7 mm) (other area was covered by tape before coating). The standard Constantan wire (127 µm from Omega) was attached
on the other of the Au line electrodes (width: 1 mm and length: 4 mm) with silver
paster (ELECTRODAG 1415). The temperature difference across the sample was
posted by a thin film heater (KFR-5-120-C1-16, KYOWA), which was attached on the
side of glass substrate with connection part of small copper block for uniform heat
transfer. The heater was controlled by Keithley 2635. The generated thermal voltages from Constantan wire (reference, V ) and thin-film sample (V
) were
probed by four probes at the same time and corresponding data were recorded by
Keithley 2000 with a scanning card. A step-by-step increased temperature method
was used and a home-made filter (cut-off frequency=1 HZ) was used for reducing the noise. The substrate temperature was obtained by a T-type thermocouple
(Omega, the cold junction was connected on the chamber, whose temperature was
detected by Pt100 sensor). The system is controlled by Labview software. The
Seebeck coefficient (S) of sample was obtained by the formula:

𝑆=

𝑉
𝑉

𝑆

+(

𝑉
𝑉

− 1)𝑆

(5.2)

where S
and S are the Seebeck coefficient of Constantan wire and Au layer.
At room temperature, S
=-39 𝜇V/K and S =1.49 𝜇V/K, respectively.
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Figure 5.12: The the thermal voltage evolves with time for reference Constantan wire (the black symbols)
and differently doped PNDI2TEG-2T (the red symbols) thin films (7 mol%, 21 mol%, 28 mol%, 35 mol%,
42 mol% and 56 mol%. The insets display the corresponding plots of thermal Vsample versus thermal
Vref with the linear fits.

Figure 5.13: The electrical conductivity (a) Seebeck coefficient and power factor (b) of doped PNDI2TEG2T (Hexane fraction).

2D GIWAXS
Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were performed using a MINA X-ray scattering instrument built on a Cu rotating anode source
(𝜆=1.5413 Å). 2D patterns were collected using a Vantec500 detector (1024x1024
pixel array with pixel size 136x136 microns) located 93 mm away from the sample.
The polymer films were placed in reflection geometry at certain incident angles 𝛼
with respect to the direct beam using a Huber goniometer. GIWAXS patterns were
acquired using incident angles from 0.25° to 2° in order to probe the thin film structure at different X-ray penetration depths. The direct beam center position on the
detector and the sample-to-detector distance were calibrated using the diffraction
rings from standard silver behenate and Al2 O3 powders. All the necessary corrections for the GIWAXS geometry were applied to the raw patterns using the GIXGUI

5
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Matlab toolbox. The reshaped GIWAXS patterns, taking into account the inaccessible part in reciprocal space (wedge-shaped corrected patterns), are presented as
a function of the vertical and parallel scattering vectors q and q . The scattering
vector coordinates for the GIWAXS geometry are given by:

𝑞 =

2𝜋
(cos 2𝜃 cos 𝛼 − cos 𝛼 )
𝜆
2𝜋
𝑞 =
(sin 2𝜃 cos 𝛼 )
𝜆
2𝜋
𝑞 =
(sin 𝛼 + sin 𝛼 )
𝜆

(5.3)

where 2𝜃 is the scattering angle in the horizontal direction and 𝛼 is the exit angle
in the vertical direction. The parallel component of the scattering vector is thus
calculated as 𝑞 = √𝑞 + 𝑞 .

5

Figure 5.14: 2D GIWAXS patterns for the doped PNDI2TEG-2T (a) and PNDI2TEG-2Tz (b) thin films with
a doping concentration of 28 mol%; The horizontal (c and d) and vertical (e and f) cuts for the pristine
and doped PNDI2TEG-2T and PNDI2TEG-2Tz, respectively.
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AFM
a

b

Figure 5.15: a)Topographic AFM morphology images of differently doped PNDI2TEG-2T films (0 mol%,
14 mol%, 28 mol%, and 42 mol%). b) Topographic AFM morphology images of differently doped
PNDI2TEG-2Tz films (0 mol%, 14 mol%, 28 mol%, and 42 mol%).

5
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Metal-insulator-semiconductor (MIS) devices
The MIS devices have a architecture of (ITO/insulator/doped D-A copolymer films/Al).
For ion gel solution preparation, 251 mg PVDF-HFP was dissolved in 3.17 mL cyclohexanone stirred at 70 ∘ C at 1000 rpm overnight add 91 mg [EMIM][TFSI] into the
solution and stirred 55 ∘ C until 1 hour before spin-coating. Ion gel solution was
spin-coating on clean ITO substrates to form 150-300 nm insulator layer followed
by annealing at 120 ∘ C for 30 minutes. Differently doped NDI-based D-A copolymers films were prepared by spin-coating with a thickness of around 200 nm on
top of insulators. The capacitance-voltage (C -V ) measurement was conducted at
a frequency of 10 Hz for ion gel based devices for AC bias. The carrier density (n)
was extracted by Mott-Schottky analysis:[55]
2

𝑛=
𝑒𝜀 𝜀

5

(5.4)

where e, 𝜀 , and 𝜀 are elementary charge, dielectric constant of vacuum and relative dielectric constant of active layer, respectively. 𝜀 =3 was used for both doped
layers.

Figure 5.16: The plot of C versus V of metal-insulator-semiconductor devices using differently doped
PNDI2TEG-2T (a) and differently doped PNDI2TEG-2Tz (b) as the active layers and ion gel layer as the
insulator.
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The measurement of density of states (DOS)
Figure 5.17a shows the device architecture of the electrochemical cell. As shown,
the electrochemical cell is made of three electrodes, working electrode, counter
electrode (Cr/Au,1nm/ 40 nm) and the reference electrode (Cr/Ag, 1nm/100 nm).
The working electrode is pristine and doped D-A copolymers thin film (thickness,
L=100 nm) coated on Au electrode. The area of the active layer is defined by the
beneath patterned Au electrode (A=2×4 mm ), and the part out of the Au layer is
scratched. The three electrodes are confined by PDMS in a way demonstrated in Figure 5.17a. A type of ion liquid, 1-ethyl-3-methylimidazolium bis(trifuoromthylsulfony)imide
[EMIM][TFSI] (Sigma Aldrich), is injected in the pool defined by the PDMS as the
electrolyte. The electrochemical potential was controlled with a SP-200 Bio-Logic
potentiostat and all experiments were carried out under N2 atmosphere. A very
slow scan speed of 0.05 mV s−1 was used to achieve an quasi-equilibrium state for
extracting the density of states. Figure 5.17b shows the current (I) between the
working electrode and counter electrode as a function of the potential (V) of the
working electrode vs the Ag reference. The density of the sates (g(E)) is calculated
by:[46]

𝑔(𝐸) =

𝐼
𝐴𝑠𝐿𝑞

(5.5)

a
b

Figure 5.17: a) The device architecture of the electrochemical cell for measuring density of states (DOS)
and the ion liquid is used as electrolyte. b) The cyclic voltammetry of pristine and doped PNDI2TEG2T and PNDI2TEG-2Tz thin films with 1-ethyl-3-methylimidazolium bis(trifuoromthylsulfony)imide
[EMIM][TFSI] as the electrolyte. Scan rate is 0.05 mV s−1 .
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