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4
The Effects of Ethylene Glycol
Side Chains on Molecular
n-doping of Low Bandgap
Donor-Acceptor Copolymers
Molecular doping of conjugated polymers is a key strategy for achieving highperformance organic thermoelectric devices. The relationship between molecular structures of n-type conjugated polymers and thermoelectric device performance remains vague. Most previous work focused on studying the relationship of the backbone architecture with molecular doping while the effects
of the side chains are less explored. In this chapter, we demonstrate how the
type and position of side chains impact the n-doping of donor-acceptor (D-A)
copolymers. Four different combinations of linear ethylene glycol-based polar
side chains and traditional alkyl side chains are used, and the resultant D-A
copolymers are molecularly n-doped by organic dopants with varying doping
concentrations. It is found that polar side chains can increase the electron
affinity of D-A copolymers and greatly improve the mixing of host D-A copolymers with polar dopant as compared to the alkyl side chains. As a result,
we achieve an optimized conductivity of 0.08 S/cm in the doped D-A copolymer with the polar side chains on both D and A moieties. We also observed
an unusual sign switching of the Seebeck coefficient by increasing the doping
concentration in doped D-A copolymers with different-type side chains on the
two moieties. Our work offers an insight into the roles of side chains play in
molecular n-doping, which might be general for most conjugated polymers.
I would like to thank Jian Liu and Prof. Jan Anton Koster for help in device measurements and Xinkai
Qiu for help in AFM. The manuscript is in preparation.
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4.1. Introduction
-conjugated polymers have attracted extensive attention in organic electronic

𝜋 devices due to their superior advantages such as light weight, mechanically

4

flexibility and large-scale.[1–5] In the category of organic thermoelectric, conjugated polymers have unique advantages over their inorganic counterparts in realizing the low-cost, environmentally benign, high-throughput, and flexible thermoelectric generrators[6–9]. In general, thermoelectric properties are quantified
by the unitless figure of merit, ZT=S 𝜎T/𝜅, where S is the Seebeck coefficient,
𝜎 is the electrical conductivity, T is the absolute temperature, and 𝜅 is the thermal conductivity, and because of the extremely low thermal conductivities (𝜅) of
polymer materials (𝜅 = 0.01-1 W m K ), thermoelectric properties can also be
evaluated by the power factor (PF=S 𝜎) as the key parameter to be optimized for
efficient thermoelectric. In order to achieve practical applications, both efficient
p-type and n-type thermoelectric materials are required. Recently, thermoelectric materials based on p-type polymers have been intensively studied[9–16] and
significant progress has been made with high ZT = 0.42.[12, 17] However, the development of efficient n-type thermoelectric polymer materials still lags behind due
to the lack of efficient n-type doped materials.[6] Generally, high performance ntype polymer thermoelectric materials require high electron mobility and the deeper
low-lying lowest unoccupied molecular orbital (LUMO) energy level for efficient ntype doped. Although conjugated polymers with high electron mobility have been
developed,[18, 19] few polymers that can be efficiently n-type doped and that
exhibit high electrical conductivities have been reported.[16, 20] Therefore, the
relationship between molecular structures of n-type conjugated polymers and thermoelectric device performance remains less understood.
The pioneering work of n-doping solution-processed conjugated polymers was
made by Chabinyc and coworkers. The highest electrical conductivity of 10
S/cm was achieved in doped a napthalenediimide-thiophene copolymer (N2200))
by 4-(1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazol-2-yl)-N,N-dimethylaniline (nDMBI).[21] The low performance is limited by a very low doping efficiency owing
to the insolubility of n-DMBI in the host polymers leading to phase segregation in
the doped films. Recently, most previous works focused on increasing the conductivity of doped conjugated polymers by tailoring the backbone structure of n-type
conjugated polymers. Bao and coworkers systematically tuned the nature of donoracceptor (D-A) backbone and achieved an optimized conductivity of 0.45 S/cm.[22]
And they proposed that higher conductivity of n-dopable conjugated polymers might
be achievable when the D-A character of the backbone was minimized.[22] Pei
and coworkers demonstrated that the rational modification of n-type polymer backbones can simultaneously increase the charge mobility and doping level, leading
to a highest conductivity of 14 S/cm.[20] Very recently, one emerging approach
to solve the host/dopant miscibility is to tailor the polarity of conjugated polymer
by replacing nonpolar alkyl side chains with more polar oligoethylene glycol side
chains, which enhances the compatibility of host/dopant pairs. Recently, we reported an NDI-based copolymer that carries oligoethylene glycol side chains without changing its D–A backbone feature that showed enhanced compatibility with
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n-DMBI and achieved a high electrical conductivity of 0.17 S/cm.[23] This side chain
engineering has been successfully applied in many doped organic semiconductor
system.[24, 25] So far, how the side chains impact the interaction between host
and dopant is still not fully understood.
The only conjugated polymers that can be dissolved in organic solvents include
side chains, which leads to low-cost solution processing. As is well known, side
chains can facilitate the packing of conjugated polymers and influence charge transport. Additionally, the engineering of side chains usually causes minor changes in
the optoelectronic properties of conjugated polymers, which are mainly determined
by their backbones. Therefore, the roles of side chains in n-doping might be potentially universal for most conjugated polymers.
In this chapter, we utilize the backbone of N2200 as the platform and work
on synthetically tuning the type and position of side chains on D and A moieties,
respectively. Herein, different combinations of linear ethylene glycol-based polar
side chains and traditional alkyl side chains are used, and the resultant four D-A
copolymers are molecularly n-doped by n-DMBI with varying doping concentrations.
It is found that the polar side chains located on D or A or both moieties can almost
equally improve the miscibility in blended host/dopant system as compared to the
case of alkyl side chains on both moieties, which significantly increases the doping
efficiency. However, the conductivities of doped D-A copolymers with the polar
side chains and alkyl side chains, respectively, on D and A moieties are limited by
their low mobilities, which might be due to their unfavorable molecular packing.
Therefore, the highest electrical conductivity of 0.08 S/cm is achieved in the doped
D-A copolymers with both D and A moieties functionalized by the polar side chains.
Additionally, we observe an unusual switching of the sign of Seebeck coefficient
roughly at the peak of electrical conductivity in doped D-A copolymers with polar
side chains and alkyl side chains on two moieties, respectively.

4.2. Results and Discussion
Figure 4.1 are the synthetic route and corresponding chemical structures of four DA copolymers which were used to systematically study side chains. The synthesis of
NDI based monomers were synthesized and purified according to the published procedures. The thiophene based monomers were synthesized according to the literature with a little modification (see details in the Experimental Section).[26–28] The
polymers were synthesized by palladium-catalysted Stille coupling polymerization
of dibromo-monomers with distannyl-monomers. Polymers were obtained by refluxing the polymerization mixture overnight. Impurities and low-molecular-weight
fraction were removed by methanol in a Soxhlet extractor. The polymers were extracted with hexane or chloroform, precipitated in methanol, and further dried under
vacuum. Their chemical structures were characterized by HNMR and FT-IR. Incorporation of ethylene glycol side chains can be confirmed by the appearance and enhanced of the C–O–C stretching mode around 1109-1057 cm in the FT-IR spectra
of the polymers. Furthermore, the intensity of these peaks increases consistently
as the the ratio of the ethylene glycol side chains increase. The molecular weights
of these copolymers were determined by high temperature gel permeation chro-
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Figure 4.1: Synthetic route to the polymers and molecular structure of n-NMBI.

matography (GPC) with trichlorobenzene as eluent by using polystyrene as standards. The resulting data are shown in Table 4.1. PNDI2OD-T2DO is obtained with
moderate molecular weight M (7.4 kDa). Replacing one alkyl chain on D or A moiety for ethylene glycol chains give a little bit higher molecular weight, M (8.6 kDa)
for PNDI2TEG-T2DO, M (13.1 kDa) for PNDI2OD-T2DEG. However, replacing both
alkyl chains on the D and A moiety by ethylene glycol chains gave significantly lower
molecular weight M (1.6 kDa) for PNDI2TEG-T2DEG. This can be attributed to its
amphiphilic sturture of PNDI2TEG-T2DEG, in which napthalenediimide-thiophene
backbone is hydrophobic, while ethylene glycol side chains are hydrophilic, leading
to easily form micelle structure during polymerization, resulting in quite low molecular weight of soluble fraction and a substantial insoluble fraction. These results
indicate that manipulating the traditional alkyl chains and polar ethylene glycol side
chains have significant effect on conjugated polymers solubility and molecular selfassembly. All polymers obtained in this chapter have good solubility in chloroform,
which is beneficial for making devices.
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 4.9, all the polymers show excellent stability with a decomposition temperature of 334 ∘ C, 321 ∘ C, 335 ∘ C and 307 ∘ C for PNDI2OD-T2DO, PNDI2TEG-T2DO,
PNDI2OD-T2DEG, and PNDI2TEG-T2DEG, respectively, indicating that they are sufficient thermally stable for devices applications. As shown in Figure 4.2, the DSC
curves of PNDI2TEG-T2DO and PNDI2OD-T2DEG show that there are no distinct
exothermal transitions in the second heating cycle, revealing that no crystalline behavior or phase transition occurred during this temperature section. However, for
the PNDI2OD-T2DO, DSC curves show a weak exothermal melting transition at 248
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Table 4.1: 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)
Đ
T (∘ C)
T (∘ C)
(nm)
(nm)
.
E
(eV)
E
(eV)
E . (V)
E .
(V)
LUMO (eV)
HOMO (eV)

PNDI2OD-T2DO

.

PNDI2TEG-T2DO

PNDI2OD-T2DEG

.

.

PNDI2TEG-T2DEG

.
108, 209, 274

,
.
.

,
.
.

.
.

.
.
.

.

.
.
.

.
.
.

.

.
.

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

.
.
eV.

∘

C in the second heating cycle. While DSC plots of PNDI2TEG-T2DEG show three
exothermal transition at 108 ∘ C, 209 ∘ C and 274 ∘ C in the second heating cycle,
and endothermal transition at 94 ∘ C, 191 ∘ C and 253 ∘ C in the first cooling cycle,
in which the former two peaks are attributed to melting/crystallization of ethylene
glycol side chains, the latter is melting/crystallization of backbone. These results indicate that: 1) conjugated polymer have the hybrid side chains, one alkyl side chain
with one ethylene glycol side chains made the molecular packing become worse;
2) conjugated polymers with the pure alkyl side chains or pure ethylene glycol side
chains are beneficial for molecular self-assembly, leading to a better packing in solid
state; 3) as compared to alykl side chains, ethylene glycol side chains conjugated
polymers have tighter packing, which is beneficial for charger transfer.
In order to elucidate the effects of how the type and position of side chains on
the electrochemical properties of these copolymers, cyclic voltammetry (CV) characterization was carried out, as shown in Figure 4.3 and the corresponding data
are shown in Table 4.1. 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 polymers 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
oxidation potentials of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and
PNDI2TEG-T2DEG is 0.30 V, 0.29 V, 0.35 V and −0.05 V, respectively, which are

.
.
.
.
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Figure 4.2: DSC curves of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG.

relative to the redox potential of Fc/Fc . The estimated HOMO energy levels of
PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG are
−5.40 eV, −5.39 eV, −5.45 eV and −5.05 eV, respectively. The onset reduction potentials of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEGT2DEG is −1.06 V, −0.92 V, −0.91 V and −0.80 V, respectively, which are relative
to the redox potential of Fc/Fc . The estimated LUMO energy levels of PNDI2ODT2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG are −4.04 eV,
−4.18 eV, −4.19 eV and −4.30 eV, respectively. The deeper LUMO levels confirm
the strong electron affinity of NDI moiety, indicating that they have sufficient force
for charge transfer for the host and n-type dopant. The trend of the LUMO level
for these polymers is PNDI2TEG-T2DEG < PNDI2TEG-T2DO = PNDI2OD-T2DEG
< PNDI2OD-T2DO, which might mean PNDI2TEG-T2DEG can achieve the highest
doping level, PNDI2TEG-T2DO and PNDI2OD-T2DEG can achieve a medium doping
level, while the PNDI2OD-T2DO may show the lowest doping level. The CV results
clearly showed that replacing the alkyl chains of polar side chains can increase the
electron affinity and decrease the ionization potential of D-A copolymers, which is
consistent with literature, indicating manipulating the transitional alkyl chains and
polar ethylene glycol side chains have significant effect on conjugated polymers
electronic structure[29].
Figure 4.4 shows the UV-Vis-NIR absorption spectra for pristine and differently
doped D-A copolymers thin films. The pristine PNDI2OD-T2DO, PNDI2TEG-T2DO,
PNDI2OD-T2DEG, and PNDI2TEG-T2DEG show two characteristic neutral absorptions, which are assigned to the 𝜋 − 𝜋∗ transition (at around 400 nm) and the broad
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Figure 4.3: Cyclic voltammograms of the polymer thin films deposited on glass carbon working electrode.

intramolecular charge-transfer transition (P0 peaking from 850 nm to 1000 nm),
respectively.[30] Generally, we observed a relative red-shift of absorption band with
the polar side chains on D and A moieties as compared to the alkyl side chains.[29]
The optical band-gap of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and
PNDI2TEG-T2DEG determined from absorption onsets are 1.14 eV, 1.04 eV, 0.95 eV
and 0.80 eV, respectively. This trend that optical bandgap decrease gradually with
the increase of polar ethylene glycol side chains proportion is consistent with our
CV measurement.
The molecular doping of PNDI2OD-T2DO, PNDI2TEG-T2DO and PNDI2OD-T2DEG
cause significant bleaching of neutral peaks and generates new polaron (P2’) peaks
at around 560 nm. The extent of bleaching of neutral peaks could be affected by
several factors such as doping level, the extended length of polaron and the molecular packing of conjugated polymers.[22] Thus, it is difficult to evaluate the doping
levels of different D-A copolymers just from the bleaching of neutral peaks. The
doping of PNDI2TEG-T2DO gives rise to a red-shift of absorption onset, which is
considered as the spectroscopic overlap of neutral charge-transfer absorption and
polaron transition (P2). However, we did not see the polaron absorption peak
(P1) in doping of PNDI2TEG-T2DO, which might be due to the merge of newly
formed polaron band with the LUMO level. Low energy P1 sub-gap absorption
at wavelength>1500 nm is observed in the doping PNDI2OD-T2DEG. P1 peaks at
around 3300 nm with an energy of 0.37 eV grows with doping concentration, in-
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Figure 4.4: The UV-Vis-NIR absorption spectra of pristine and differently doped PNDI2OD-T2DO,
PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG.

dicating increased doping level. Molecular doping of PNDI2TEG-T2DEG causes a
bleaching of neutral absorption peaks, and the P1 and P2 features are not apparently seen. However, normalizing the absorption spectra of pristine PNDI2TEGT2DEG films, we observe a red-shift of P0 peak, which is considered as a fingeprint
of the existence of P2. In general, polaron band formed by molecular doping has an
energy level lower than the LUMO level or higher than the HOMO level because of
the relaxation of backbones responding to charging.[31] Thereby, polaron features
P2 and P1 are visible in the absorption spectra. For PNDI2TEG-T2DEG with the
polar side chains on two moieties, the backbone might be already relaxed because
of the polarization of the side chains, which might be proved by the broadened
absorption between 600 nm and 1550 nm. Therefore, the polaron bands upon doping have similar energy levels as the neutral bands, which makes themselves less
visible in absorption spectra.
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Figure 4.5: (a) Electrical conductivities (b) Seebeck coefficients (c) power factor of differently doped
PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG and PNDI2TEG-T2DEG thin films. (d) plots of the
Seebeck coefficient versus the electrical conductivity of differently doped thin films and the empirical
. ).
relation (S ∝

Figure 4.5a shows the electrical conductivities (𝜎) of four doped D-A copolymers
at different doping concentrations. Among the four doped D-A copolymers, the
doped PNDI2OD-T2DO with both alkyl side chains on D and A moieties show the
lowest electrical conductivity with an optimized value of 9.1±4.7×10 S/cm at a
doping concentration of 28 %. Replacing any one of the alkyl side chains with
the polar side chains leads to an increase in electrical conductivity. As a result,
optimized electrical conductivities of 7.0±1.2×10 S/cm and 1.9±0.1×10 S/cm
are obtained in doped PNDI2TEG-T2DO and PNDI2OD-T2DEG at 42 %, respectively.
The doped PNDI2TEG-T2DEG with both polar side chains on D and A moieties shows
the highest electrical conductivity of 5.0±2.7×10 S/cm at a doping concentration
of 14 %. These results indicate that the side chains play important roles in n-doping
of D-A copolymers probably by modifying the packing of D-A copolymers and the
interaction between host and dopant molecules.
The Seebeck coefficient (S) is determined by the difference between the Fermi
level energy (E ) and the charge transport energy (E ).[8] As more charges are
generated by the molecular doping, and with E shifting towards E , the absolute S usually decreases correspondingly. Therefore, the Seebeck coefficient is
usually considered as indicative of the doping level. Figure 4.5b shows the Seebeck coefficient values of differently doped D-A copolymers. As the resistance of
doped PNDI2OD-T2DO films are too large to accurately record the thermal voltages, only the Seebeck coefficient of 28 %-doped PNDI2OD-T2DO can be measured to be -490±44 𝜇V/K. The doped PNDI2TEG-T2DEG with the polar side chains
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on both D and A moieties shows a Seebeck coefficient of -289.8±0.6 𝜇V/K at a
doping concentration of 7 %. The negative sign of Seebeck coefficient indicates
the electrons as the transport-dominated charge carriers. As the doping concentration increases to 42 %, the Seebeck coefficient decreases in absolute value to
-119.1±0.4 𝜇V/K, indicating increased doping levels. At a doping concentration of
7 %, doped PNDI2TEG-T2DO and PNDI2OD-T2DEG show similar Seebeck coefficients of -254.5±2.5 𝜇V/K and -247±8.6 𝜇V/K, respectively, which are comparable
to that of doped PNDI2TEG-T2DEG. This results might imply similar doping levels
for doped PNDI2TEG-T2DO, PNDI2OD-T2DEG and PNDI2TEG-T2DEG at 7 %. As
doping concentration increases from 7 % to 28 %, the absolute values of Seebeck
coefficient of doped PNDI2OD-T2DO and PNDI2OD-T2DEG decrease. By further
increasing doping concentration from 28 % to 56 %, we observed an unusual sign
switching of Seebeck coefficient from negative to positive with a value of nearly
zero at 35 %. Interestingly, such zero-Seebeck coefficients appear at the peak of
the electrical conductivity (see Figure 4.5a).
Based on above electrical conductivities and Seebeck coefficients, we calculated the power factors of differently doped films, which are displayed in Figure
4.5c. The doped PNDI2OD-T2DO at a doping concentration of 28 mol% showed
a very small power factor of 8.6×10 𝜇Wm K which was caused by its low
conductivity. The doped PNDI2TEG-T2DO and PNDI2OD-T2DEG exhibited slightly
high power factor on order of magnitude of 10 𝜇Wm K before polarity switching. On the contrary, doped PNDI2TEG-T2DEG gave the best power factor of 0.14
𝜇Wm K . Our results unambiguously indicated that the more ethylene glycol side
chains, the better thermoelectric performance after molecular doping. Recently, an
empirical relation of S ∝ 𝛿 . has been frequently observed in doped conjugated
polymers.[25, 30] The S-𝛿 plots of differently doped films are displayed in Figure
4.5d. None of the doped systems follow the empirical relation. Additionally, the
S-𝛿 relationships of the four doped systems are not follow one single trend, which
implies that the variations of their thermoelectric performances are not only determined by the doping level but influenced by other factors. This point will be
discussed later.
Previous works indicate the significance of the miscibility between host and
dopant molecules on the molecular doping of conjugated polymers.[23–25] In order to gain insight into the miscibility in differently doped D-A copolymers systems,
the morphologies of pristine and doped thin films were analyzed by atomic force
microscopy (AFM) The corresponding results are shown in Figure 4.6. The pristine
PNDI2OD-T2DO and PNDI2TEG-T2DEG films with the same type side chains on both
moieties show relatively smooth surfaces with root mean square (RMS)roughness
of 5.7 nm and 4.8 nm, respectively. While for pristine D-A coplymers with different
types of side chains on two moieties PNDI2OD-T2DEG show a rough morphologies
with RMS of 10.1 nm, while PNDI2TEG-T2DO show a very smooth morphologies
with RMS of 2.0 nm. The morphology of PNDI2OD-T2DO film is largely changed
upon doping while those of PNDI2OD-T2DEG, PNDI2TEG-2TDO and PNDI2TEGT2DEG are not apparently affected. Additionally, increased amounts of small spherical aggregates are observed on the surface of doped PNDI2OD-T2DO as more
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Figure 4.6: The AFM images of pristine and differently doped PNDI2OD-T2DO, PNDI2OD-T2DEG,
PNDI2TEG-T2DO and PNDI2TEG-T2DEG thin films.

dopant are added. These aggregates are considered to be caused by the poor solubility of the polar dopant in the matrix of D-A copolymers with hydrophobic side
chains. Replacing the alkyl side chains with the polar side chains can greatly reduce
the amount of those aggeregates. In doped PNDI2OD-T2DEG with the polar side
chains on D moiety and in doped PNDI2TEG-2TDO with the polar side chains on
the A moiety, those spherical aggeregates become smaller in size and less populated in the surface density than those of doped PNDI2OD-T2DO films. In doped
PNDI2TEG-T2DEG with the polar side chains on both moieties, those spherical aggeregates vanish even at a high doping concentration of 42 %, and instead few
large aggregates appear. We think these large aggregates are different from those
small spherical ones in nature and might be the doping products such as the chargetransfer complex or hybride compounds. It is proposed that the polar side chains
can promote the mixing of polar dopant in the matrix of D-A copolymers, which
causes the improved molecular n-doping and high electrical conductivities.
In our previous work, we successfully managed to directly measure the carrier
density in doped organic semiconducting films by using admittance spectroscopy to
metal-insulator-semiconductor (MIS) device with an ion gel insulating layer (PVDFHFP:[EMIM][TFSI] blend).[23] The composition of the ion gel was carefully optimized to achieve a high capacitance of around 3𝜇F/cm and mechanically robustness for withstanding the sequential spin-coating of active layer. The capacitance
vs DC voltage plots of the four doped D-A copolymers (28 %) is shown in Figure
4.8 in the experimental section. Based on the Mott-Schottky analysis, the carrier
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Figure 4.7: The carrier density (the top panel), the doping efficiency (the middle panel) and the mobility
(the bottom panel) of 28 %-doped PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG and PNDI2TEGT2DEG thin films.

densities in the four 28 %-doped D-A copolymers are extracted as shown in Figure
4.7 (the top panel). The doped PNDI2OD-T2DO shows the lowest carrier density
of 7.9×10 cm by considering the total density (N)= 8×10 cm ; while the
doped PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG with the polar
side chains on at least one moiety exhibit much high carrier desnisties of 3.2×10
cm , 6.9×10 cm and 3.3×10 cm , respectively. As a result, the doped
PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG achieve doping efficiencies (the middle panel in Figure 4.7) of 10 %, 22 % and 10 %, respectively,
which represent more than 40 times enhancement compared to that (0.25 %) in
doped PNDI2OD-T2DO. These results further confirm the effectiveness of the polar
side chains in the n-doping of D-A copolymers. Additionally, the mobilities of differently doped D-A copolymers can be calculated by using the measured conductivity
and carrier density to be 7.2×10 , 3.8×10 , 1.5×10 and 3.5×10 cm (Vs) ,
respectively. (the bottom panel in Figure 4.7).
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Previous modeling works indicate the carrier density can only greatly influence
the mobility when the carrier density is above 0.1×N (8.0×10 cm )[32]. Therefore, in this work, the extracted mobilities of different doped D-A copolymers can, to
a large extent, reflect their molecular packing and percolation of ordered domains
in thin films. The doped PNDI2TEG-T2DEG with the polar side chains on both moieties shows the highest mobility, indicating better molecular packing than other
combinations of side chains, which is consistent with previous studies. Therefore,
the high conductivity observed in doped PNDI2TEG-T2DEG as compared to other
systems is attributed to the increased doping efficiency and improved molecular
packing.

4.3. Conclusions
In summary, we demonstrated how the type and position of side chains impact
the n-doping of D-A copolymers. Four different combinations of linear ethylene
glycol-based polar side chains and traditional alkyl side chains are used, and the
resultant D-A copolymers are molecularly n-doped by n-DMBI with varying doping
concentrations. It is found that the polar side chains can greatly improve the mixing
of host D-A copolymers with polar dopant as compared to the alkyl side chains,
which can increase doping efficiencies up to 10 % to 20 % from 0.25 % in the case
of only alkyl side chains used. Additionally, the polar side chains also facilitate the
molecular packing of D-A copolymers and increase the mobility by more than order
of magnitude. Because of those advantages of the polar side chains, we achieve
an optimized conductivity of 0.08 S/cm in the doped PNDI2TEG-T2DEG with the
polar side chains on both D and A moieties. Besides, we observe an unusual sign
switching of Seebeck coefficient by increasing the doping concentration in doped
PNDI2OD-T2DEG and PNDI2TEG-T2DO systems. Our work offers an insight into
the roles of side chains play in molecular n-doping, which might be transferable to
other conjugated polymers with various backbones.

4.4. Experimental
Characterization: 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 (𝛿= 7.26 ppm) or at the carbon absorption in CDCl3 (𝛿 = 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. IR measurements were performed on a Nicolet iS50 FT-IR
spectrometer. FT-IR spectra were recorded on a Nicolet Nexus FT-IR fitted with
a Thermo Scientific Smart iTR sampler. GPC measurements were done on a GPCPL220 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-cooling cycles with a scan rate of 10 ∘ C min , and from
each scan, the second heating cycle was selected. TGA measurements were done

4

82

4. The Effects of Ethylene Glycol Side Chains on Molecular n-doping of
Low Bandgap Donor-Acceptor Copolymers

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 glass 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 NDI-Based
polymers film deposited on the glass carbon working electrode in CH3 CN solution
containing Bu4 NPF6 (0.1 mol L−1 ) electrolyte at a scanning rate of 100 mV s−1 .

4.4.1. Device fabrication and Characterization

4

Clean borosilicate glass substrates were treated with UV-ozone for 20 minutes. The
doped films were prepared by spin-coating conjugated polymers 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.
The measurement of electrical conductivity
For the electrical conductivity measurements of the doped NDI-based D-A copolymers, 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 spincoating. 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. The conductivity measurements
were performed in an N2 controlled environment. The conductivity was calculated
with L (1 mm); w(4.5 mm); d(100 nm), the length, width and height of the channel
respectively. The conductivities of the separate points were averaged to obtain the
conductivity of one device.
Seebeck coefficient measurement
The Seebeck coefficient of doped NDI-based D-A copolymers thin-film samples were
measured in a home-build setup reported previously.[23, 25] 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
(127 127 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 (KFR5-120-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
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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

(4.1)

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.
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 nm to 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:[33]
2

𝑛=
𝑒𝜀 𝜀

(4.2)

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.
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4
Figure 4.8: The plot of C versus V of metal-insulator-semiconductor devices using 28 % doped of
PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG as the active layers and
ion gel layer as the insulator.

Thermal properties

Figure 4.9: TGA curves of PNDI2OD-T2DO, PNDI2TEG-T2DO, PNDI2OD-T2DEG, and PNDI2TEG-T2DEG.
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4.4.2. Synthesis and Characterization
Reagents: All reagents and solvents were commercial and were used as received
without further purification unless otherwise indicated. Poly(vinylidene fluoride-cohexafluoropropylene) (PVDF-HFP), 1-ethyl-3-methylimidazolium bis(trifuoromthylsulfony)imide [EMIM][TFSI] and molecular dopant n-DMBI were purchased from Sigma
Aldrich. 4,9-dibromo-2,7-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI-TEG) and 4,9-dibromo-2,7-bis(2-octyldodecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI-OD) were synthesized according to literature procedures.[26–28]

4

Figure 4.10: Synthetic route for Monomer T2DEG.

3-(2-methoxyethoxy)thiophene 2
In a dry three-neck flask, 60 % NaH (1200 mg, 30 mmol) was mixed with anhydrous
DMF (20 mL) under a nitrogen atmosphere. Triethylene glycol monomethyl ether
(12 g, 11.68 mL, 100 mmol) was added drop-wise over a period of 30 minutes at 0
∘
C. The solution was allowed to stir for additional one hour. To this reaction mixture, 3-bromothiophene (3.2 g, 1.84 mL, 20 mmol) and CuBr(280 mg, 2 mmol) were
added. The ice bath was replaced with an oil bath and the solution was heated up
to 110 ∘ C for another one hour. After cooling to the room temperature, the mixture was then poured into NH4 Cl aqueous solution and stirred for 10 minutes. The
organic phase was extracted with n-hexane, dried over anhydrous Na2 SO4 . Then,
the solvent was evaporated by rotary evaporation. The crude solid was purified
by column chromatography to give pure target product 2 (3.6 g, 90 %). HNMR
(400 MHz, CDCl3 ): 𝛿: 7.14 (dd, J = 5.2, 3.2 Hz, 1H), 6.76 (dd, J = 5.2, 1.3 Hz,
1H), 6.28 – 6.21 (m, 1H), 4.11 (t, J = 4.8, 2H), 3.83(t, J = 4.8, 2H), 3.69 (t, J =
4.8, 2H), 3.56 (t, J = 4.8, 2H), 3.37 (s, 3H). CNMR (101 MHz, CDCl3 ): 𝛿: 157.43,
124.52, 119.43, 97.31, 71.77, 70.51, 69.53, 69.37, 58.87.
3,3’-bis(2-methoxyethoxy)-2,2’-bithiophene 3
To a solution of 3-(2-methoxyethoxy)thiophene 2 (1.8 g, 8.91 mmol) in the anhydrous THF (20 mL) at ice bath, the n-BuLi (8.91 mmol, 5.57 mL, 1.6M in Hexane)
were added drop-wise over 10 min at 0 ∘ C under N2 condition. The mixture was
kept stirring at this temperature for 2 hours before the solution was transferred to
another dry flask with Fe(acac)3 (3.15 g, 9.8 mmol) in THF (70 mL), the reaction
mixture was heated to reflux for 3 hours. After cooling to the room temperature,
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the precipitate was filtered off through short silica plug and washed with Et2 O. The
filtrate was washed with saturated NH4 Cl solution and the aqueous phases were
combined and extracted with Et2 O. The combined organic phases were dried over
Na2 SO4 and the solvent was evaporated by rotary evaporation. The crude solid
was purified by column chromatography to give target product 3 with a little red
color impurities, then crude product was purified by recrystallized using Et2 O to give
pure product 3 (900 mg, 50 %). HNMR (400 MHz, CDCl3 ): 𝛿: 7.05 (d, 2H), 6.83
(d, 2H), 4.24 (s, 4H), 3.89 (t, 4H), 3.72 (t, 4H), 3.55 (t, 4H), 3.37 (t, 6H). CNMR
(101 MHz, CDCl3 ): 𝛿: 143.99, 121.89, 116.54, 114.72, 71.99, 71.36, 70.80, 70.01,
59.05.
Monomer T2DEG
(3,3’-bis(2-methoxyethoxy)-[2,2’-bithiophene]-5,5’-diyl)bis(trimethylstannane)
Compound 3,3’-bis(2-methoxyethoxy)-2,2’-bithiophene 3 (402 mg, 1 mmol) was dissolved in anhydrous THF (10 mL) under an atmosphere of N2 , cooled to -78 ∘ C and
n-butyllithium (2.15 mmol, 1.35 mL, 1.6 M in hexane) was added drop-wise. The
solution was stirred for 2 hours in the cold bath at -78 ∘ C before being warmed
to room temperature and stirred for an additional 15 minutes. The mixture was
cooled to -78 ∘ C again. Then, Trimethyltin Chloride (3 mL, 3 mmol, 1.0 M in THF)
was added. After that, the solution was stirred at room temperature overnight.
Water was added to quench the reaction, and the solution was extracted with nhexane. The organic phase was dried over Na2 SO4 and the solvent was removed
by rotary evaporation provide crude compound as yellow oil which was purified by
recrystallized using isopropanol to give pure product monomer T2DEG (518 mg,
71 %). HNMR (400 MHz, CDCl3 ): 𝛿: 6.90 (s, 1H), 4.28 (t, J = 5.1 Hz, 2H), 3.92
(t, J = 5.1 Hz, 2H), 3.76 (t, J = 5.1 Hz, 2H), 3.57 (t, J = 5.1 Hz, 2H), 3.39 (s,
3H), 0.36 (S, 9H). CNMR (100 MHz, CDCl3 ): 𝛿: 153.77, 134.09, 124.40, 120.84,
72.29, 71.72, 71.12, 70.38, 59.31, -8.08.

Figure 4.11: Synthetic route for Monomer T2DO.

Monomer T2DO was synthesized according to the literature with a little modification.
3-(dodecyloxy)thiophene 5
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Compound 5 was prepared and purified as a colorless solid using the same procedure as literature. HNMR (400 MHz, CDCl3 ): 𝛿:7.18 (dd, J = 5.2, 3.2 Hz, 1H), 6.77
(dd, J = 5.2, 1.3 Hz, 1H), 6.28 – 6.18 (m, 1H), 3.95 (t, J = 6.6 Hz, 2H), 1.87 –
1.73 (m, 2H), 1.52 – 1.41 (m, 2H), 1.40 – 1.20 (m, 16H), 0.91 (t, J = 6.7 Hz, 3H).
CNMR (101 MHz, CDCl3 ): 𝛿:158.27, 124.68, 119.74, 97.14, 70.48, 32.15, 29.89,
29.86, 29.82, 29.80, 29.62, 29.58, 29.50, 26.28, 22.92, 14.34.
2-bromo-3-(dodecyloxy)thiophene 6
Compound 6 was prepared and purified as a colorless solid using the same procedure as literature. HNMR (400 MHz, CDCl3 ): 𝛿: 7.17 (d, J = 5.9 Hz, 1H), 6.74 (d,
J = 5.9 Hz, 1H), 4.03 (t, J = 6.6 Hz, 2H), 1.82 – 1.69 (m, 2H), 1.52 – 1.41 (m,
2H), 1.40 – 1.20 (m, 16H), 0.91 (t, J = 6.8 Hz, 3H). CNMR (101 MHz, CDCl3 ):
𝛿: 154.40, 123.90, 117.30, 91.37, 72.04, 31.81, 29.56, 29.54, 29.48, 29.45, 29.37,
29.25, 29.23, 25.71, 22.58, 14.00.
3,3’-bis(dodecyloxy)-2,2’-bithiophene 7
2-bromo-3-(dodecyloxy)thiophene 6 (1000 mg, 3.13 mmol, 1eq), BiPi (800 mg, 3.13 mmol,
1eq) and K3 PO4 (2.6 g, 12.26 mmol, 4eq) were dissolved in anhydrous DMF (20 mL).
After degassing with dry N2 , the catalysts Pd(dppf)2 Cl2 (20 mg, 0.027 mmol) was
added. The reaction mixture was heating at 110 ∘ C overnight under N2 . The reaction mixture was poured into water, then the product was extracted with CH2 Cl2 ,
washing with saturated NaHCO3 , water and then brine. The organic phase was
then collected and dried over Na2 SO4 and the solvents removed by rotary evaporation. The crude solid was purified by column chromatography to give product 7
(540 mg, 70 %). HNMR (400 MHz, CDCl3 ): 𝛿:7.07 (d, J = 5.5 Hz, 2H), 6.83 (d,
J = 5.6 Hz, 2H), 4.09 (t, J = 6.5 Hz, 4H), 1.91 – 1.78 (m, 4H), 1.57 – 1.45 (m,
4H), 1.40 – 1.19 (m, 32H), 0.88 (t, J = 6.8 Hz, 6H). CNMR (101 MHz, CDCl3 ): 𝛿:
152.17, 121.82, 116.28, 114.35, 77.55, 77.23, 76.91, 72.22, 32.15, 29.94, 29.90,
29.88, 29.84, 29.79, 29.60, 29.58, 26.28, 22.92, 14.35.
Monomer T2DO
(3,3’-bis(dodecyloxy)-[2,2’-bithiophene]-5,5’-diyl)bis(trimethylstannane)
Compound 3,3’-bis(dodecyloxy)-2,2’-bithiophene 7 (540 mg, 1 mmol) were dissolved
in anhydrous THF (10 mL) under an atmosphere of N2 , cooled to -78 ∘ C and nbutyllithium (2.5 mmol, 1 mL, 2.5 M in hexane) was added drop-wise. The solution
was stirred for 2 hours in the cold bath at -78 ∘ C before being warmed to room
temperature and stirred for an additional 1 hour. The mixture was cooled to -78 ∘ C
again. Then, Trimethyltin Chloride (2.6 mL, 2.6 mmol, 1.0 M in THF) was added. After that, the solution was stirred at room temperature overnight. Water was added
to quench the reaction, and the solution was extracted with n-hexane. The organic
phase was dried over Na2 SO4 and the solvent was removed by rotary evaporation
provide crude compound which was purified by recrystallized using ethanol to give
pure product monomer T2DO (490 mg, 57 %). HNMR (400 MHz, CDCl3 ): 𝛿:6.87
(s, 2H), 4.11 (t, J = 6.5 Hz, 4H), 1.84(t, J = 6.5 Hz, 4H), 1.45 – 1.14 (m, 36H),
0.88 (t, J = 6.8 Hz, 6H), 0.36 (s 18H). CNMR (101 MHz, CDCl3 ): 𝛿: 152.17,
121.82, 116.28, 114.35, 77.55, 77.23, 76.91, 72.22, 32.15, 29.94, 29.90, 29.88,
29.84, 29.79, 29.60, 29.58, 26.28, 22.92, 14.35.
General synthetic procedures for the NDI based polymer

4

88

4

4. The Effects of Ethylene Glycol Side Chains on Molecular n-doping of
Low Bandgap Donor-Acceptor Copolymers

To a dry three-neck flask, NDI based monomer (0.1 mmol) and thiophene based
monomer (0.1 mmol) were added under argon 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 toluene or chlorobenzene (5 mL) via syringe.
The reaction mixture was stirred at 110 ∘ C for overnight. After cooling to room
temperature, the deeply green 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. Finally, the polymer solution in hexane or chloroform was concentrated to give the polymer as a blue dark solid.
PNDI2OD-T2DO Synthesis according to the general polymerization procedure:
monomer NDI-OD ( 98.5 mg, 0.1 mmol), monomer T2DO ( 86 mg, 0.1 mmol), dry
chlorobenzene (5 mL). The polymer was obtained as a green solid (103 mg, 74 %).
HNMR (400 MHz, CDCl3 ): 𝛿: 9.08-7.34 (m, 2H), 7.26 – 6.79 (m, 2H), 4.61-3.03
(m, 8H), 2.18-1.69 (m, 6H), 1.67-0.99 (m, 104H), 0.92-0.73 (m, 18H). IR (cm ):
717, 792, 1060, 1180, 1245, 1309, 1376, 1439, 1565, 1660, 1702, 2851, 2920.
PNDI2OD-T2DEG Synthesis according to the general polymerization procedure:
monomer NDI-OD (98.5 mg, 0.1 mmol), monomer T2DEG (73 mg, 0.1 mmol), dry
toluene (5 mL). The polymer was obtained as a green solid (110 mg, 87 %). HNMR
(400 MHz, CDCl3 ): 𝛿: 9.15-7.30 (m, 2H), 7.25-6.67 (m, 2H), 5.05-2.69 (m, 20H),
2.25-1.74 (m, 2H), 1.70-1.05 (m, 70H), 0.99-0.62 (m, 12H). IR (cm ): 716, 792,
823, 853, 927, 1072, 1108, 1140, 1177, 1242, 1310, 1409, 1436, 1523, 1563, 1661,
1701, 2851, 2920.
PNDI2TEG-T2DO Synthesis according to the general polymerization procedure:
monomer NDI-TEG (74 mg, 0.1 mmol), monomer T2DO (86 mg, 0.1 mmol), dry
chlorobenzene (5 mL). The polymer was obtained as a green solid (40 mg, 35 %).
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-T2DEG Synthesis according to the general polymerization procedure:
monomer NDI-TEG ( 74 mg, 0.1 mmol), monomer T2DEG (73 mg, 0.1 mmol), dry
toluene (5 mL). The polymer was obtained as a green solid (43 mg, 42 %). HNMR
(400 MHz, CDCl3 ): 𝛿: 9.18-7.33 (m, 2H), 7.25-6.59 (m, 2H), 4.47-2.82 (m, 44H),
1.47-0.79 (m, 12H). IR (cm ): 660, 713, 734, 765, 790, 858, 929, 945, 1012,
1069, 1174, 1205, 1247, 1311, 1329, 1407, 1436, 1520, 1564, 1664, 1700, 2866.
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