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Amphipathic Side Chain of a Conjugated Polymer
Optimizes Dopant Location toward Efficient N-Type

Organic Thermoelectrics

Jian Liu, Gang Ye,* Hinderikus G. O. Potgieser, Marten Koopmans, Selim Sami,
Mohamad Insan Nugraha, Diego Rosas Villalva, Hengda Sun, Jingjin Dong, Xuwen Yang,
Xinkai Qiu, Chen Yao, Giuseppe Portale, Simone Fabiano, Thomas D. Anthopoulos,
Derya Baran, Remco W. A. Havenith, Ryan C. Chiechi,* and L. Jan Anton Koster*

There is no molecular strategy for selectively increasing the Seebeck coeffi-
cient without reducing the electrical conductivity for organic thermoelectrics.
Here, it is reported that the use of amphipathic side chains in an n-type
donor—acceptor copolymer can selectively increase the Seebeck coefficient
and thus increase the power factor by a factor of =5. The amphipathic side
chain contains an alkyl chain segment as a spacer between the polymer back-
bone and an ethylene glycol type chain segment. The use of this alkyl spacer
does not only reduce the energetic disorder in the conjugated polymer film
but can also properly control the dopant sites away from the backbone, which
minimizes the adverse influence of counterions. As confirmed by kinetic
Monte Carlo simulations with the host-dopant distance as the only variable,
a reduced Coulombic interaction resulting from a larger host—-dopant distance
contributes to a higher Seebeck coefficient for a given electrical conductivity.
Finally, an optimized power factor of 18 uW m~' K2 is achieved in the doped
polymer film. This work provides a facile molecular strategy for selectively
improving the Seebeck coefficient and opens up a new route for optimizing
the dopant location toward realizing better n-type polymeric thermoelectrics.

Conjugated polymers have been successfully exploited in a
wide range of applications including optoelectronic devices,
electrochemical energy storage, and sensors because of their
natural advantages, such as low material cost, mechanical flex-
ibility, low toxicity, and lightweight.l"®! Recently, conjugated

polymers have also emerged as potential
candidates for organic thermoelectrics,”*!
potentially delivering flexible, large-area,
and low-cost energy generation or heating-
cooling devices for appealing applications,
e.g., wearable energy harvesting, that are
currently not possible for traditional brittle
and usually either toxic or rare inorganic
crystalline thermoelectric materials. Ther-
moelectric materials are evaluated by
the dimensionless figure of merit ZT =
S?0T/k, where S, o, T and Kk represent
the Seebeck coefficient, electrical conduc-
tivity, absolute temperature and thermal
conductivity, respectively. Most conju-
gated polymers are characterized with
low x values, intrinsically contributing to
a high ZT. This point has been verified
by recent extensive thermoelectric studies
based on p-type conjugated polymers
such as poly(3,4-ethylenedioxythiophene)
(PEDOT) with ZT > 0.25.°1% The perfor-
mance of p-type and n-type thermoelectric materials should
pair with each other ahead of any practical applications. How-
ever, n-type conjugated polymer-based thermoelectric devices
are still far inferior to their p-type counterparts in terms of
power factor (S?0).1''12 Therefore, the development of efficient
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n-type polymer thermoelectrics deserves and requires more
attention from the community.

One key parameter for optimizing power factors is the elec-
trical conductivity, which is defined by 6= g x u x n (where u
and n are the mobility and free carrier density, respectively). The
carrier density is modulated by molecular doping, which often
involves a redox reaction with a strong reducing agent (n-type
dopant).*] As such, the quest for n-type conjugated poly-
mers with high electron mobility and large electron affinity has
become an obvious way to advance n-type polymeric thermo-
electrics. Fortunately, molecular strategies for tuning transport
properties and energetics have been extensively investigated in
other research fields such as organic field-effect transistors and
organic photovoltaics,®1) and abundant experience has been
accumulated. Benefitting from this, various backbone struc-
tures of n-type conjugated polymers with meticulous designs,
such as halogen substitution,?>2! embedding sp?-N,?223] incor-
porating novel block units,?* and conformation lock,?*! have
been reported to increase electrical conductivity. As is well
known, there is a tradeoff between ¢ and S when optimizing
the power factor by modulating the doping level 2l and it is
poorly understood what determines the magnitude of the See-
beck coefficient. Most previous strategies for increasing elec-
trical conductivity are usually at a cost of reducing the Seebeck
coefficient. Moreover, there is a lack of molecular strategy for
selectively increasing the Seebeck coefficient without reducing
the electrical conductivity.

How impurity dopants are located within inorganic crystal
lattices (interstitial or substituted) often plays a critical role in
the doping process, sometimes even reversing the polarity of
doped materials.’”l However, this aspect of research has been
rarely carried out in the doping of organic semiconductors
probably due to the involvement of a complex doping process,
intrinsic structural and energetic disorder, and large dopant
size. Recently, Thomas et al. revealed that branched side chains
of polythiophenes govern the dopant position within z-faces of
crystallites, impacting the electrical conductivity by two orders
of magnitude.l? Moreover, it was reported that polar ethylene
glycol type side chains for conjugated polymers can effectively
confine dopant molecules, leading to a negligible effect on the
m—m packing and increased doping efficiency and electrical con-
ductivity.?*-32 These studies clearly suggest enormous potential
for better control over how dopants are incorporated into a host
matrix to improve thermoelectric performance.

In this work, we report that by using amphipathic side chains
for a donor—acceptor (D—A) copolymer we are able to selectively
increase the Seebeck coefficient, and, thus, the power factor
by a factor of =5. Distinct from previously reported conjugated
copolymers with merely either alkyl side chains or ethylene
glycol type side chains on acceptor moieties, 230 herein,
the conjugated copolymer with amphipathic side chains con-
tains an alkyl chain segment as a spacer between the backbone
and ethylene glycol type chain segment. The use of this alkyl
spacer can not only reduce the energetic disorder of the con-
jugated polymer film but also properly control the dopant sites
away from the backbone as evidenced by atomistic molecular
dynamics (MD) simulations. The large backbone-dopant dis-
tance helps minimizing the adverse influence of counterions.
As confirmed by kinetic Monte Carlo simulations with the
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host-dopant distance as the only variable, the reduced Cou-
lombic interaction resulting from a larger host-dopant distance
contributes to a higher Seebeck coefficient for a given electrical
conductivity. This study provides a facile molecular strategy
for selectively improving the Seebeck coefficient and opens up
a new route for optimizing the doping process for advancing
n-type organic thermoelectrics.

Figure 1A shows chemical structures of two D—A conjugated
copolymers (PNDI2TEG-2Tz and PNDI2C8TEG-2Tz) together
with the dopant (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-
2-yl)phenyl) dimethylamine (n-DMBI). Both D-A copolymers
use a naphthalene(NDI)-alt-bithiazole (2Tz) based backbone.
A NDI-2Tz backbone functionalized with linear ethylene glycol
type side chains (PNDI2TEG-2Tz) was recently demonstrated
as a good host for n-type polymeric thermoelectrics.?? The
glycol type side chains were found to improve the host/dopant
miscibility, and, thus, the doping efficiency.2% However, the
substitution of alkyl by a glycol chain on the backbone leads
to adverse effects on the 77 stacking, and, thus, decreases the
charge mobility,?%3334 which compromises the thermoelectric
performance.

With the above insights in mind, we designed a novel NDI-
2Tz-based copolymer (PNDI2C8TEG-2Tz) with amphipathic
side chains on acceptor moieties. In PNDI2C8TEG-2Tz, an
alkyl chain segment exists between the backbone and glycol
chain segment. By using the amphipathic side chains, we
aimed to mitigate the negative effects of glycol type side chains
on the backbone stacking. It has been well established by pre-
vious experimental and simulation work that polar dopant
molecules are more likely to reside within the phase of the
glycol type chains rather than that of the alkyl chains.?*30:3]
Inspired by this important point, we attempt to control the
spatial location of dopants relative to the backbone by tailoring
the side chains as illustrated in Figure 1B. The additional alkyl
chain segment spacer is supposed to increase the backbone-
dopant distance in doped PNDI2C8TEG-2Tz, compared to that
in doped PNDI2TEG-2Tz. This point will be discussed in the
next sections.

Both PNDI2TEG-2Tz and PNDI2C8TEG-2Tz copolymers
were synthesized through a copper iodide (Cul)-assisted Pd-
catalyzed Stille coupling polycondensation reaction between
brominated NDI monomer (NDI2TEG or NDI2C8TEG) and
stannylated bithiazole monomer (2Tz) derivatives and then
fully characterized (see Schemes S1-S2 and Figures S1-S2 in
the Supporting Information). Both conjugated copolymers
show excellent thermal stability with a decomposition tempera-
ture (5% weight loss) of over 320 °C, as determined by ther-
mogravimetric analysis (TGA), with no distinct phase transition
observed in the range from room temperature to 300 °C by dif-
ferential scanning calorimetry (DSC) (Figure S3, Supporting
Information). Cyclic voltammetry characterization for the two
copolymers (PNDI2TEG-2Tz and PNDI2C8TEG-2Tz) was car-
ried out to investigate the effects of side chain modification on
the energy levels (see Figure S4 in the Supporting Information).
The introduction of an alkyl chain spacer between the back-
bone and polar glycol side chain was found to have negligible
influence on the lowest unoccupied molecular orbital (LUMO)
(—4.29 eV for PNDI2TEG-2Tz and —4.26 eV PNDI2C8TEG-2T1z)
and the highest occupied molecular orbital (HOMO) (-5.48 eV

© 2020 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. A) The chemical structures for PNDI2TEG-2Tz, PNDI2C8TEG-2Tz, and n-DMBI. B) An illustration of the concept of controlling the dopant
position relative to the backbone by tailoring side chains. C) the UV-VIS-NIR absorption spectra of pristine PNDI2TEG-2Tz and PNDI2C8TEG-2Tz
in chloroform solution and solid film. D,E) Top-gate/bottom-contact OTFT transfer characteristics of PNDI2TEG-2Tz and PNDI2C8TEG-2Tz based
devices. F) The temperature dependent electron mobilities of the two conjugated copolymers.

for PNDI2TEG-2Tz and —-5.49 eV PNDI2C8TEG-2Tz) levels
(Table S1, Supporting Information).

Figure 1C displays the normalized UV-Vis—-NIR absorp-
tion spectra measured for pristine PNDI2TEG-2Tz and
PNDI2C8TEG-2Tz in chloroform solution and the thin-film
state. Three neutral peaks were observed at 438, 510, and
940 nm for the various samples. We assigned the first two
peaks to the 7—n* transition and the third peak to the charac-
teristic intramolecular charge transfer.3®) We barely observe
any obvious redshifts for the peaks from the solution to the
solid state, indicating very good backbone planarity for the two
copolymers. Interestingly, the two copolymers exhibit nearly
identical absorption spectra in solution while exhibiting very
distinct features in a thin film in terms of the 7~z transition
intensity relative to the intramolecular charge-transfer tran-
sition and band-tail absorption. The higher volume fraction
of the ethylene glycol type chains increases the polarizability
around the PNDI2TEG-2Tz backbone. This can be considered
as the solid-state equivalent of solvatochromism, which affects
the charge-transfer band, and, thus, the absorption spectra for
the thin-film state.

We investigated the charge transport properties of pris-
tine PNDI2TEG-2Tz and PNDI2C8TEG-2Tz films by using
bottom contact/top gate field-effect transistors (see details
in Figure S5 in the Supporting Information). The electron
mobility for PNDI2TEG-2Tz and PNDI2C8TEG-2Tz was deter-
mined to be 0.035 and 0.048 cm? V! 57!, respectively, at room
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temperature (Figure 1D,E). Figure 1F displays the Arrhenius
plots for the mobility as a function of temperature, from which
the activation energy for PNDI2TEG-2Tz and PNDI2C8TEG-21z
was determined to be 196 and 154 meV, respectively. The small
activation energy for the latter copolymer indicates reduced
energetic disorder and traps compared to the former. This likely
originates from improved molecular stacking or mitigated elec-
tronic coupling between the backbone and the glycol chains
after substitution of the glycol chains for the amphipathic side
chains. The thermal expansion behaviors for the two copolymer
films was measured by dynamic ellipsometry (Figure S6 in the
Supporting Information). We extracted a linear thermal expan-
sion coefficient of 71 x 1073 and 5.7 x 10~ K™! for PNDI2TEG-
2Tz and PNDI2C8TEG-2Tz, respectively. The longer side chains
of the latter increases the volume ratio of the soft phase over
the rigid backbone, which should enhance the film expan-
sion; the opposite trend suggests a closer chain packing for
PNDI2C8TEG-2Tz compared to the other polymer.

To investigate the effects of the side chain variation and
molecular doping on the molecular packing, we carried out 2D
grazing incidence wide angle X-ray scattering (GIWAXS) meas-
urements for the pristine and doped conjugated copolymers
(Figure S7, Supporting Information). The PNDI2TEG-2Tz chain
tends to pack mostly with an edge-on orientation relative to the
substrate. As shown in Figure S7c,d (Supporting Information),
the (100) and (200) peaks at g, = 0.26 A" and 0.53 A~! and two
(010) peaks at gy, = 1.4 A™ and 1.75 A~ were clearly observed for
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the pristine film. This indicates a lamellar packing with char-
acteristic interlayer distance of 2.35 nm along the out-of-plane
q, direction and 7 stacking distances of 0.40 and 0.36 nm.
The (010) peak at gy, = 1.75 A1 likely originates from the 77
stacking of thiazole moiety.””l Upon doping, the dopant might
be incorporated into the side chain phase of the PNDI2TEG-
2Tz as the lamellar stacking distance is increased to 2.43 nm
with the 77 stacking distance remaining the same. Addition-
ally, the film crystallinity of the PNDI2TEG-2Tz was slightly
reduced upon n-doping. Distinct from the PNDI2TEG-2Tz, the
PNDI2C8TEG-2Tz chain appears to adopt a bimodal orienta-
tion with both edge-on and face-on fractions: a (100) peak at
Gxy = 0.19 A and a (010) peak at g, = 1.75 A™! were observed
together with a (100) peak at g, = 0.19 A and (010) peaks at
Gy =14 A-'and 1.75 A7l As such, the lamellar stacking distance
of the PNDI2C8TEG-2Tz film is determined to be =3.25 nm,
which is larger than that (2.35 nm) of the PNDI2TEG-2Tz film.
The larger spacing of lamellar stacking is expected to provide
more free space to better accommodate dopant molecules.
Additionally, the bimodal orientation has been reported to be
beneficial for bulk charge transport and for host/dopant mis-
cibility.?13839] Very interestingly, upon doping, the crystallinity
of the edge-on lamellar domains in the PNDI2C8TEG-2Tz
was apparently enhanced, which is beneficial for the in-plane
charge transport.

Molecular packing and preferred dopant sites were resolved
by atomistic molecular dynamics (MD) simulations for both
molecules with force fields generated using the Q-Force
methodology.**# Based on the 2D-GIWAXS data, a bias was
imposed to preserve the lamellar packing, while dopant posi-
tions, side chain arrangements and the 7 stacking distances
were relaxed. For each molecule, about 480 unique realizations
of the morphology were generated, which contained 6 mono-
mer units per n-DMBI, of which 50% was positively charged.
Further computational details can be found in the Supporting
Information. Representative morphologies from the MD
simulations can be seen in Figure 2A,B for PNDI2TEG-2Tz
and PNDI2C8TEG-2Tz, respectively. Several attributes of the
molecular packing shown here are shared between most reali-
zations, such as the formation of highly ordered 77 stacking
layers, positioning of the dopant in between two backbone
layers, and a larger lamellar spacing for PNDI2C8TEG-2Tz.

A deeper insight on 77 stacking and dopant positioning can
be obtained by a statistical analysis of the morphologies. The
7 stacking distance is computed to be =0.35 nm (Figure S8,
Supporting Information), in agreement with the GIWAXS
measurements. No significant difference is observed between
the two molecules in terms of the 77 stacking distance. The
radial distribution functions (RDFs) between dopants (neutral
and cationic) and the backbone of the polymers (Figure 2C),
ethylene glycol side chain units (Figure 2D), and alkyl side
chain units (Figure 2E) were computed in order to investigate
the arrangement of the dopants within the lamellar struc-
ture. Backbone-dopant RDFs show that there is a significantly
higher amount of such pairs in the short range (0.4-1.5 nm)
for PNDI2TEG-2Tz, indicating a larger separation between the
dopant and backbone for PNDI2C8TEG-2Tz. The separation is
less for the uncharged n-DMBI, but the difference is not sig-
nificant. Ethylene glycol-dopant RDFs clearly indicate that there
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is a strong preference for the dopant being surrounded by
ethylene glycols (0.4-1.0 nm). This effect is strongest between
PNDI2C8TEG-2Tz and n-DMBI(+), followed by the PNDI2TEG-
2Tz and n-DMBI(+) pair, indicating that the cationic n-DMBI
has a stronger preference to be surrounded by ethylene glycols
than the neutral one. Similar observations can be made from
the alkyl-dopant RDFs; alkyl chains have a much less prefer-
ence for being the first neighbor of n-DMBI(+) due to its strong
preference for ethylene glycols. The MD simulation results
validate the proposed concept that the amphipathic side chains
could govern the dopant position away from the backbone, as
compared to the polar side chains.

Both conjugated copolymers exhibit fibril-textured mor-
phologies, and the domains within the PNDI2C8TEG-2Tz
film appear to pack more closely together compared to the
other polymer film, as evidenced by atomic force microscopy
(AFM) characterization (Figure S9 in the Supporting Infor-
mation). Upon mixing with the dopant, only a few aggregates
were observed on the surfaces of both copolymers at higher
doping concentrations, indicating good host/dopant misci-
bility. For PNDI2C8TEG-2Tz, this was likely enabled by the
polar side chain segments, large lamellar stacking distance, or
bimodal orientation, and may guarantee efficient n-doping. We
examined the morphology stabilities of the pristine and doped
copolymer films stored in ambient for various periods by using
optical microscopy (see the results in Figure S10 in the Sup-
porting Information). It appears that these samples are stable
with minor changes after storage in ambient for 27 d.

n-DMBI has been proven to be effective to n-dope various
n-type conjugated polymers, 222 and shows good misci-
bility with the two D—-A copolymers presented in this study.
Figure 3 displays the thermoelectric parameters (electrical
conductivity, Seebeck coefficient and power factor) as a func-
tion of n-DMBI loading for both copolymer thin films (see
details in Figures S11-S12 in the Supporting Information).
The doped PNDI2TEG-2Tz film exhibits an optimized elec-
trical conductivity of 1.36 S cm™ at a dopant loading of 7 wt%.
A slightly higher value of 1.6 £ 0.1 S cm™ was obtained for
doped PNDI2C8TEG-2Tz at a doping concentration of 5 wt%.
Although the two copolymers render comparable electrical con-
ductivities upon doping, the Seebeck coefficients for the two
doped polymers are distinctly different: the copolymer with
amphipathic side chains shows a much larger absolute value
than the other copolymer with glycol type side chains at each
doping concentration. At the maximum conductivity, the doped
PNDI2C8TEG-2Tz film displays a Seebeck coefficient of —326 £
31 uV K1, which is nearly double that of the doped PNDI2TEG-
2Tz film (167 £ 13 uV K™). The doped PNDI2TEG-2Tz film
exhibits an optimized power factor of 3.8 + 0.6 uW m™ K2,
which is consistent with our previous report.??l Notably, a much
higher power factor of 16.5 + 1.2 uW m™ K was achieved for
the doped PNDI2C8TEG-2Tz film. This result is the best value
ever reported among all NDI-based conjugated polymers
(Table S2, Supporting Information).

As PNDI2C8TEG-2Tz has longer side chains on the NDI
moiety than PNDI2TEG-2Tz, one may ask whether or not the
different lengths of the side chain lead to the distinct ther-
moelectric performance. To answer this question, we syn-
thesized a new conjugated polymer PNDI2HexEG-2Tz (see
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Figure 2. Representative morphologies from the MD simulations for A) PNDI2TEG-2Tz and B) PNDI2C8TEG-2Tz. Dark gray = backbone, white = alkyl
units, light red = ethylene glycol units, green = n-DMBI(+), purple = n-DMBI(0). Radial distribution functions (RDFs) between n-DMBI (both cationic
and neutral) and both C) molecule’s backbone, D) ethylene glycol side chain units, and E) alkyl side chain units.

the synthetic routine in the Supporting Information), which
has the polar side chain with a length similar to the amphi-
pathic side chain of PNDI2C8TEG-2Tz. This copolymer was
doped by n-DMBI with various weight percents and the ther-
moelectric parameters are plotted in Figure S13 (Supporting
Information). As compared to PNDI2TEG-2Tz, the long polar
side chains of PNDI2HexEG-2Tz appear to facilitate the mole-
cular doping with improved electrical conductivities, reduced
absolute Seebeck coefficients but comparable power factors.
For example, the 5wt%-doped PNDI2HexEG-2Tz gives an
electrical conductivity of 3.3 S cm™, a Seebeck coefficient of
~115 uV K7}, and a power factor of 4.3 uW m™ K2, Thus we
come to conclude that the selectively enhanced Seebeck coeffi-
cient observed for the doped PNDI2C8TEG-2Tz mostly results
from the amphipathic side chains rather than the increased
side-chain length.

Adv. Mater. 2021, 33, 2006694 2006694 (5 of 9)

The molecular doping of conjugated polymers generates
polarons, which often leads to distinct absorption features in
UV-Vis—NIR absorption spectra for pristine films. Figure 4A
demonstrates how the absorption spectra for both conjugated
polymer-based films change upon incorporation of an n-DMBI
admixture (5 wt%). The doping of the conjugated polymers is
accompanied by a redshift and quenching of low energy neu-
tral absorption bands along with the formation of a band-tail
absorption at =1300 nm (P2) and a broad absorption band
at wavelengths >1800 nm (P1). The larger doping-induced
quenching of the intramolecular charge transfer transition
peak for PNDI2TEG-2Tz indicates a relatively stronger redox
reaction with the dopant compared to that within the other
blend. This is also supported by the stronger polaron absorp-
tion bands (P1 and P2) observed in the doped PNDI2TEG-
2Tz. Since the two copolymers have the same backbone with
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Figure 3. The A) electrical conductivity, B) Seebeck coefficient, and C) power factor of various doped PNDI2TEG-2Tz and PNDI2C8TEG-2Tz film.

identical electron affinity, the different degrees of redox reac-
tions can be supposed to originate from the effects of the side
chains. As revealed by the morphological study of the doped
films, the dopant has a similar solubility in the matrix of both
copolymers, which excludes the mixing quality as the deter-
mining factor for the observation of different n-doping levels.
As such, the most likely factor affecting the doping levels at
a molecular level is the charge/hydride transfer between the
backbone and the dopant. In the doped PNDI2C8TEG-2Tz,
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the dopant confined within the phase of glycol chain segments
is more distant from the NDI moiety compared to the doped
PNDI2TEG-2Tz (as evidenced by MD simulations in Figure 2).
This may result in relatively weaker charge/hydride transfer in
the doped PNDI2C8TEG-2Tz. Previous studies indicate that the
energetics of the host and dopant plays an important role in the
charge-transfer doping.?®#2l The PNDI2C8TEG-2Tz has fewer
band-tail states that are energetically favorable for the charge
transfer as compared to PNDI2TEG-2Tz. This aspect may also
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Figure 4. The characteristics of polaron and free charge generation by doping. A) the UV-VIS-NIR absorption spectra of pristine and 5 wt%-doped
conjugated copolymers, and (B) the corresponding EPR spectra at the same conditions; the Mott-Schottky plots of various C) doped PNDI2TEG-2Tz
and D) doped PNDI2C8TEG-2Tz films. The capacitance were measured at a frequency of 10 Hz, and the extracted free-charge densities are indicated

next to the corresponding curves.
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PNDI2TEG-2Tz and PNDI2C8TEG-2Tz films. B) The field-effect Seebeck coefficients for
PNDI2TEG-2Tz and PNDI2C8TEG-2Tz films, as determined using transistor devices. C) The KMC simulated S—o relations at host-dopant distances

of 0.7 and 0.9 nm.

contribute to the observation of weak charge transfer from the
dopant to the host.

To further determine polaron generation upon doping, we
performed electron paramagnetic resonance (EPR) measure-
ments for pristine and doped (5 wt%) copolymer films. In the
EPR spectroscopy, very weak radical signals were observed in
both pristine conjugated polymers, as shown in Figure 4B,
which was attributed to the characteristic intramolecular
ground-state charge transfer of a typical D-A copolymer. The
spin density for various polymeric films was calculated to quan-
titatively determine the concentration of radical species; 5 wt%-
doped PNDI2TEG-2Tz exhibits a spin density of 6.4 x 10* cm™,
while the doped PNDI2C8TEG-2Tz shows a lower spin density
of 3.59 x 10" cm™ at the same doping condition. This indicates
more polarons are generated in the former (at 5 wt% doping),
which is consistent with the UV—vis—NIR absorption spectra
measured for the doped films.

However, not every polaron becomes a free charge car-
rier that contributes to charge transport. A fraction of these
polarons are localized within individual polymer chains
because of a strong Coulombic interaction with counterions or
large backbone distortion induced by charging.'** To extract
the free charge density, we employed admittance spectroscopy
for ion-gel-based metal-insulator-semiconductor (MIS) devices
(see details in the Supporting Information).?®%! This technique
is based on field-effect modulation of the depletion region in
devices, which occurs in the vicinity of the contact between the
ion gel dielectric layer and doped organic film, and capacitive
measurement of the whole MIS device at a certain frequency.
Therefore, the charged species detected by this technique are,
thus, mobile (which can freely drift in to/out of the depletion
region) at the used frequency compared to localized polarons.
Figure 4C,D display the Mott—Schottky plots obtained for MIS
devices based on doped PNDI2TEG-2Tz and PNDI2C8TEG-2Tz
films at a frequency of 10 Hz. The Mott—Schottky analysis gives
the free-carrier density as:*’!

2

qEoE, ﬁ (1)
0Cr aV
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where & and C, is the dielectric constant of the active layer and
the total capacitance of the MIS devices, respectively. The free
carrier density in the doped PNDI2TEG-2Tz film was deter-
mined to be 6.2 x 10, 1.4 x 10'%, and 2.9 x 10" cm™ at doping
concentrations of 2 wt%, 5 wt%, and 7 wt%, respectively. Simi-
larly, doping PNDI2C8TEG-2Tz results in a carrier density
of 4.4 x 10" cm™ at 2 wt% doping, 1.3 X 10 cm™ at 5 wt%
doping, and 1.9 x 10" cm™ at 7 wt% doping. The contribution
of varying free charge density to the Seebeck coefficient can be
quantatively described as 9S=- ’;—Baln(n) (kg/q = 86.3 uV K1).1401
Given that the maximum difference between the free charge
densities of two doped copolymers is within a factor of 1.5, it
translates into a variation in Seebeck coefficient of =35 uvV K.
The relatively minor contribution from the free charge density
variation may not explain the large differences of their Seebeck
coefficients (e.g., =279 uV K for 2 wt%-doped PNDI2TEG-
2Tz versus —639 uV K! for 2 wt%-doped PNDI2C8TEG-2Tz as
shown in Figure 3B).

The most important finding of the present work is that the
Seebeck coefficient can be increased without reducing the
electrical conductivity by using amphipathic side chains. This
point is well illustrated by the experimental S—o plots obtained
for the two doped copolymers, as shown in Figure 5A: at the
same electrical conductivity, the doped PNDI2C8TEG-2Tz film
exhibits a much higher absolute value for the Seebeck coeffi-
cient compared to the doped PNDI2TEG-2Tz film. The doping
process generates not only charges on the conjugated polymers
but also counterions (the ionized dopants) for stabilizing the
charges. Unlike the molecular doping method, electrical gating
of a conjugated polymer film in a field-effect transistor device
generates charges only within a thin polymer layer close to the
dielectric layer.”] We carried out field-effect Seebeck coeffi-
cient measurements using a bottom contact/top gate transistor
device (see Supporting Information for details), and the Seebeck
coefficient-gate voltage (V) plots for the two D—A conjugated
polymer-based devices are displayed in Figure 5B. As the field-
effect mobilities for the two copolymers are very close to each
other, the Vg, thus, scales with the charge carrier density and
electrical conductivity of the thin copolymer layer at each gating
condition. The relatively smaller dependence of the Seebeck

© 2020 The Authors. Advanced Materials published by Wiley-VCH GmbH
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coefficient on the V for the pristine PNDI2C8TEG-2Tz might
be explained by the reduced traps and disorder.*’] It appears
that the difference between the field-effect Seebeck coefficients
for the two conjugated polymers is much smaller than that
found for the molecular doping. This indicates that the S-o
relationship is influenced by the presence of counterions.

To better understand the effect of the host-dopant distance
on the molecular doping and the thermoelectric performance
from the perspective of the Coulombic interaction between
the charge carrier and the counterion, we used the open-
source software Excimontec to perform kinetic Monte Carlo
(KMC) simulations™®! to mimic the steady-state transport of
polarons in disordered doped conjugated polymers (see details
In Figure S14 in the Supporting Information). In this model,
the disordered conjugated polymer was mathematically rep-
resented by a cubic lattice dimension of 70, corresponding to
703 lattice sites which can be occupied by charge carriers. The
lattice distance was set to 1 nm, the sites were assumed to be
Gaussian distributed in energy, and carrier-carrier and carrier-
dopant Coulombic interactions were taken into account. The
host-dopant distance was tuned by the size (r) of the dopant and
every input dopant molecule was assumed to donate a charge.
Figure S15 (Supporting Information) shows the simulated plots
for the fraction of the total input charges located away from the
dopant site as a function of the total input charges at dopant
sizes of 0.7 and 0.9 nm. Otherwise, the charges sitting on the
dopant sites were considered to be completely localized by the
Coulombic interaction from the counterions. The simulated
results indicate that a large host-dopant distance can help to
reduce the charge localization by mitigating or screening the
Coulombic interaction from counterions, and thus enhances
the free charge generation. Previous studies have indicated
that large energetic disorder can facilitate free charge genera-
tion from polarons;*>% however, this is detrimental to charge
mobility. In contrast, the present side chain strategy promotes
the free charge generation without sacrificing the charge
mobility. Figure 5C displays the simulated Seebeck coefficient
as a function of the arbitrary electrical conductivity at host-
dopant distances of 0.7 and 0.9 nm. At the same conductivity
point, the absolute Seebeck coefficients in the two simulated
systems are arranged with the order of r=0.9 nm > r= 0.7 nm.
This strongly indicates that the amphipathic side chains can
help to optimize the dopant location for minimizing the Cou-
lombic interaction, which contributes to the right-up shift of
the S—o plot as shown in Figure 5A. It should be noted that a
large host-dopant distance can also reduce the chance of orbital
hybridization between the charged backbone and counterion.l*!
We do not exclude the possibility that this aspect leads to an
increased Seebeck coefficient.

Based on the field-effect modulated Seebeck coefficient
measurement and the KMC simulation, we can conclude that,
in the present study, the dopant site position relative to the adja-
cent host site is the main factor determining the S-o relation-
ship, which can be controlled by the amphipathic side chains.
Additionally, we wish to point out that the amphipathic side
chain strategy does not apparently influence the energy levels
and carrier mobilities in the pristine polymer films, which can
be easily overlooked if judged by previous experience from
molecular design. However, this turns out to be very useful for
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selectively increasing the Seebeck coefficient, and, thus, the
power factor of n-doped conjugated polymers.

In conclusion, we report that the use of amphipathic side
chains for D-A copolymer can enable one to selectively increase
the Seebeck coefficient, and, thus, the power factor by a factor
of =5. The copolymer with amphipathic side chains examined
herein contains an alkyl chain segment as a spacer between the
polymer backbone and an ethylene glycol type chain segment.
The use of this alkyl spacer chain can not only reduce the ener-
getic disorder for better charge transport but can also enable
proper control of the dopant sites away from the backbone, which
minimizes the adverse influence of the counterions. As predicted
by KMC simulations with the host-dopant distance as the only
variable, the reduced Coulombic interaction resulting from a
larger host-dopant distance contributes to a higher Seebeck coef-
ficient at the same electrical conductivity. This study provides a
facile molecular strategy for selectively improving the Seebeck
coefficient and opens up a new route for optimizing the doping
process towards advancing n-type organic thermoelectrics.

Supporting Information

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