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Abstract

The introduction of alkoxy side chains into the backbone of conjugated poly-
mers is an effective way to change their properties. While the impact on the
structure and optoelectronic properties of polymer thin films was well-studied
in organic solar cells and transistors, limited research has been conducted on
their effects on doping and thermoelectric properties. In this study, the effects
of methoxy functionalization of conjugated backbones on the doping and ther-
moelectric properties are investigated through a comparative study of
diketopyrrolopyrrole-based conjugated polymers with and without methoxy
(P29DPP-BTOM and P29DPP-BT,
functionalization significantly enhances doping efficiency, converting undop-

groups respectively). Methoxy-
able pairs to dopable ones. This dramatic change is attributed to the structural
changes in the polymer film caused by the methoxy groups, which increases
the lamellar spacing and facilitates the incorporation of dopants within the

polymer crystals. Moreover, methoxy-functionalization is advantageous in
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1 | INTRODUCTION

Organic thermoelectrics based on conjugated polymers
have drawn significant attention owing to their unique
advantages such as solution-based low-cost manufactur-
ing, light weight, flexibility, and inherently low thermal
conductivity."™* The primary performance metric in
organic thermoelectric devices is typically represented by
the power factor (PF), which is determined by the electri-
cal conductivity (o) and Seebeck coefficient (S),
i.e., PF = S%¢. The performance limiting factor of most
organic thermoelectric materials is their low electrical
conductivity. Therefore, achieving high electrical conduc-
tivity through chemical doping of conjugated polymers
using molecular dopants has been intensively studied in
the field of organic thermoelectrics.>>° In addition, as
the Seebeck coefficient exhibits a trade-off relationship
with electrical conductivity, overcoming this trade-off
and simultaneously improving the electrical conductivity
and Seebeck coefficient are important challenges to be
addressed.”® Recently, significant progress has been
made in improving the thermoelectric performance of
conjugated polymers, accompanied by the development
of novel conjugated polymers and their doping methods.
Engineering the molecular structure is of primary
importance in the development of conjugated polymers
with high thermoelectric performance because various
properties of conjugated polymers, such as molecular
conformation, inter- and intramolecular interactions,
electronic structure, molecular packing, morphology of
the polymer film, and chemical doping behavior, depend
critically on the molecular structure of the polymer. An
effective way to control the molecular structure is to
introduce an alkoxy group into the backbone of conju-
gated polymers.’ Tuning the alkyl side chains, which are
the most commonly used side chains, can effectively
modify the structure and properties of polymers by vary-
ing their length, branching, and side chain density; in

improving the Seebeck coefficient and power factor of the doped polymers,
because it induces a bimodal orientational distribution in the polymer, which
contributes to the increased splitting of Fermi and charge transport levels. This
study demonstrates the impact of methoxy-functionalization of a conjugated
polymer on doping behavior and thermoelectric properties, providing a guide-
line for designing high-performance conjugated polymers for thermoelectric

conjugated polymers, doping efficiency, methoxy functionalization, molecular doping,
organic thermoelectrics

addition to this, the introduction of alkoxy side chains
offers additional opportunities to control the properties of
the polymer.'®"> For example, the electron-donating
characteristics of the alkoxy group can increase the
molecular energy levels of a conjugated polymer. Particu-
larly in donor-acceptor (D-A) type conjugated copoly-
mers, the presence of alkoxy groups facilitates
intramolecular charge transfer, consequently leading to a
reduction in the band gap of the polymer.'®'” The oxygen
atom in an alkoxy side chain has decreased steric hin-
drance compared to the CH, moiety of an alkyl side
chain, owing to its smaller van der Waals radius. This
phenomenon results in increased flexibility of the alkoxy
side chains compared to alkyl side chains with similar
structures.” Further, the oxygen atom can participate in
intramolecular non-covalent interactions, such as
S(thienyl)---O(alkoxy) interactions, which can contribute
to an increase in the planarity of the conjugated polymer
backbone.''> Because of these functionalities, alkoxy
functionalization of the conjugated polymer backbones
has been reported to improve the performance of conju-
gated polymers in organic electronic devices, such as
organic photovoltaics (OPVs) and organic field-effect
transistors (OFETs).”'® However, the effects of alkoxy
functionalization have been relatively less investigated in
the field of organic thermoelectrics; therefore, further sys-
tematic studies of these effects are required.

Previous studies on the effect of alkoxy functionaliza-
tion on doping and thermoelectric properties of conju-
gated polymers focused mainly on two functions of
alkoxy side chains, raising the energy levels of the poly-
mer and tuning the polarity of the side chains. The raised
molecular energy level of the polymer by alkoxy side
chains led to greater energetic driving force for electron
transfer from the polymer to dopant.’®"*! Introduction of
polar alkoxy side chains (e.g., oligoethylene glycol
groups) enhanced the compatibility of dopants with the
side chains, resulting in the increased miscibility of the
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polymer and dopants.**>*> These changes contributed to
improved doping efficiency and thermoelectric perfor-
mance of the alkoxy functionalized polymers. Although
these studies have revealed the important functions of
alkoxy side chains, they still have some limitations. One
it that only limited structures of alkoxy side chains have
been explored compared to the great variety of structures
that alkoxy side chains can take, and another is that it is
not well established to what extent the alkoxy functiona-
lization effects can vary depending on the structure of the
dopant used. Therefore, further insights can arise from
the investigations on the conjugated polymers possessing
alkoxy side chains with various structures combined with
detailed microstructural analysis on doped polymer films
for various polymer-dopant systems.

In this work, we investigated the effect of methoxy
functionalization of the backbone of a D-A type conju-
gated copolymer based on diketopyrrolopyrrole (DPP)
and bithiophene (BT) units. Through a comparative study
of a methoxy-functionalized polymer and its non-
methoxy-functionalized counterparts, we show that
merely introducing short methoxy groups on the polymer
backbone can cause significant change in doping charac-
teristics of the polymer. The lamellar stacking distance of
the polymer was significantly increased by the introduc-
tion of methoxy groups, which led to a significant
increase in the doping efficiency due to the facilitated dif-
fusion of the dopant molecules within the polymer crys-
tals through the increased space between the stacked
alkyl side chains. This effect became more pronounced
with larger dopant molecule, resulting in the efficient
doping of the methoxy-functionalized polymer by a large-
sized dopant, while the same dopant exhibited an inabil-
ity to dope the non-methoxy-functionalized polymer. In
addition, the introduction of methoxy groups affected the
molecular orientation distribution of the polymer films,
which contributed to higher Seebeck coefficients of the
methoxy-functionalized polymer than that of the polymer
without methoxy groups for a given electrical conductiv-
ity. Consequently, the methoxy-functionalized polymer
showed higher optimized thermoelectric performance
compared to the non-methoxy-functionalized one.

2 | RESULTS AND DISCUSSION

Two D-A type conjugated copolymers, poly[2,5-bis
(7-decylnonadecyl)pyrrolo|3,4-c]pyrrole-1,4(2H,5H)-dione-
alt-5,5'-bis(thiophen-2-y1)-[2,2'-bithiophene| (P29DPP-BT)
and poly[2,5-bis(7-decylnonadecyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione-alt-5,5 -bis(thiophen-2-yl)-[ 3,3'-dimethoxy-
2,2 -bithiophene| (P29DPP-BTOM) were prepared by the
Stille coupling reaction of their monomers (Figures 1a and

—WI ]_EyJ3_°“6

S1-S5). Details of the synthetic procedures are described in
the Experimental Section of the Supporting Information.
The number average molecular weights (M) and polydis-
persity indices (PDIs) of the polymers were determined by
gel permeation chromatography (GPC). The results are
shown in Figure S6 and Table 1. The polymers showed good
solubility in common organic solvents such as chloroform
and chlorobenzene. The polymers also showed good
thermal stability, with high thermal decomposition tem-
peratures (Tg4, the temperature at which 5% weight loss
occurs) of ~404 and 364°C for P29DPP-BT and
P29DPP-BTOM, respectively (Figure S7), as character-
ized by thermogravimetric analysis (TGA). This trend of
the polymers with methoxy groups on their backbones
to exhibit lower degrees of thermal stability is in good
agreement with previous reports.”>** The polymers did
not exhibit thermal transitions in the differential scan-
ning calorimetry (DSC) measurements up to 300°C
(Figure S8). Their physical characteristics are summa-
rized in Table 1.

In P29DPP-BT and P29DPP-BTOM, the BT unit and
DPP unit with two flanked thiophenes were chosen as
the donor and acceptor moieties, respectively. The core of
DPP is strongly electron-deficient, which makes the DPP
unit suitable as an acceptor group for constructing D-A
type conjugated copolymers. Moreover, DPP-based conju-
gated polymers often exhibit strong interchain interac-
tions and aggregation properties,”® which are conducive
for achieving efficient charge transport. Indeed, DPP-
based conjugated polymers have achieved high perfor-
mance in organic thermoelectrics and OFETs.'>**° In
P29DPP-BT and P29DPP-BTOM, a long-branched alkyl
side chain with an extended branching position (six car-
bons between the branching point and backbone) was
introduced at both sides of the N atom of the DPP; our
previous reports have shown that such an alkyl side
chain can result in a high charge-carrier mobility due to
increased intermolecular interactions with short =n-x
stacking distances, without compromising the solubility
of the DPP-based polymers.”” The DPP unit with long-
branched alkyl side chains, combined with the sufficient
intramolecular alkyl chain distance provided by the pres-
ence of the BT unit in the backbone, were expected to
produce vacancies in the side chain regions of the poly-
mer films, which would enhance the doping efficiency by
enabling the efficient penetration of dopant molecules in
the vicinity of the polymer backbone.**"*?

Polymer P29DPP-BT has no functional groups at the
BT units, whereas P29DPP-BTOM has methoxy groups at
its BT units. Density functional theory (DFT) calculations
were performed to elucidate the effect of methoxy substi-
tution on the conformation and electronic structure of
the polymers (Figures 1B,C and S9). For calculation
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FIGURE 1 (A) Schematic of the synthesis of P2ODPP-BT and P29DPP-BTOM. (B) DFT calculation of the spatial distribution of the
HOMO and LUMO of the dimers. (C) Calculated and measured HOMO and LUMO energy levels of P29DPP-BT and P29DPP-BTOM.
(D) Schematic of the solution sequential doping process and structure of dopants used in this study.

simplicity, the dimers, di-DPP-BT and di-DPP-BTOM, unit and thiophene-flanked DPP unit (6;) and between
were used, and the long-branched alkyl side chains the two thiophenes in the BT unit (6,) were 6, = 6.37°
were replaced with the methyl groups. An energy- and 0, =6.75° for di-DPP-BT, and 6, =2.14° and
minimized conformation showed the high planarity of 6, = 1.37° for di-DPP-BTOM. The improved planarity of
the conjugated backbone of both the dimers, but di-  di-DPP-BTOM is attributed to the intramolecular non-
DPP-BTOM had improved planarity compared to the di- covalent  S(thienyl)---O(alkoxy) interactions which
DPP-BT; the dihedral angles between the BT (or BTOM) enables the self-planarized conformation of the BTOM
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TABLE 1 Physical properties of the DPP-based polymers.
M, Tq Enomo” Erumo® Egea®  Enomo® Erumo” Egop
Polymer (kDa)/PDI (§9) (eV) (eV) (eV) (eV) (eV) (eV)
P29DPP-BT 23/3.28 404 —4.70 —2.91 1.79 —5.41 —4.13 1.28
P29DPP- 44/7.67 364 —4.37 —2.75 1.62 —5.04 —3.91 1.13
BTOM

#From DFT calculations.

®Eromo from the onset potentials versus Fc/Fc* as the external reference in the CV measurements, and E; ymo = Enomo + Egp‘.

“From the absorption onset of the UV-vis-NIR spectra.

unit.” The calculated potential energy surfaces of the
dimers obtained for different 8, values showed a much
higher torsional barrier for di-DPP-BTOM than for di-
DPP-BT (Figure S9), further supporting the enhanced
backbone planarity of di-DPP-BTOM due to the introduc-
tion of the methoxy group. The calculated highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) wave functions were deloca-
lized over the dimers (Figure 1B). The presence of
electron-donating methoxy groups in di-DPP-BTOM
increased the HOMO and LUMO energy levels of di-
DPP-BTOM compared to those of di-DPP-BT. Addition-
ally, this modification resulted in a decreased energy gap
between the HOMO and LUMO levels of di-DPP-BTOM
compared to di-DPP-BT. This trend agreed well with the
experimentally determined HOMO and LUMO energy
levels of P29DPP-BT and P29DPP-BTOM using cyclic vol-
tammetry (Figures 1C and S10). The higher HOMO energy
level of P29DPP-BTOM compared to that of P29DPP-BT
was expected to provide P29DPP-BTOM with a greater
energetic driving force for electron transfer to the dopants.

Each polymer was doped with either 2,3,
5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ)
or FeCl; using the solution sequential doping method in
which the dopant solution was overcoated onto the prepared
polymer films (Figure 1D) to compare the doping behavior
and thermoelectric characteristics of the polymers. FATCNQ
and FeCl; are representative dopants that are most fre-
quently used for the p-doping of conjugated polymers; how-
ever, they often exhibit different dopant strengths depending
on the host polymer and doping method because of their dif-
ferent molecular and electronic structures.*>>=>® Therefore, a
comparative study of P29DPP-BT and P29DPP-BTOM using
these two dopants is expected to provide useful insights into
the effect of the methoxy functionalization on the doping
behavior of the polymers. For the preparation of doped poly-
mer thin films, the dopant solution was dropped entirely
onto the polymer films and maintained for a minute to pro-
vide sufficient time for the diffusion of the dopants into the
polymer film. The concentration of the dopant solution was
adjusted to control the amount of the dopant residing in the
doped polymer films.

To investigate the doping behavior of the polymers, a
series of spectroscopic analyses were performed.
Ultraviolet-visible-near-infrared (UV-vis-NIR) absorp-
tion spectra were recorded for neat and doped polymer
films (Figure 2A). The spectra of the neat polymer films
showed the effect of methoxy substitution on the optical
bandgap and aggregation state of the neat polymer. The
presence of the methoxy groups on the BT unit resulted
in a decreased optical bandgap in P29DPP-BTOM com-
pared to that in P29DPP-BT. This observation is consis-
tent with the DFT calculation and cyclic voltammetry
results; the optical band gaps (Eg ops) of the polymers cal-
culated from the absorption edges were 1.28 and 1.11 eV
for P29DPP-BT and P29DPP-BTOM, respectively. Both
polymers exhibit intramolecular charge transfer (ICT)
absorption, which is typically observed in D-A type con-
jugated polymers. The ICT absorption peaked at 1.57 and
1.37 eV for P29DPP-BT and P29DPP-BTOM, respectively.
The absorption shoulder at 1.74 eV observed in neat
P29DPP-BT but not in neat P29DPP-BTOM, indicated
that P29DPP-BT had a stronger tendency to form aggre-
gates in the solid state than P29DPP-BTOM. Further
details on the aggregation and molecular packing struc-
tures of the polymers are discussed later. In the absorp-
tion spectra of the doped polymer films (with 2 mg mL "
dopant solution), significant differences were found
depending on the dopant; FeCl; doping led to a decrease
in the absorption of the neat polymer and the appearance
of doping-induced broad polaronic peaks at 0.8-1.0 eV
(intermediate-energy peak) and <0.5eV (low-energy
peak) for both P29DPP-BT and P29DPP-BTOM; however,
F4TCNQ doping led to a similar change for P29DPP-
BTOM and small change (merely a slight decrease in the
neat film absorption) in the absorption spectrum of
P29DPP-BT. The peaks at 141 and 1.60eV in the
FATCNQ-doped P29DPP-BTOM are attributed to
the absorption of the FATCNQ anion.*® These results sug-
gest that FeCl; is an effective dopant for both polymers,
while FATCNQ can dope only P29DPP-BTOM and cannot
act as a dopant for P29DPP-BT.

Electron spin resonance (ESR) measurements were
performed to further characterize the doping behavior
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FIGURE 2 (A) UV-vis-NIR spectra

of neat (undoped) and doped polymer
films. (B) ESR spectra of neat (undoped)
and doped polymer films. Left: P29DPP-
BT. Right: P29DPP-BTOM.
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(Figure 2B). The doped polymer samples for ESR mea-
surements were prepared in the same manner as those
for the UV-vis-NIR measurements. As the ESR signal
arises from unpaired electrons, ESR measurements can
be used to detect polarons generated by doping. However,
it should be noted that the intensity of the ESR signals
does not directly reflect the doping level because polaron
pairs and bipolarons, which tend to be formed under
high doping levels, have no spin and are not detected in
ESR measurements. In the case of FeCl; doping of
P29DPP-BT and P29DPP-BTOM, the ESR intensity of the
doped polymer films increased compared to that of
the neat polymer films, indicating doping-induced forma-
tion of polarons. In the case of FATCNQ doping, an
increase in the ESR intensity compared to that of the neat
polymer film was observed only for the doped P29DPP-
BTOM, indicating that FATCNQ can be used to dope only
P29DPP-BTOM and not P29DPP-BT. This result is consis-
tent with our UV-vis-NIR measurements.

The ability of the dopants to generate charge carriers
within P29DPP-BT and P29DPP-BTOM was estimated
from the UV-vis-NIR and ESR results (Figure 2). In gen-
eral, polaronic absorption peaks at intermediate and low
energies develop as the doping level increases. As the
doping level increases further, the absorption of the
intermediate-energy peak reaches a maximum and then
decreases again, while the absorption of the low-energy

340 345

Magnetic field (mT)

peak continuously increases and becomes dominant,*
because the transition from single polarons to polaron
pairs and bipolarons occurs at high doping levels.*’ In
the comparison of the absorption spectra of FeCl;- and
F4TCNQ-doped P29DPP-BTOM films, the absorbance of
the low-energy polaronic peak was higher, and the absor-
bance of the intermediate-energy polaronic peak was
lower in the FeCls;-doped film than in the FATCNQ-
doped film, indicating that more charge carriers were
generated in the FeCl;-doped film than in the FATCNQ-
doped film. The intensity ratio of the polaronic absorp-
tion peak (e.g., the absorption at 0.5 eV) to the neutral
n-* absorption peak is higher in the FeCl;-doped
P29DPP-BTOM (2.89) than in the FeCls-doped
P29DPP-BT (2.09), indicating that more charge carriers
are generated in FeCl;-doped P29DPP-BTOM. In the ESR
measurements, the signal intensity was highest for
FATCNQ-doped P29DPP-BTOM, followed by FeCls-
doped P29DPP-BT, and FeCls;-doped P29DPP-BTOM.
This trend is the result of the formation of spinless
polaron pairs and bipolarons at high doping levels; that
is, FeCls;-doped P29DPP-BT and FeCl;-doped P29DPP-
BTOM have higher doping levels than F4ATCNQ-doped
P29DPP-BTOM, but their ESR intensities are weaker
because a significant fraction of the polarons is converted
into polaron pairs and/or bipolarons. The weaker ESR
signal of FeCls;-doped P29DPP-BTOM compared to that
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(A) FTIR spectra of neat (undoped) and FATCNQ-doped polymer films (the spectrum of pure FATCNQ is also shown).

(B) Raman spectra of neat (undoped) and FATCNQ-doped polymer films. Left: P29DPP-BT. Right: P29DPP-BTOM. The asterisks indicate the

peaks from FATCNQ anion.

of FeCls-doped P29DPP-BT can be understood in the
same way, although the exact quantification of each
polaronic species is challenging at this stage. The charge-
carrier concentrations of the doped polymer films are fur-
ther discussed quantitatively later.

The most important difference between the doping
behaviors of the two polymers is that FATCNQ can dope
only P29DPP-BTOM and not P29DPP-BT. To further elu-
cidate the doping behavior of the polymers upon
FATCNQ doping, Fourier-Transform infrared (FTIR)
spectra were obtained (Figure 3A). Upon doping, the
charge transfer from polymer to FATCNQ leads to
the negatively charged state of FATCNQ, which shifts the
vibrational frequency of the cyano-group compared to
that of neutral FATCNQ; the cyano-vibrational frequency
of neutral and anion state of FATCNQ is ~2227 and
2192 cm™ !, respectively.’>** In the FTIR spectrum of
FATCNQ-doped P29DPP-BTOM, a cyano-vibrational
peak appeared at ~2190 cm ™', indicating integer charge
transfer between P29DPP-BTOM and FATCNQ. However,
no cyano-vibrational peaks were observed in the FTIR
spectrum of FATCNQ-doped P29DPP-BT, although the
sample was prepared using the same FATCNQ doping
process as in P29DPP-BTOM. The absence of a cyano-
vibration peak indicates that a negligible amount of
F4TCNQ penetrated the P29DPP-BT film during the dop-
ing process. Raman spectrum also supports the absence
of FATCNQ in the F4TCNQ-doped P29DPP-BT film
(Figure 3B). P29DPP-BTOM exhibited significant changes
in the vibronic transition peaks before and after doping
with FATCNQ, indicating a change in the vibronic transi-
tion mode of the polymer upon doping. In addition, the
peaks at 1242, 1390, and 1641 cm ™', which correspond to
the vibronic transition peaks of the FATCNQ anion,*
were clearly observed after doping. In contrast, the
Raman spectrum of P29DPP-BT showed little change

after doping with FATCNQ, indicating that charge trans-
fer did not occur between P29DPP-BT and FATCNQ. In
addition, vibronic transition peaks of the neutral or
anionic FATCNQ were not observed, indicating that
F4TCNQ was not incorporated into the P29DPP-BT film
even after the doping process. Based on these results, the
lack of polaronic features of FATCNQ-doped P29DPP-BT
in the UV-vis-NIR and ESR measurements can be attrib-
uted to the limited penetration of FATCNQ into the
polymer film.

To investigate the structural origin of the selective
doping capability of FATCNQ, two-dimensional grazing
incidence x-ray diffraction (2D GIXD) measurements
were performed on the polymer films, and their micro-
structures and molecular ordering were analyzed
(Figure 4). The GIXD patterns of the polymer films, con-
taining distinctive peaks of (h00) and (010) reflections
that arise from the lamella stacking and =n-m stacking of
the polymer chains, respectively (Figure 4A), indicate the
highly crystalline structure of the polymer films.
The highly crystalline film morphology can also be
observed from the atomic force microscopy (AFM)
images (inset of Figure 4A), in which the fibrillar struc-
tures of the polymer film surface are clearly visible. In
the GIXD pattern of the P29DPP-BT film, (h00) peaks
were observed along the out-of-plane direction, whereas
the (010) peak was observed along the in-plane direction,
indicating that the crystallites had a preferential edge-on
orientation distribution. In contrast, the GIXD pattern of
the P29DPP-BTOM film exhibited both (h00) and (010)
peaks along the out-of-plane and in-plane directions,
indicating a bimodal orientation distribution of the crys-
tallites, that is, the coexistence of face-on and edge-on
crystallites in the film. The intensities of the (h00) and
(010) peaks were higher for the P29DPP-BT film than for
the P29DPP-BTOM film. The lamellar-stacking and n—=
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FIGURE 4 Characterization of the crystalline structure of neat and doped polymer films. (A) 2D GIXD patterns and AFM height images

(inset, 2 pm x 2 pm). Root-mean-square (RMS) roughness is also given in the AFM images. (B) 1D profiles for the 2D GIXD patterns along

the out-of-plane (top) and in-plane (bottom) directions. (C) Schematic representation of the lamellar packing structure of the polymers.

stacking distances were also evaluated from the one-
dimensional (1D) plots of the diffraction patterns along
the out-of-plane and in-plane directions (Figure 4B). The
detailed results of the structural analysis including
the peak positions, d-spacing, full-width at half maxi-
mum (FWHM), coherence lengths, and paracrystalline
disorder parameters (g) are listed in Table 2.

In the case of neat polymers, the lamellar spacing is
much larger in the P29DPP-BTOM (29.2 A) than in the
P29DPP-BT (21.9 A), while the n—= stacking distance is

smaller in the P29DPP-BTOM (3.68 A) than in the
P29DPP-BT (3.93 A). The larger lamellar spacing of
P29DPP-BTOM is attributed to the presence of the meth-
oxy group, which interrupted the close interdigitation of
the alkyl side chains during lamellar stacking. The smal-
ler n-x stacking distance of P29DPP-BTOM is attributed
to the improved planarity of the polymer backbone of
P29DPP-BTOM compared to the polymer backbone of
P29DPP-BT that arises from the incorporation of meth-
oxy group, as confirmed by our DFT calculations. Upon
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TABLE 2 Detailed information of crystalline structure of neat (undoped) and doped polymer films.
P29DPP-BT P29DPP-BTOM
Crystallographic parameters Neat F4TCNQ FeCl; Neat FATCNQ FeCl;
Lamellar stacking qgA™h 0.287 0.289 0.275 0.215 0.206 0.205
(100) d-spacing (A) 21.89 21.73 22.84 29.22 30.52 30.64
FWHM (A~ 0.035 0.036 0.031 0.033 0.031 0.032
Coherence length (A) 160.8 155.3 185.3 171.9 181.2 176.7
g (%) 4.8 43 4.6 7.8 6.2 6.3
- stacking (010) gA™h 1.597 1.591 1.628 1.706 1.730 1.731
d-spacing (A) 3.93 3.95 3.86 3.68 3.63 3.63
FWHM (A1) 0.117 0.133 0.167 0.122 0.111 0.111
Coherence length (A) 48.2 424 33.8 46.3 50.8 50.9

The paracrystalline disorder parameter, g, was determined by the equation, m = g*z®/d, where m is the slope of 5b-h” plot, 8b is the integral width of the
diffraction peaks, & is the order of the diffraction, and d is the lamellar stacking distance.

FeCl; doping, the lamellar stacking distances were
slightly increased (by ~1.0-1.4 A) and n-r stacking dis-
tances were slightly decreased (by ~0.05-0.07 A) for both
P29DPP-BT and P29DPP-BTOM. It is likely that the small
size of FeCl; allowed FeCl; to be effectively incorporated
into the crystal structure of the polymers. Upon FATCNQ
doping, P29DPP-BTOM exhibited the changes in its crys-
talline structure resembling those observed with FeCls;
doping. Specifically, there was an increase in the lamellar
stacking distance by ~1.3 A and a slight decrease in the
n-7 stacking distance by ~0.05 A. Conversely, P29DPP-
BT did not exhibit significant changes in its crystalline
structure and maintained a structure that closely resem-
bled that of the neat P29DPP-BT film. The slight change
in the GIXD pattern of FATCNQ-doped P29DPP-BT is
consistent with our earlier spectroscopic observations
(i.e., UN-vis-NIR absorption, ESR, FTIR, and Raman
spectra) that FATCNQ cannot be incorporated into the
P29DPP-BT film through the sequential doping process.
FATCNQ could not be incorporated into the
P29DPP-BT film because of the tight lamellar packing of
its side chains. This tight arrangement did not provide
enough space for FATCNQ to reside within the crystal-
line structure of P29DPP-BT, because of the larger size
of the FATCNQ molecule compared to that of FeCls.
Unlike P29DPP-BT, P29DPP-BTOM can include
FATCNQ within its crystalline structure because of the
larger lamellar stacking distance of P29DPP-BTOM
compared with that of P29DPP-BT. Consequently,
F4TCNQ can be effectively incorporated into the crystal-
line matrix of P29DPP-BTOM due to the availability of a
volume between the alkyl side chains. This explanation
is schematically illustrated in Figure 4C. It has been
widely reported that for FATCNQ-doped conjugated
polymers, FATCNQ is preferentially located within the

crystalline phase of the polymer film rather than in the
amorphous phase,***® implying that the diffusion of
FATCNQ within the crystalline phase has a critical
impact on the doping kinetics of the polymers. In addi-
tion, previous reports have demonstrated that a dopant
can have comparable diffusion coefficients in the crys-
talline and amorphous phases of a conjugated polymer
film,*® and that a conjugated polymer film with high
crystallinity can even have a larger diffusion coefficient
for a dopant molecule within the film than a film with
lower crystallinity.*” Therefore, the inability of FATCNQ
to enter the crystalline structure of P29DPP-BT is con-
sidered to be the primary reason why FATCNQ could
not penetrate the P29DPP-BT film and thus could not
dope the polymer.

To further elucidate the possible chemical origin of
the selective doping capability of FATCNQ, we investi-
gated the interaction of FATCNQ with P29DPP-BT and
P29DPP-BTOM using DFT calculations. In the calcula-
tions, an FATCNQ molecule was placed in the proximity
of di-DPP-BT or di-DPP-BTOM, and the total energies
were calculated for various angles and intermolecular
distances to determine the structure with the minimal
energy (Figure S11). The total energy was set to zero
when the intermolecular distance was sufficiently large
to prevent any interaction between the molecules. The
minimized energies of the two FATCNQ-dimer complexes
were negative for both dimers, indicating a favorable
interaction between FATCNQ and the dimer molecule.
The minimized energy was lower in the FATCNQ-di-
DPP-BTOM complex (—5.0kJmol™') than in the
FATCNQ-di-DPP-BT complex (—1.6 kJ mol™"), indicat-
ing that the presence of methoxy groups renders the
approach of FATCNQ molecule to the polymer backbone
energetically more favorable.
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The effects of the methoxy functionalization on
charge transport and thermoelectric properties of the
polymers were investigated by measuring the charge-
carrier mobility, o, and S of neat and doped P29DPP-BT
and P29DPP-BTOM films. The charge-carrier mobilities
of the neat polymers were measured by fabricating
OFETs (Figures S12 and S13 and Table S1). The devices
were fabricated by depositing polymer films onto octade-
cyltrimethoxysilane (OTS)-treated SiO, (300 nm)/Si sub-
strates, followed by the thermal evaporation of Au
electrodes onto the polymer films. The details of the
device fabrication method are provided in the Experi-
mental Section. P29DPP-BT exhibited the highest field-
effect hole mobility (up, ppr) of 0.35 (+0.05) cm?* V' 7!
at the optimal thermal annealing temperature of 200°C.
un rer of P29DPP-BT at different thermal annealing tem-
peratures was not much different from the optimal value.
P29DPP-BTOM showed significantly lower up, ppr values,
approximately one order of magnitude lower than
P29DPP-BT. The highest unper value recorded for
P29DPP-BTOM was 0.017 (+0.001) cm?® V™ 's™! at the
optimal thermal annealing temperature of 200°C.
The thermal annealing temperature did not cause a sig-
nificant change in the uy, pprs of the P29DPP-BTOM FET.
In the temperature-dependent measurement of uy, pgr of
the neat polymers, pjrer increased with the increasing
temperature, indicating hopping transport of holes
within the polymer films (Figure S14). The lower pp, gt
of P29DPP-BTOM than P29DPP-BT, despite its higher

backbone planarity and shorter n-n stacking distance, can
be attributed mainly to the bimodal orientation distribu-
tion of P29DPP-BTOM crystals; this bimodal distribution
is less favorable for in-plane charge transport compared
to the edge-on dominant orientation distribution of the
P29DPP-BT.'**® The high degree of paracrystalline disor-
der in P29DPP-BTOM compared to that in P29DPP-BT
could also contribute to the lower unpgr of P29DPP-
BTOM (Figure 4 and Table 2). Our previous study has
already reported an order of magnitude lower charge-
carrier mobility in a backbone-methoxy functionalized
conjugated polymer compared to its non-methoxy func-
tionalized counterpart; the ppprr of P29DPP-BT and
P29DPP-BTOM in the present work follows a trend simi-
lar to that in our previous work."

In the case of FeCl; doping, the ¢ values of P29DPP-
BT and P29DPP-BTOM increased with the concentration
of the dopant solution at low concentrations but
decreased again at higher concentrations (Figure 5 and
Table 3). The maximum o values were 298 and
242.4 S cm ™ for P29DPP-BT and P29DPP-BTOM, respec-
tively. Although the neat P29DPP-BTOM has an order of
magnitude lower charge-carrier mobility than neat
P29DPP-BT, the o of FeCl;-doped P29DPP-BTOM is com-
parable to that of FeCls;-doped P29DPP-BT at a given
dopant concentration. This result, together with the
stronger polaronic absorption intensity of FeCls;-doped
P29DPP-BTOM than that of FeCl;-doped P29DPP-BT
under the same FeCl; doping conditions shown in the
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TABLE 3 Thermoelectric properties of doped polymers.

Dopant concentration Electrical Seebeck Power factor
Polymer Dopant  (mgmL™) Conductivity (S cm ™) coefficient (pV K1) @EWm 'K ?)
P29DPP- FeCl; 0.25 167.5 + 0.5 89.0 + 1.5 132.7
BT 0.5 298 + 0.3 72.9 + 0.6 158.4
1 30.0 + 0.1 138.2 + 4.3 57.30
2 309 +0.2 114.1 + 3.7 40.23
P29DPP- FeCl; 0.25 155.8 +£ 0.5 1119 + 1.1 195.1
ENOLY 0.5 2424 £ 0.5 739 + 1.3 132.4
1 18.3 £ 0.1 205.8 £ 3.1 77.51
2 77.5 + 0.1 1314 + 1.8 133.8
FATCNQ 0.15 674+ 1.4 160.7 + 0.6 174.1
0.3 81.2 + 0.1 139.2 + 0.6 157.3
0.5 88.9 + 0.1 122.1 + 1.6 132.5
1 63.9 + 0.2 150.6 + 2.1 144.9
2 69.1 + 0.1 141 + 0.5 137.4

UV-vis-NIR absorption spectra (Figure 2A), indicates
that FeCls;-doped P29DPP-BTOM has a higher doping
efficiency, and thus, a higher charge carrier concentration
than FeCls;-doped P29DPP-BT. Furthermore, the higher
charge carrier concentration of doped P29DPP-BTOM was
also confirmed by an AC Hall-effect measurement, which
exhibited approximately an order of magnitude higher
charge carrier concentration in FeCl;-doped P29DPP-
BTOM (ngan = 5.73 x 10** cm ™) than that in FeCl;-doped
P29DPP-BT (fyqan = 2.12 x 10* cm™?) at the optimal dop-
ing concentrations. The improved doping efficiency of
P29DPP-BTOM upon FeCl; doping can be attributed to the
increased lamellar spacing of P29DPP-BTOM due to the
introduction of methoxy groups (Table 2), which provides a
low energy barrier for dopant diffusion within the polymer
film during the doping process.*’

A high doping efficiency and concomitant high
charge carrier concentration can result in an improved
charge-carrier mobility in a doped polymer film com-
pared to that in an undoped polymer film, because the
trap states of the polymer film are filled at high charge
carrier concentrations and charge transport becomes
more efficient due to the reduced trap density.*® The
same would happen in the FeCl;-doped P29DPP-BTOM;
that is, the high doping efficiency of P29DPP-BTOM can
lead to a significant increase in the charge-carrier mobil-
ity of doped P29DPP-BTOM compared to that of neat
P29DPP-BTOM, which would contribute to the
comparable electrical conductivities of FeCls-doped
P29DPP-BTOM and P29DPP-BT. Indeed, the AC Hall-
effect measurements indicated a greater increase in the
charge-carrier mobility upon doping for FeCls;-doped

P29DPP-BTOM than for FeCls;-doped P29DPP-BT. The
measured charge-carrier mobility (upay) for FeCls-doped
P29DPP-BTOM was 0.18 cm” V! s, which corresponds
to an approximately 11-fold increase compared to yy prr
of the neat polymer. For FeCls-doped P29DPP-BT, the
measured pan was found to be 2.44 cm® V' s, repre-
senting approximately 7-fold increase compared to the
unrer Of the neat polymer. These results support our
speculation. When measuring the temperature depen-
dence of the electrical conductivities of FeCls;-doped
P29DPP-BT and P29DPP-BTOM (Figure S15), a smaller
activation energy (E,) was obtained for charge conduc-
tion in P29DPP-BTOM (13.7 meV) than that in P29DPP-
BT (20.8 meV), which further supports more efficient
charge transport in FeCl;-doped P29DPP-BTOM than in
FeCl;-doped P29DPP-BT.

In the case of FATCNQ doping, only P29DPP-BTOM
could be doped by FATCNQ, resulting in a maximum o
of 88.9 S cm™!, which is lower than the maximum o of
FeCls-doped P29DPP-BTOM. The crystalline structure of
the FATCNQ-doped P29DPP-BTOM film was nearly iden-
tical to that of the FeCl;-doped film (Table 2), suggesting
that the different molecular sizes and structures of
FATCNQ and FeCl; did not cause considerable micro-
structural differences between the FATCNQ-doped and
FeCls-doped P29DPP-BTOM films. This similarity can be
attributed to the wide lamellar spacing and ample space
between the alkyl side chains, which provide sufficient
room for the accommodation of the dopant molecules.
Therefore, the smaller maximum o of FATCNQ-doped
film is primarily attributed to the weaker oxidation
strength of FATCNQ compared to FeCls, rather than the
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structural difference between the FATCNQ-doped and
FeCl;-doped P29DPP-BTOM films. The lower doping effi-
ciency of the FATCNQ than FeCl; is supported by the
weaker polaronic absorption peaks of F4TCNQ-doped
P29DPP-BTOM film compared to that of the FeCl;-doped
film (Figure 2A). Additionally, the lower charge carrier
concentration measured by AC Hall-effect measurements
of F4TCNQ-doped P29DPP-BTOM film
(Mpgan = 1.95 x 10! cm ™ and pypan = 0.18 cm* V1 s™h)
compared to the FeCl;-doped P29DPP-BTOM film
(Mygan = 5.73 x 10 cm ™ and pyqan = 0.18 cm? V- is™h),
further confirms the lower doping efficiency of FATCNQ.
The E, for charge carrier transport of FATCNQ-doped
P29DPP-BTOM, measured by the temperature depen-
dence of the electrical conductivity (Figure S15), was
25.8 meV, which is about two times larger than that of
FeCl;-doped P29DPP-BTOM. Note that this trend agrees
well with a previous report that the higher the room-
temperature electrical conductivity, the lower the E,.*°
The higher activation energy observed in the FATCNQ-
doped film compared to the FeCl;-doped film is attrib-
uted to the lower charge-carrier concentration in the
FATCNQ-doped film; the lower charge-carrier concentra-
tion results in less filling of the trap states within the
material, leading to a higher activation energy for charge
transport.

Finally, the Seebeck coefficients of the doped polymer
films were measured, and the PFs were -calculated
(Figure 5A-C and Table 3). The Seebeck coefficient was
determined from the linear slope between the thermovol-
tage and temperature difference between the two elec-
trodes. The measured Seebeck coefficient tended to
decrease with increasing electrical conductivity, which is
consistent with the trade-off relationship between the
electrical conductivity and Seebeck coefficient. The S-o
relationship of the doped polymer films was plotted and
fitted using the Kang-Snyder charge-transport model
with two fitting parameters s and 65,

0 = OEp XSFS_l(i’]), (1)

S

ks [<s+ VFy(n) ,1], .

e | sFs1(n)

where o, is the transport coefficient, s is a parameter
that is related to the charge conduction mechanism, F; is
the complete Fermi-Dirac integral, n is the reduced
chemical potential, kg is the Boltzmann constant, and e is
the elementary charge. In general s = 3 for most doped
conjugated polymers, so we used this value in fitting our
S-o results of P29DPP-BT and P29DPP-BTOM
(Figure 5D). The data points of P29DPP-BTOM were well

fitted with a single curve, independent of the dopant used
(i.e., FeCl; or FATCNQ). Note that in the case of s =1,
another typical value used for the transport model of
highly conductive polymers,”’ the model gave much
poorer fitting compared to the case of s = 3 (Figure S16).
The obtained values for the fitting parameter oy, in
Figure 5D were 0.17 and 0.34 S cm ™' for doped P29DPP-
BT and P29DPP-BTOM, respectively. This result indicates
that for a given electrical conductivity, a higher S value
can be obtained in doped P29DPP-BTOM than in doped
P29DPP-BT. One possible cause is the bimodal molecular
orientation distribution of the P29DPP-BTOM films. A
recent study revealed that the bimodal molecular orienta-
tion distribution of a doped conjugated polymer film can
lead to a higher S value than a film with a unimodal ori-
entation distribution, and attributed the higher S value to
the larger energy splitting between the Fermi level (Ef)
and transport level (E,) obtained in a film with a bimodal
distribution due to orientation-dependent molecular
energy levels.* Similarly, the bimodal orientation distri-
bution of the P29DPP-BTOM film induced by the meth-
oxy groups is likely to result in a larger energy splitting
between E; and Er than in the edge-on dominant
P29DPP-BT film, leading to a higher S value at a given
electrical conductivity. The best PFs obtained were 158.3
and 195.1 pW m~* K for FeCls-doped P29DPP-BT and
FeCl;-doped P29DPP-BTOM, respectively.

Overall, our results demonstrate the effect of meth-
oxy functionalization of the backbone of a D-A type con-
jugated copolymer on the doping behavior and
thermoelectric properties of the polymer. Introducing
methoxy groups into the backbone can significantly
affect the microstructure of the conjugated polymer
films, particularly the molecular packing structure and
molecular orientation distribution. The presence of
methoxy groups led to an increase in the lamellar spac-
ing of the polymer crystals, which increased the volume
between the side chains required to incorporate the dop-
ant molecules. As a result, the dopants can more easily
diffuse within the polymer film during the sequential
doping process, yielding enhanced doping efficiency.
Even a dopant that could not dope the polymer at all in
the absence of a methoxy group (i.e., FATCNQ in this
study) could dope the polymer and be effectively incor-
porated into the polymer film when the polymer was
methoxy functionalized because of the increased lamel-
lar spacing caused by the introduction of the methoxy
groups. In addition to the increase in doping efficiency,
methoxy functionalization can also enhance the Seebeck
coefficient of the doped polymer film by inducing a
bimodal orientational distribution in the polymer and
increasing the splitting between E;, and Er owing to the
orientation-dependent molecular energy levels. These
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results suggest that the methoxy functionalization of a
conjugated polymer backbone is an effective way to con-
trol the properties of polymers and achieve high thermo-
electric performance.

3 | CONCLUSION

In summary, we compared the doping behavior and
thermoelectrical properties of DPP-based conjugated
polymers, P29DPP-BT and P29DPP-BTOM, with and
without methoxy groups on the BT unit of the back-
bone. Upon doping with FeCl; or F4ATCNQ, the doping
efficiencies and thermoelectric properties of the two
polymers differed significantly. Systematic analyses
revealed that the difference mainly originated from
structural differences between the two polymer films,
particularly the lamellar stacking distance and molecu-
lar orientation distribution. The larger lamellar spacing
of P29DPP-BTOM enabled more efficient dopant diffu-
sion within the crystalline regions of the polymer,
resulting in a higher doping efficiency compared to
P29DPP-BT. This effect was even more pronounced
when the polymers were doped with FATCNQ, which
has a larger molecular size than FeCls; that is, FATCNQ
doped only P29DPP-BTOM and not P29DPP-BT. As a
result, while the electrical conductivity of the both poly-
mers could be enhanced by doping with FeCls, only
P29DPP-BTOM exhibited increased electrical conductiv-
ity by doping with FATCNQ. The presence of methoxy
groups resulted in a bimodal molecular orientation dis-
tribution for P29DPP-BTOM, whereas P29DPP-BT
exhibited an edge-on-dominant orientation. The
bimodal orientation distribution of P29DPP-BTOM
resulted in an increased energy splitting between the
transport and Fermi levels of the doped polymer films,
leading to an increased Seebeck coefficient compared to
that of P29DPP-BT at a given electrical conductivity.
Consequently, P29DPP-BTOM exhibited a higher opti-
mized PF than P29DPP-BT.

These results clearly demonstrate the effects of meth-
oxy functionalization on the thermoelectric properties
and doping behavior of conjugated polymers. This study
sheds light on how methoxy functionalization can be
used to modulate the doping behavior and thermoelectric
properties of conjugated polymers. Especially, our results
on the doping of P29DPP-BT and P29DPP-BTOM by
F4TCNQ show that the introduction of methoxy groups
can even convert a conjugated polymer-dopant pair that
cannot be doped into a dopable pair. This finding has sig-
nificant implications for the further development of con-
jugated polymer-dopant systems with high doping
efficiencies and thermoelectric performance.
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4 | EXPERIMENTAL SECTION

41 | Materials

P29DPP-BT and P29DPP-BTOM were synthesized as
described in Supporting Information. The dopant mate-
rials and processing solvents were purchased from Tokyo
Chemical Industry (Japan) and used without further
purification.

4.2 | Preparation of neat and doped
polymer films

The polymers were dissolved in anhydrous chloroform
at a concentration of 7 mgmL™'. Glass substrates
(1.25 x 1.25 cm®) were cleaned by ultrasonication with
acetone, isopropyl alcohol, and DI water. The substrates
were then dried and treated with UV-ozone plasma for
20 min. Polymer films were prepared by spin-coating
the polymer solutions under N, atmosphere. The thick-
ness of the resulting polymer film was approximately
50 nm. Dopant solutions dissolved in acetonitrile were
dripped onto the polymer films and left for 1 min, fol-
lowed by spin-coating to remove the solution. The films
were then annealed for 10 min at a mild temperature
(~100°C) to completely dry the doped polymer films.

4.3 | Fabrication of OFETs

OFET devices were fabricated on SiO,/Si substrates.
A highly doped p-Si wafer served as the gate elec-
trode, and a 300 nm-thick thermally grown SiO, layer
served as the gate dielectric. For the surface treat-
ment, piranha cleaning was performed at a ratio of
7:3 of sulfuric acid to hydrogen peroxide, and then,
an OTS self-assembled monolayer was formed on the
SiO, surface. The polymer films were spin-coated
using chloroform solutions (7 mg mL™"), which was
followed by thermal-annealing at different tempera-
tures (as-fabricated; 100 and 200°C) for 20 min under
an N, atmosphere. The source/drain electrodes (Au,
40 nm) were thermally evaporated at a rate of
1 As™!. The channel length (L) and width(W) were
100 and 1000 pm, respectively.

4.4 | Electrical characterizations

Electrical characterization of the OFETs was conducted
in high vacuum (~10° Torr) using a semiconductor
parameter analyzer (Keithley 4200). up, rer Was evaluated
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in saturation regime using the equation, Ipg=
(WCi/2 Lyun rer(Vo-Vin),> where Ipg, is the saturated
drain current, C; (10.8 nF cm ™ ?) is the capacitance of the
gate dielectric, Vg is the gate voltage, ant Vi, is
the threshold voltage. The sheet resistance of the polymer
films was measured using the van der Pauw method, and
the electrical conductivity was calculated from the sheet
resistance and film thickness. The Seebeck coefficients
were measured using a custom-made setup. The setup
consists of two Peltier modules that generate a tempera-
ture gradient and a thermocouple that simultaneously
measures the temperature difference and resulting ther-
movoltage (Keithley 6510/7700 Data Acquisition System
and Keithley 2182 A nanovoltmeter). The AC Hall mea-
surements were performed using an 8404 Hall measure-
ment system (LakeShore), in which an AC magnetic field
of frequency 0.01-0.1 Hz and root-mean-square magni-
tude Brys of 1.19 T were used.

4.5 | Other characterizations

'H NMR spectra were recorded using a Bruker 300 MHz
spectrometer, and '*C NMR spectra were recorded using
a Bruker DRX 500 MHz spectrometer. GPC, equipped
with a refractive index detector (eluent: chlorobenzene at
a raised temperature of 60°C with polystyrene standards)
was used to obtain M, and PDI of polymers. TGA was
performed using a TA 2050 TGA thermogravimetric ana-
lyzer (TA Instruments) under an N, atmosphere at a
heating rate of 10°C min—'. DSC was conducted under
N, atmosphere using a DSC 2100 differential scanning
calorimeter (TA Instruments) at a heating rate of 10°C
min~'. UV-Vis-NIR spectra were obtained using a V-770
spectrometer (Jasco). Raman spectra were measured
using an Alpha 300 M+ Raman spectrometer (WITEC)
with a 532 nm laser source. ESR measurements were per-
formed using a JES-FA200 spectrometer (JEOL). FTIR
spectra were measured using an FT/IR-4700 spectrometer
(Jasco). Cyclic voltammetry (CV) was performed at room
temperature in a 0.1 M solution of tetrabutylammonium
perchlorate (BuyNClO,) in chloroform at a scan rate of
50mVs '. A Pt wire and an Ag/AgCl electrode were
used as the counter and reference electrodes, respectively.
2D GIXD measurements were performed at the 3C and
9A beamlines of the Pohang Accelerator Laboratory
(PAL), Korea. AFM images were obtained using an
NX-10 atomic force microscope (Park Systems) in the
non-contact mode. DFT calculations were
performed using the Gaussian 16 package with the non-
local hybrid Becke three-parameter Lee-Yang-Parr func-
tion and 6-31G* basis set after the optimization of the
molecular geometry.
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