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ABSTRACT

Understanding the intrinsic coupling between electrical conductivity (o) and the Seebeck coefficient (S) remains a central
challenge in organic thermoelectrics, where energetic disorder and charge transport are highly sensitive to molecular design.
Here, we show that precise control over the side-chain branching position provides an effective structural lever to tune the o-
S relationship in conjugated polymers. Two DPP-selenophene copolymers with identical backbones but branched at distinct
positions exhibit markedly different molecular packing, charge-carrier delocalization, and density-of-states (DOS) widths.
Polymers with more distant branching points form tighter 77— stacks, yielding enhanced carrier mobility and a narrower DOS that
collectively boost o t0129.3 S cm~!. In contrast, closer branching induces greater energetic disorder and broader DOS distributions,
resulting in a substantially higher S of 160 uV K~-!. Despite their contrasting transport characteristics, both polymers deliver similar
peak power factors owing to complementary changes in o and S. These results identify side-chain branching as a previously
underappreciated design parameter that mechanistically governs the coupling between conductivity and Seebeck coefficient in
organic thermoelectric materials.

1 | Introduction Among them, donor-acceptor (D-A) copolymers have attracted
particular attention due to their tunable electronic structures
Organic thermoelectric materials (OTEMs) have emerged and favorable doping characteristics [6-8]. In p-type systems,

as promising candidates for lightweight, flexible, and low- donor units facilitate charge transfer during chemical doping,
thermal-conductivity energy harvesters capable of converting while acceptor units introduce energetic disorder along the
ubiquitous temperature gradients into electrical power [1-5]. m-backbone, often enhancing the Seebeck coefficient (S) [9].
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Diketopyrrolopyrrole  (DPP)-based  copolymers—including
PDPP-4T-EDOT [10], FBDPPV [11], PSeDPPBT [12, 13], and
A-DCV-DPPTT [14] —represent state-of-the-art OTEMSs,
underscoring the important role of backbone engineering [15].

Like their inorganic counterparts, the performance of OTEMs is
usually parameterized by the dimensionless figure of merit, zT
= S%cT/x, where S, o, T, and x represent Seebeck coefficient,
electrical conductivity, absolute temperature, and total thermal
conductivity, respectively. Due to the inherent low x of organic
materials, the evaluation of OTEM’s properties also encompasses
the power factor (PF), as determined by PF = S%c. Obviously,
OTEMs with simultaneous high o and S could provide the best
PF. However, a critical hurdle in developing efficient OTEMs
could be seen from the inverse relationship between o and S

as defined by S = l(k—”) S/ oy(E, T)(%)(—%)dE, where kg is
g e s B

Boltzmann’s constant, e is the fundamental charge, o;(E,T) is the
transport function, E is electron energy, Ej is the Fermi energy
level, and fis the Fermi-Dirac distribution function [16, 17]. This
means that the monotonic increase in electrical conductivity (o)
does not directly lead to a decrease in the Seebeck coefficient
(S). Instead, the decrease in S arises from the relative weight
of conductivity at different energies, as governed by the energy-
weighted average conductivity. The reduction in the Seebeck
coefficient is primarily due to the narrowing of the transport
window around the Fermi energy (Ey), making carriers near EF
dominant in transport. Thus, the inverse relationship between
o and S should be attributed to the impact of energy-weighted
conductivity on the Seebeck coefficient, rather than the absolute
magnitude of 0. Consequently, this effect results in an extremum
in the product (PF) of ¢ and S [18-20]. While achieving the
highest PF value necessitates a delicate balance between S and o,
numerous strategies—including dopant selection [21, 22], doping
level optimization [23], backbone planarity control [24], and
heteroatom incorporation [25]—have been employed to mitigate
this o-S trade-off [26]. However, most studies have focused on
backbone or dopant design, whereas the influence of side-chain
architecture, which strongly affects molecular packing, ener-
getic disorder, and dopant incorporation, remains comparatively
underexplored.

Here, we uncover a previously unrecognized mechanism by
which side-chain branching governs the intrinsic coupling
between o and S. Using two D-A conjugated polymers—PDPPSe-
2 and PDPPSe-5—that share an identical backbone but differ
only in the distance between the branching point and the
backbone, we reveal how subtle variations in side-chain topol-
ogy can systematically modulate microstructure, charge-carrier
delocalization, and density-of-states (DOS) width. (Table S1)
PDPPSe-5, with a more distant branching point, exhibits tighter
-7 stacking, higher mobility, and enhanced carrier delocal-
ization, resulting in superior conductivity upon FeCl; doping
[27-29]. Conversely, the closer branching point in PDPPSe-2
induces greater energetic disorder and broader DOS distributions,
yielding a significantly higher Seebeck coefficient. Despite their
divergent transport behaviors, both polymers achieve comparable
maximum power factors due to compensating changes in cand S.
These results establish side-chain branching as a powerful, previ-
ously underappreciated molecular design parameter that directly
tunes the o-S relationship in conjugated polymers, offering

new insight into the structure—property origins of thermoelectric
performance.

2 | Result and Discussion

Figure 1la illustrates the chemical structures of the D-A copoly-
mers PDPPSe-2 and PDPPSe-5, of which the backbones were
composed of selenophene (Se) as a donor and DPP structure as an
acceptor. Notably, the two polymers differ by a subtle change in
the branching sites on their side chains: forking at C2 for PDPPSe-
2 and at C5 for PDPPSe-5, respectively. It is important to note
that matching the energy levels between OSCs and dopants is
crucial for the doping process [27, 30]. Specifically, the HOMO
level of OSCs should be shallower than the LUMO level of
dopants, and a larger level offset aids in facilitating the charge
transfer process. To determine the suitability of PDPPSe-2 and
PDPPSe-5 for doping, cyclic voltammetry (CV) measurements
were performed (Figure S2). The results show that different side
chains yield distinct HOMO levels, with -5.27 eV for PDPPSe-2
and —5.26 eV for PDPPSe-5. Consequently, FeCl,;, which possesses
a deeper LUMO level (—5.85 eV) [31], was selected for an effective
chemical doping process. A schematic diagram illustrating the
electron transfer process is depicted in Figure 1b.

Different molecular structures often result in changes in optical
spectra. UV-vis-NIR spectroscopy reveals that the 7-7* peak
of PDPPSe-5 shifts toward a higher wavelength compared to
PDPPSe-2 (Table S2), indicating that PDPPSe-5 possesses stronger
intramolecular conjugation ability. Notably, after doping with
FeCl; solution, interesting phenomena occur. Both polymers
exhibit a reduced peak at 800-900 nm and a new polaron
absorption band in the 1200~1300 nm range. (Figure lc,d)
This confirms the occurrence of the doping process and the
formation of polaronic species [32, 33]. Interestingly, a new peak
appears in the range below 500 nm and becomes stronger under
higher doping levels, which could be caused by the incompletely
reacted neutral FeCl; dopants. Since we primarily focus on the
impact of different polymer structures on doping efficiency and
thermoelectric properties at the same doping level, conditions
with higher dopant concentrations are not discussed.

Subsequently, a semi-quantitative analysis of the doping level
was performed using the ratio of the 7-7* peak to the polaron
absorptions (Ipyuron/Ir.-+) (Figure le; Table S2) [34, 35]. PDPPSe-5
demonstrates a higher doping level at low doping concentrations.
This is likely due to steric reasons; the longer side chains provide
more attachment sites for dopant molecules, thereby facilitating
the doping process. Moreover, the density functional theory
(DFT) calculations (Figures S3 and S4) illustrate that the energy
required for the dopant to react with PDPPSe-5 is significantly
lower than that of PDPPSe-2. However, with a further increase
in doping concentration, its doping efficiency decreases to a
level lower than that of PDPPSe-2. This is attributed to the
destruction of the internal film structure caused by the high
doping concentration, as elucidated by subsequent GIWAXS
characterization.

Intriguingly, as the doping concentration increases, the 7-7*
peak experiences a blue shift while the polaron absorptions
undergo a red shift, as exhibited in Figure 1f and Table S2. The
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FIGURE 1 | (a) Chemical structures of PDPPSe-2 and PDPPSe-5. (b) a schematic illustration describing the electron transfer process between
polymers and FeCl;. UV-vis-NIR absorption spectra are presented for (c) PDPPSe-2 and (d) PDPPSe-5 films at different dopant concentrations. The
corresponding (e) polaron concentrations and (f) wavelength variations are also displayed. The pink circles represent PDPPSe-2, the blue prisms represent

PDPPSe-5, and solid and hollow dots represent the variation of 7-7* peak and polaron absorptions, respectively.

former indicates that the doping process reduces intramolecular
conjugation by incorporating dopant molecules. Meanwhile, the
latter confirms that the Coulomb interaction between the polaron
and the dopant counterion gradually intensifies as the doping
progresses. Moreover, the wavelength of the 7z-7* peak in PDPPSe-
5 consistently surpasses that of PDPPSe-2 across all doping
levels, indicating stronger conjugation ability in doped PDPPSe-
5. However, regarding the polaron absorptions, the two films
exhibit a trend opposite to that of the 7-7* peak. This divergence
arises from the shorter side chain of PDPPSe-2, which intensifies
Coulomb interactions between the dopant antiparticle and the
polymer backbone.

GIWAXS was used to characterize the microstructure and molec-
ular packing of polymer films at various dopant concentrations.
Notably, the diffraction peaks of PDPPSe-5 display higher-order
peaks in comparison to PDPPSe-2 (Figure 2a,b; Figures S5-
S8), suggesting superior crystallization properties of PDPPSe-5
polymer films. Additionally, both polymer films exhibit a pre-
dominant edge-on orientation, and the weaker in-plane peak for
PDPPSe-2 is due to its generally weaker diffraction.

Furthermore, 1D GIWAXS analysis was employed to determine
the 7-7 stacking distance (d,), lamellar structure (d;), and
corresponding crystalline coherence lengths (CCL) (Figure 2c,d).
By altering the alkyl spacer from a methyl (PDPPSe-2) to a
butyl unit (PDPPSe-5), the d, is reduced from 3.83 to 3.70 A.
This reduction facilitates better charge transport, likely due to
the alleviation of steric side effects caused by the alkyl chains
on the conjugated backbone. Accordingly, the hole mobility of

PDPPSe-5-based films reaches a higher value of 7.68 cm? V! s7!
compared to 1.54 cm? V™! s7! for PDPPSe-2, as observed through
organic field-effect transistor characterization (Figure S9).

Notable changes are observed in the GIWAXS spectra after the
doping process. Initially, the calculated d, for both polymers
decreases to a minimum as the doping concentration increases.
However, a further increase in the doping concentration dis-
rupts molecular packing, reversing this trend. Remarkably, the
concentration of 5 mg mL™" represents the turning point for
PDPPSe-5, while for PDPPSe-2, it occurs at 9 mg mL~" (left panels
in Figure 2c,d). The destruction of molecular packing underlies
the alteration in the doping level (Figure 1e).

Notably, a longer side chain results in a larger d, value of 27.44 A
for undoped PDPPSe-5, compared to 22.28 A for PDPPSe-2. (Table
S3) Although the shorter d; may be beneficial for charge transport,
the number of layers (N;) estimated from CCL/dl provides a more
accurate assessment of the combined effects of layer distance and
crystallite size. The N; of PDPPSe-2 and PDPPSe-5 was estimated
to be 5.0 and 7.4 layers, respectively. This may account for the
relatively lower mobilities observed in PDPPSe-2. Additionally,
the doping process increases the d; for both polymers, primarily
due to the insertion of dopant molecules. Furthermore, PDPPSe-
5 outperforms PDPPSe-2 in crystallinity, resulting in higher CCL.
Consequently, PDDPSe-5 exhibits diffraction peaks up to the fifth
order, whereas PDPPSe-2 exhibits only fourth-order peaks.

The doping process can be divided into two stages: charge
transfer and the release of free carriers, the latter of which
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FIGURE 2 | GIWAXS patterns of (a) PDPPSe-2 and (b) PDPPSe-5 thin films. The d-spacing of -7 stacking diffraction (d,) and lamellar structure
(d;), along with the respective crystalline coherence length (CCL) at different out-of-plane (OOP) directions: (c) for PDPPSe-2 and (d) for PDPPSe-5 at
various FeCl; concentrations. The green circles and pink triangles depict d-spacing and corresponding CCL, respectively.

significantly affects charge transport [9]. Significant Raman
signals from C=C stretches in the DPP and Se units were
observed in the Raman characterization of the polymers. As
shown in Figure 3a,b, PDPPSe-5 exhibits a more pronounced
downshift in Raman frequency, indicating a higher degree
of charge-carrier delocalization, which is expected to facili-
tate charge transport [36]. The distant side-chain branching
could weaken Coulombic interactions between FeCl; anions and
polarons in the polymer backbone, thereby enhancing charge
transfer.

In the electrical conductivity results, both doped PDPPSe-2
and PDPPSe-5 achieved a high conductivity (o). The maximum
conductivity of doped PDPPSe-2 reached 99.55 S cm™, while a
remarkable maximum conductivity of 129.30 S cm™! was attained
for doped PDPPSe-5 (Figure 4a). This highlights the significance
of both charge-transport ability and the degree of charge-carrier
delocalization in achieving higher conductivity.

In addition, both doped polymers exhibit a positive S value,
indicating their p-type nature. (Figure S11) As expected, the
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FIGURE 3 | Raman spectra of (a) PDPPSe-2 and (b) PDPPSe-5 before and after doping. (c) Schematic representation of a delocalized charge state

after doping.

Seebeck coefficient (S) decreases with increasing doping levels.
This reduction arises from the enhanced density of conducting
states near the Fermi level, caused by the higher charge-carrier
concentration introduced by doping, as further confirmed by
electrochemical characterization.

To date, numerous empirical laws have been used to elucidate
the intrinsic coupling between o and S, revealing a negative
correlation between the two [16, 17, 37]. Moreover, S can be fitted
to an empirical power law: [37]

 ka(o/ay)
- e

S

where kj is the Boltzmann constant, o, is an unknown con-
ductivity constant independent of carrier concentration in the
covered range, and e is the electron charge constant. Additionally,
PDPPSe-2 exhibits a higher S value than PDPPSe-5, and the
reason for this will be discussed below. Furthermore, a linear
relationship of S « c™/# is observed between o and S (Figure 4b).

Figure 4d is a schematic illustration, adapted from the litera-
ture, that conceptually summarizes the role of density-of-states
(DOS) engineering in conjugated polymers [38]. This schematic
highlights the general trade-off among electrical conductivity,
carrier mobility, and Seebeck coefficient as a function of DOS
width. In doped conjugated polymers, a broader DOS is typically
associated with enhanced dopant miscibility and higher carrier
concentration, which favors high electrical conductivity, whereas
a narrower DOS reduces energetic barriers for hopping transport
and thus promotes higher carrier mobility. As a result, optimal

thermoelectric performance requires a moderate DOS width that
balances carrier concentration and energetic disorder.

Guided by this conceptual framework, we further investigated the
microscopic origin of the observed o-S trends by experimentally
probing the DOS distributions of PDPPSe-2 and PDPPSe-5 films
using electrochemical measurements [38, 39]. As shown in
Figure 4e,f, PDPPSe-2 exhibits a broader density-of-states (DOS)
distribution compared to PDPPSe-5, indicating a higher degree
of energetic disorder. In doped organic semiconductors operating
in the hopping regime, a broader DOS increases the relative
contribution of higher-energy tail states to charge transport. This
shifts the average transport energy further away from the Fermi
level, thereby increasing the Seebeck coefficient. Consequently,
the higher Seebeck coefficient observed for PDPPSe-2 can be
directly attributed to its broader DOS and enhanced energetic
disorder [40, 41]. Obviously, the value of S decreases with
increasing doping levels. This is primarily due to the rise in
conducting states near the Fermi energy, which results from the
increased charge carrier concentration induced by doping, as
confirmed by subsequent electrochemical characterization.

Although the DOS broadens with increasing doping concentra-
tion (Figure S10), the experimentally observed decrease in the
Seebeck coefficient at higher doping levels does not originate
from DOS broadening alone. Instead, increased doping shifts
the Fermi level deeper into the DOS and narrows the effective
transport window around Eg, thereby dominating charge trans-
port by states closer to the Fermi energy. This reduced energy
asymmetry in transport results in a lower Seebeck coefficient,
despite concurrent DOS broadening [42, 43].
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dashed lines are fitted to the experimental data of PDPPSe-2 and PDPPSe-5, respectively. (d) Schematic diagram of DOS distributions as a function of
carrier concentration and energy disorder [38]. DOS distributions and Gaussian-fitted curves of undoped (e) PDPPSe-2 and (f) PDPPSe-5. The green and

red lines are Gaussian-fitted to the experimental data.

We note that fitting the DOS distributions inevitably introduces
some uncertainty, as the Gaussian tails extend beyond the mea-
sured potential window. Nevertheless, within the experimental
range, the onset position remains essentially constant, while the
distribution width increases with doping. This trend indicates
that disorder-induced broadening, rather than a rigid energy
shift, governs the DOS evolution and accounts for the concur-
rent reduction in the Seebeck coefficient (S) at higher doping
levels.

Unlike metals, where the Seebeck coefficient is primarily deter-
mined by the slope of the DOS at the Fermi level, charge
transport in doped organic semiconductors involves a broad
energy window. As a result, the Seebeck coefficient is governed
by the energy-weighted average of the conductivity over the
DOS, rather than by the local DOS slope at Ep [44]. Broadening

the doping range lowers this slope, weakening the energy-
asymmetric transport that underpins S and thereby reconciling
the measured decrease in the Seebeck coefficient with the DOS
evolution.

Finally, PF was calculated from o and S. For PDPPSe-2, the
maximum PF is 42.19 uW m™! K2, Despite doped PDPPSe-5
having a higher o, its low S yields a maximum PF of 39.40 uW
m~! K2, similar to that of PDPPSe-2 (Figure S11). This suggests
that the molecular structure can selectively enhance o and S.
Additionally, the empirical relationship between o and PF (PF
0'2) is corroborated in Figure 4c.

Furthermore, we investigate the aggregated features of the
OSC films, which may influence their performance [45, 46],
using atomic force microscopy (AFM). Thanks to the enhanced
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crystalline properties of PDPPSe-5, the root mean square (RMS)
roughness of the undoped PDPPSe-5 film (1.26 nm) is consider-
ably higher than that of the pristine PDPPSe-2 films (0.47 nm)
(Figure 5a,c). As the doping process proceeds, visible light
spots emerge on the film surface, and as expected, the rough-
ness of both polymer films is enhanced to varying extents by
incorporating dopant molecules. Specifically, PDPPSe-2 experi-
ences an increase to 1.38 nm, while PDPPSe-5 undergoes an
increase to 1.73 nm (Figure 5b,d). This suggests that aggrega-
tion occurs upon doping, potentially impacting performance.
Additionally, the data suggest that doping induces aggregation,
which may influence device performance. Although the overall
roughness of PDPPSe-5 remains higher, the relative increase

. e RMS, —RMS, .
in roughness—quantified as ——dpd—undoped ©__proyides a
RMSundpoed

more precise measure of the doping effect. The calculated
values are 1.92 for PDPPSe-2 and 0.37 for PDPPSe-5. The
smaller increase in PDPPSe-5 indicates that doping perturbs
its morphology less, likely because the more distant side-chain
branching point provides additional free volume for dopant
incorporation.

3 | Conclusions

In summary, we synthesized two D-A copolymers with identical
backbones but distinct side-chain branching positions, and we
elucidated how this subtle structural modification governs ther-
moelectric transport. PDPPSe-5, with a more distant branching
point, exhibits tighter molecular packing, enhanced charge-
carrier delocalization, and correspondingly higher electrical
conductivity. In contrast, PDPPSe-2 exhibits greater energetic dis-
order and a broader density-of-states distribution, resulting in a

larger Seebeck coefficient. Despite their different o-S characteris-
tics, both polymers deliver comparable maximum power factors,
reflecting compensating contributions from conductivity and
Seebeck response. These findings reveal side-chain branching as
akey molecular design parameter that intrinsically modulates the
coupling between o and S, offering a new strategy for optimizing
organic thermoelectric materials.

4 | Experimental Section
4.1 | Materials

The specific synthetic steps of PDPPSe-2 and PDPPSe-5 can
be found in previous work [47, 48]. The molecular weight of
the two polymers was measured by GPC, and the results are
shown in Figure S1. Chlorobenzene (anhydrous) was purchased
from Sigma-Aldrich. Anhydrous iron(III) chloride (FeCl;) was
purchased from Adamas-beta. Nitromethane (CH;NO,) was pur-
chased from Aldrich, and acetonitrile (anhydrous) was purchased
from Innochem.

4.2 | Film Fabrication and Chemical Doping

The substrates were sequentially ultrasonically cleaned in deion-
ized water, acetone, and ethanol for 15 min each. The substrates
were cleaned with plasma treatment for 15 min before use.
PDPPSe-2 and PDPPSe-5 were dissolved in chlorobenzene with
a concentration of 5 mg mL™'. These films were prepared by
blade coating and then dried at 120°C to remove the solvent,
resulting in a thickness of 600 nm. Dopant solutions at different
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concentrations were prepared by dissolving FeCl3 in Acetonitrile
to yield solution molarities of 1, 3, 5, and 7 mg mL™". The films
were then immersed in the dopant solution for 1 min. Finally,
80 nm of Au was thermally evaporated at a rate of 0.5 A s!
under a pressure of 5 x 107 Pa. All film preparation and doping
procedures were performed in the glove box. To prevent FeCl,
de-doping, conductivity measurements were performed in situ
within the glove box immediately after fabrication. For exter-
nal characterizations requiring sample transfer (e.g., GIWAXS),
samples were stored in vacuum boxes prior to measurement.
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