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ABSTRACT
Conjugated polymers are promising thermoelectric materials offering solution processability, flexibility, and versatile synthesis.
However, n-type polymers lag behind their p-type counterparts. Herein, we demonstrate that the combination of precise
doping with control over crystalline contact plane, orientation, and microstructure helps design efficient n-type films of a
naphthalenediimide-bithiazole-based copolymer (PNDIOE7-Tz2). Favorable fibrillar morphology and enhanced planarity lead
to tight packing in films doped with N-DMBI, resulting in a high electrical conductivity σ ≈ 10 S cm−1. GIWAXS indicates a
predominantly face-on orientation in pristine filmswith a short π–π stacking distance of 3.47 Å. Incremental concentration doping
enhances the σ to 45 S cm−1 with a power factor (PF≈17.5 µWm−1 K−2). Rubbing alignment causes a detrimental shift from face-on
to edge-on, reducing σ below 5 S cm−1 and PF below 4 µWm−1 K−2. Subsequent solvent vapor annealing converts aligned crystallites
to mixed face-on/edge-on, promoting a strong enhancement of TE performance with a high PF up to 41µWm−1 K−2, among the
highest reported for n-type polymers. This work underscores that controlling the contact plane effectively decouples σ and S for
high-performance n-type polymer thermoelectrics.
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Introduction

olymer-based organic thermoelectric generators (OTEGs)
1, 2], capable of converting low-grade waste heat into distributed
lectricity, have been the focus of intense research interest over
he preceding decade. This interest is underpinned by their
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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distinct advantages, most notably their naturally suppressed
thermal conductivity (κ) [3], amenability to solution-based
processing [4, 5], and intrinsic mechanical flexibility [6, 7], which
collectively promise great scalability and low manufacturing
cost [8, 9]. The realization of functional thermoelectric modules
fundamentally necessitates the balanced integration of both
se, which permits use, distribution and reproduction in any medium, provided the
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-type and n-type semiconducting polymers. To date, the
evelopment of p-type analogues has reached a visible
aturity [10–12]. For instance, in terms of performance,
any polymers exhibit electrical conductivities exceeding
000 S cm−1, exemplified by PEDOT-based polymers [13],
olythiophenes (e.g., P3HT [14], PBTTT [11, 15–17] and its
erivatives [18, 19]), and diverse other p-type architectures [20].
n stark contrast, the evolution of n-type candidates remains a
ormidable challenge [21, 22], with a majority of n-type polymers
xhibiting electrical conductivities < 100 S cm−1 (and frequently
10 S cm−1) [8, 9], notwithstanding the recently developed

oly(benzodifurandione) (PBFDO) [23–25], and a few other
onjugated polymers demonstrating significantly superior
lectrical performance [9, 26–28]. The disparity in performance
onstitutes a major bottleneck impeding the development of
fficient, all-polymer thermoelectric devices.

eyondmolecular engineering, one of themajor challenges in the
esign of thermoelectric polymers is the dopant-induced disorder,
hich leads to morphological degradation and thus the disrup-
ion of charge transport in the highly doped state [29]. For p-type
onjugated polymers, several strategies have been developed to
itigate this point. For instance, modulation doping has been
tilized to induce spontaneous doping, ensuring that dopants
erfectly reside in the amorphous domains of the doped films
uch that actual charge transport primarily takes place in the crys-
alline domains without disrupting the film microstructure [30].
oreover, side-chain cleavage has been employed to eliminate
he bulky, insulating pendants, leading to tighter intermolecular
acking and higher electrical performance [31–33]. Nevertheless,
ess progress has been made in enhancing the performance
f n-doped conjugated polymers. To date, the development of
-type thermoelectric polymers has involved the use of sev-
ral classic building blocks, notably naphthalenediimide (NDI)-
ased polymers [34–36], diketopyrrolopyrrole (DPP)-based poly-
ers [37, 38], poly(p-phenylenevinylene) (PPV)-based polymers
39, 40], bithiopheneimide (BTI)-based polymers [28, 41], among
thers [9]. In particular, the pioneering investigations on the
enchmark polymer P(NDI2OD-T2) (also referred to as N2200)
evealed two fundamental limitations at the molecular level:
i) its poor miscibility with dopants [42], and (ii) its localiza-
ion of polarons caused by the donor-acceptor (D-A) feature
43, 44]. Correspondingly, two strategies have been used to
ddress these challenges: (i) by incorporating oligo(ethylene
lycol) side chains into the polymer backbone, better miscibility
etween the polymer and the dopant is achieved [35, 45]; (ii)
y replacing the bithiophene(T2) unit with the more electron-
fficient bithiazole (Tz2) unit, a lower lowest unoccupied molec-
lar orbital (LUMO) and a high planar backbone conformation
re realized [34]. Remarkably, the simultaneous application of
he two aforementioned strategies demonstrated a synergistic
ffect, resulting in both enhanced polymer-dopantmiscibility and
ptimized electronic structure [46]. In addition, recent studies
evealed the roles of side-chain nature (i.e., polar vs. amphiphilic,
inear vs. branched) and side-chain length on the thermoelectric
roperties of NDI-based polymers [47–49]. Despite being the
nitial andmost extensively investigated class of n-type polymers,
DI-based polymers have yet to exceed an electrical conductivity
σ) of 10 S cm−1 in the published literature. (Figure 1A and
igure S1) Note that σ is a critical metric for achieving a high
hermoelectric power factor (PF = σS2), where S represents the
of 14
Seebeck coefficient. Thus far, much effort has been devoted to
the molecular engineering of the polymer structures in NDI-
based systems; Little is known, however, about the molecular
packing and orientation on the thermoelectric performance of
NDI-based polymers. In particular, a significant remaining hurdle
in achieving higher performance is the decoupling of σ and S,
which is essential for maximizing the power factor.

Herein, we report the modulated n-doping of P(NDI2OE7-Tz2)
using benchmark n-dopant precursor N-DMBI (Figure 1B). A
central objective of this work is to achieve control over molecular
packing and chain alignment that facilitates the effective decou-
pling of σ and S. P(NDI2OE7-Tz2) was synthesized via a Stille
coupling polymerization and has a number-averaged molar mass
(Mn) of 33.7 kDa (See SI). According to cyclic voltammograms
(CV) characterization and the standard reported by Bazan et al.
[50], the LUMO energy level of P(NDI2OE7-Tz2) is determined
to be −4.4 ± 0.1 eV. (Figure S2) Such a low-lying LUMO is
critical, allowing for energetically favorable, efficient n-doping
of P(NDI2OE7-Tz2) by N-DMBI. Mixed-solution doping (MsD,
Figure 1C), where the solutions of P(NDI2OE7-Tz2) and N-DMBI
are mixed prior to film deposition in a common solvent, resulting
in a high σ of exceeding 10 S cm−1. To date, this conductivity
value represents the best ever reported for anNDI-based polymer.
Structural analysis of the doped film indicates a predominantly
face-on orientation of the pristine films with a short π–π stacking
distance of 3.47 Å. Notably, the invariant packing distances
along the π–π and lamellar packing directions suggest that the
dopants are located in the amorphous polymer region, thus
causing minimal hindrance to the charge transport in the doped
films. Incremental concentration doping (ICD, Figure 1D), an
advanced technique for sequential doping, led to a substantial
enhancement in σ, reaching values up to 45 S cm−1 and a greater
PF of 17.5 µWm−1 K−2. Surprisingly, rubbing alignment of the as-
cast films did not induce an enhancement in σ and PF. Instead,
it deteriorated the thermoelectric performance, yielding films
with σ (<5 S cm−1) even inferior to the films processed by MsD,
translating to a low PF of <4 µW m−1 K−2. Such a degradation
is attributed to the undesirable edge-on orientation of the films
induced by rub-alignment. Remarkably, subsequent treatment of
the rubbing-aligned films with solvent vapor annealing (SVA,
Figure 1E) resulted in a significant enhancement in both σ and S,
ultimately yielding films with the highest thermoelectric perfor-
mance. Notably, a power factor up to 41 µWm−1 K−2 is achieved,
a record value for NDI-based thermoelectric polymers to date.
This synergistic improvement is ascribed to SVA-modulated film
orientation from edge-on to a mixed face-on/edge-on orientation
while preserving the anisotropic ratio induced by the initial
rubbing. This work underscores the importance of simultaneous
tuning of polymer chain alignment andmolecular orientation for
the future pursuit of efficient n-type thermoelectrics.

2 Results and Discussion

To verify the n-doping process and the resulting charge carrier
generation within the P(NDI2OE7-Tz2) thin films, we performed
Electron Spin Resonance (ESR) spectroscopy measurements on
both the pristine and chemically doped samples from3 to 20mol%
(Figure 2A). The pristine P(NDI2OE7-Tz2) thin film exhibited
no discernible ESR signal, whereas N-DMBI-doped P(NDI2OE7-
Advanced Functional Materials, 2026
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FIGURE 1 (A) Electrical conductivities of n-doped PNDI-based polymers collected from the published literature. (B) Chemical structures of
P(NDI2OE7-Tz2) and n-dopant precursor N-DMBI. (C) Schematic illustration ofmixed-solution doping (MsD). (D) Schematic illustration of incremental
concentration doping (ICD). (E) Schematic illustration of as-cast film, rubbing alignment (RA), and solvent vapor annealing (SVA).

Advanced Functional Materials, 2026 3 of 14
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FIGURE 2 (A) ESR spectroscopy of P(NDI2OE7-Tz2) films vs. N-DMBI content, (B) UV–vis–NIR absorbance spectra of P(NDI2OE7-Tz2) films vs.
dopant concentration, (C) Evolution of the electrical conductivity vs. N-DMBI concentration, (D) Temperature dependence of the electrical conductivity
for thin films with different doping concentrations, (E) Evolution of Seebeck coefficient, and (F) Power factor of the pristine and N-DMBI-doped
P(NDI2OE7-Tz2) thin films for different doping concentrations.

4 of 14 Advanced Functional Materials, 2026
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z2) thin films displayed intense and characteristic ESR signals at
340 G with symmetric line shapes (mostly Lorentzian), charac-
eristic of free radicals and confirming efficient n-doping [34, 36].
urthermore, the signal intensity progressively increases with
ncreasing concentration of the N-DMBI dopant. No noticeable
hange in the linewidth is observed, confirming proper removal
f dissolved oxygen and ensuring maximal efficiency of each
-DMBI molecule incorporated [51].

o further shed light on the electronic structure and detect
he polaron formation upon doping, UV–vis–NIR absorbance
pectroscopy was conducted on P(NDI2OE7-Tz2) thin films in
oth pristine and chemically doped states. As shown in Figure 2B,
high-energy band centered at approximately 500 nm from the
ristine film is characteristic of the π–π* transition band, whereas
low-energy band extending into the NIR region situated around
000 nm is assigned to delocalized intramolecular charge-transfer
ICT) transition. Doping the polymer with N-DMBI results in a
ramatic quenching of the low-energy CT band. Concurrently,
he spectrum shows the emergence of new absorbance bands,
ndicating efficient charge transfer and polaron formation. The
leaching and redshift of the CT band and the appearance of the
olaron bands are fully consistent with the ESR results. The σ of
he P(NDI2OE7-Tz2) thin films was recorded as a function of the
-DMBI molar ratio (Figure 2C). The pristine P(NDI2OE7-Tz2)
hin film exhibited an inherently low initial σ of 3.4 × 10−4 S cm−1.
pon doping with N-DMBI, the σ demonstrated a substantial
nhancement by 3 orders of magnitude, reaching 0.35 S cm−1 at
modest dopant concentration of only 3 mol%. Notably, the σ
ontinued to gradually increase as the molar ratio of N-DMBI
ncreases to a high dopant concentration of 80 mol%, resulting
n a σ of 9.6 ± 0.9 S cm−1 with a highest value of 10.4 S cm−1. Note
hat this is the first report that NDI-based polymers exhibit higher
han 10 S cm−1, approximately 4 orders of magnitude higher than
he referenceN-DMBI-doped P(NDI2OD-T2) [45, 52]. Such a high
value of N-DMBI-doped P(NDI2OE7-Tz2) may be attributed to
he combination of a higher molecular weight, which facilitates
he intrachain charge transport, as well as the use of long ethylene
lycol (OE7) side chains, which significantly enhances the dopant
iscibility with the polymer. Temperature-dependent electrical
onductivity measurements were conducted across a series of
(NDI2OE7-Tz2) thin films doped with N-DMBI at dopant con-
entrations of 3, 15, and 80 mol% (Figure 2D), and very low
ctivation energies (EA) were measured following the sequence
.076, 0.052, and 0.037 eV, respectively. This diminishing trend in
A is a strong indication of highly efficient polaron delocalization
nd signifies a highly ordered molecular packing within the
ost matrix upon doping (See GIWAXS analysis). Notably, these
A values represent a significant reduction compared to the
ne determined in the n-doped alkylated analogue, P(NDI-Tz2)
0.11 eV) [34], thereby pointing toward a substantially lower
egree of energetic disorder within the n-doped P(NDI2OE7-Tz2)
53–55]. Evaluation of the thermoelectric performance of the N-
MBI-doped films was performed. As N-DMBI concentration
as incrementally increased from 3 to 80 mol%, the Seebeck
oefficient exhibited a marked drop, decreasing from −144 to
23 µV K−1 (Figure 2E), which is characteristic of n-type conduc-
ion and directly correlates with the doping-induced modulation
f the charge carrier concentration within the polymer matrix.
onsequently, an average PF of 1.5±0.1 µW m−1 K−2 and a maxi-
um value of 1.6 µWm−1 K−2 were recorded at the intermediate
dvanced Functional Materials, 2026
dopant concentration of 25 mol% (Figure 2F). DFT calculations
were performed to elucidate the fundamental geometric and
electronic properties of the P(NDI2OE7-Tz2) polymer in both its
neutral and negatively charged (polaron) states. For comparative
analysis, the structurally analogous polymer, P(NDI2OE7-T2),
featuring a bithiophene (T2) substituent, was used as a refer-
ence system. As expected from prior findings on the alkylated
P(NDI2OD-T2) analogue [43, 44], the LUMO of the structurally
twisted P(NDI2OE7-T2) is highly localized predominantly over
the NDI unit (Figure 2G). In sharp contrast, the remarkable
planarity between NDI and Tz2 co-monomers in P(NDI2OE7-
z2) favors a significantly enhanced delocalization of the LUMO
extending proficiently from the NDI core onto the Tz2 co-
monomer unit (Figure 2H). This extended spatial distribution
is consistent with the more electron-deficient nature of the Tz2
moiety compared to the T2, which acts to effectively lower and
delocalize the frontier orbitals. Upon n-doping, the resulting
negative polaron in the reference P(NDI2OE7-T2) backbone is
found to be highly confined primarily within the NDI unit of a
single monomer repeat unit (Figure 2I). Conversely, the negative
polaron within the P(NDI2OE7-Tz2) system demonstrates sub-
stantial spatial delocalization, distributing charge density across
both the NDI and Tz2 units, and even extending slightly beyond
the boundary of a single repeating unit (Figure 2J). This increased
charge delocalization in the polaron state of P(NDI2OE7-Tz2) can
be correlated with the aforementioned low activation energy for
charge transport, as depicted in Figure 2D.

To gain critical insight into the impact of N-DMBI doping on
the microstructure and molecular packing of P(NDI2OE7-Tz2),
two-dimensional grazing-incidence wide-angle x-ray scattering
(2D GIWAXS) measurements were conducted on the pristine,
25 mol%, and 80 mol% N-DMBI-doped thin films. As shown in
Figure 3A, the GIWAXS pattern for the pristine P(NDI2OE7-Tz2)
film reveals long-range ordering characterized by a mixed chain
orientation, though face-on orientation is notably predominant.
This microstructure is consistent with observations typically
reported for NDI-based copolymer systems [56]. The films exhibit
an out-of-plane π–π stacking peak (q = 1.80 Å−1) and in-plane
lamellar stacking peaks (q100 = 0.19 Å−1), with three detectable
higher-order reflections. Critically, the π–π stacking scattering
peak observed along the out-of-plane (qz) axis corresponds
to an exceptionally short interchain distance (d-spacing) of
3.47 Å. This value is substantially smaller than those reported
for the analogous polymers P(NDI2OD-T2) (3.93 Å) [56] and also
smaller than its alkylated derivative P(NDI2OD-Tz2) (3.63Å) [34].
This observation provides experimental validation for the DFT-
computed Tz2-induced planarization of the polymer backbone.
Specifically, the utilization of linear OE side chains diminishes
the steric hindrance typically associated with branched alkylated
OD groups, consequently promoting tighter intermolecular π–
π stacking. Upon doping P(NDI2OE7-Tz2) with the N-DMBI
dopant at concentrations of 25 and 80 mol%, only negligible
alterations were observed in the molecular packing and chain
orientation (Figure 3B,C). A meticulous examination of the
integrated linecuts for both the out-of-plane (π–π stacking) and
in-plane (lamellar packing) reflections (Figure 3D,E) confirms
the absence of structural change following the doping pro-
cess. This invariance clearly suggests that either the dopant
molecules primarily reside within the amorphous regions of the
polymer matrix, or the substantial initial lamellar periodicity
5 of 14
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FIGURE 3 2D GIWAXS patterns collected for thin films of the pristine (A), 25 mol% N-DMBI-doped (B), and the 80 mol% (C) doped P(NDI2OE7-
Tz2), and their corresponding linecut along qz (D) and qxy (E). Schematic illustrations on the pristine (F) and doped films (G) showing the possible
accommodation sites for the dopants.
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f P(NDI2OE7-Tz2) potentially provides sufficient molecular
ree volume within the ethylene glycol side-chain layers to
ccommodate the N-DMBI dopant molecules (Figure 3F,G). The
IWAXS analysis together with the high-resiliency of the films
o the doping suggests that modulation doping may be involved
30, 57], with a spatial separation between the amorphous
ones concentrating the dopant counter-ions and the crystalline
omains with high order essential for efficient charge transport.
his is the first report of a possible modulation doping mecha-
ism for an n-type conjugated polymer, indicating the potential
or further enhancement of the TE properties via a dedicated
olution doping approach and chain alignment technique.
of 14
Sequential doping has been reported to enable introducing
dopants into thin films of conjugated semiconducting polymers
after crystallization of the polymer, thus minimizing the forma-
tion of defects and disruptive phase segregation between polymer
and dopant that is detrimental for charge transport [58, 59].
As a result, this method generally results in superior electri-
cal conductivity in doped films, compared to the conventional
MsD approach [60, 61]. In particular, Incremental Concentration
Doping (ICD) is a refinement of sequential doping [62] which
allows for the progressive and controlled incorporation of dopants
into the bulk of the polymer matrix. (Figure 1D) This doping
approach helps preserve the molecular packing of the polymer.
Advanced Functional Materials, 2026
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hus, we employed ICD to dope P(NDI2OE7-Tz2) to achieve
nhanced performances. The as-cast P(NDI2OE7-Tz2) film was
repared by doctor blading. Note that the films revealed a fibrillar
orphology, with fibers extending beyond 1 µm and with nearby
ibers forming bunches with a common in-plane orientation.
Figure S3) To ensure a consistent comparison, we verified that
he crystalline structure and morphology of spin-coated and
octor-bladed films of P(NDI2OE7-Tz2) are essentially identical.
see Figure S4) These results demonstrate that the specific film
rocessing methods do not fundamentally alter the resulting
icrostructures. The electron diffraction (ED) pattern of the
ilms (Figure 4A) shows a set of two Scherrer rings indexed as
1 0 0) and (2 0 0) of a lamellar structure with a periodicity
100 = 3.2 nm, indicating a dominant face-on orientation relative
o the substrate surface. An additional Scherrer ring at 3.5 Å is
ssigned to the (0 0 4) reflections along the chain direction. These
0 0 4) reflections are also observed in the GIWAXS patterns
f non-oriented films (see arrows in Figure S5). This confirms
hat the molecular packing and crystalline orientations are con-
istent across both characterization techniques and deposition
ethods. Selected area electron diffraction (SAED) measure-
ents demonstrate that the fiber axis corresponds to the chain
irection, consistent with observations previously reported for
(NDI2OD-T2) [63, 64]. This orientation is also seen in the High-
esolution TEM image revealing the semi-crystalline structure
f P(NDI2OE7-Tz2) films by the alternation of fringed patterns
ith a 3.1 ± 0.1 nm periodicity corresponding to face-on domains
nd zones without such contrast associated with amorphous
ones (Figure S3B). Despite local correlations in the orienta-
ions of adjacent P(NDI2OE7-TZ2) fibers, the overall in-plane
rientation distribution of P(NDI2OE7-Tz2) domains is isotropic.
(NDI2OE7-Tz2) was doped with N-DMBI using ICD, and its
hermoelectric properties were systematically investigated. As
hown in Figure 4D,G,J, under a fixed doping time of 10s, the
ptimal performance was achieved at a dopant concentration of
g/L, yielding a peak σ of 45 ± 24 S cm−1, and a corresponding S
f −63 ± 1 µV/K, which translates to a power factor of PF = 17.5 ±
µWm−1 K−2. An increase in the N-DMBI concentration beyond
g/L, however, led to a reduction in electrical conductivity, a
eveling of the Seebeck coefficient, and thus a drop in power factor
Figure 4D,G,J), suggesting the onset of over-doping. Having
stablished this optimized doping protocol, we then applied it to
robe the thermoelectric performance of highly oriented (rubbed)
(NDI2OE7-Tz2) films to investigate the influence of molecular
nisotropy on charge transport efficiency.

rior to the doping procedure, a critical prerequisite was the
ptimization of the alignment conditions for P(NDI2OE7-TZ2)
ilms. To achieve this, the P(NDI2OE7-Tz2) films were subjected
o mechanical rubbing at different rubbing temperatures (TR)
n the range 120◦C–220◦C, and rub-alignment was performed
n a glovebox under inert atmosphere. Note that the thermal
egradation transition temperature for P(NDI2OE7-Tz2) exceeds
00◦C. (Figure S6) The level of orientation was quantified
sing polarized UV–vis–NIR spectroscopy and polarized optical
icroscopy. Notably, the rubbed films show a highly anisotropic
bsorbance and strong birefringence. The best alignment was
stimated from the dichroic ratio (DR) in absorbance and was
bserved for TR = 180◦Cwith DR= 8.4 (see Figure S7 showing the
volution of the DR vs. TR (measured at 965 nm)). The internal
tructure of the rub-aligned films was subsequently analyzed
dvanced Functional Materials, 2026
across the temperature range of TR = 180◦C–220◦C. Interestingly,
as indicated by the electron diffraction (ED) pattern (Figure 4B),
rubbing completely transformed the structure of the films from
face-on to fully edge-on at TR = 180◦C. The ED pattern shows
an intense and broad equatorial 0 1 0 reflection at d010 = 3.45 Å
and a sharp meridional reflection that can be indexed as 0 0 4
at 3.5 Å. The films are made exclusively of edge-on crystallites,
without any trace of the original face-on texture observed prior
to alignment. Subsequently, ICD was applied to the rub-aligned
films to evaluate their resulting TE properties. Surprisingly, the
molecular alignment induced by the rubbing process led to a
significant deterioration in the TE properties of the P(NDI2OE7-
z2) films. Specifically, it induced a reduction in σ to less than
5 S cm−1 in the chain direction (Figure 4E), causing the PF to
drop to below 4 µW/m.K2. (Figure 4K) This is in strong contrast to
previous findings on both p-type and n-type oriented conjugated
polymers consistently showing enhanced TE performance in
the polymer chain direction [61, 65]. As shown in Figure S8,
upon doping the rub-aligned films, a marginal change in π-
stacking periodicity is observed, while the in-plane orientation is
preserved. Clearly, it can be verified that this deterioration in TE
performance is not attributed to a loss of alignment. Furthermore,
UV–vis–NIR spectroscopy demonstrates similar bleaching of the
P(NDI2OE7-Tz2) absorbance in as-cast and rubbed films, hence
indicating similar doping levels (Figure 5A,B). Unexpectedly, the
TE properties of the rub-aligned films show two peculiarities.
First, a crossover between σ// and σ⊥ is observed vs. increasing
N-DMBI concentration. (// represents measurements taken along
the rubbing direction, whereas ⊥ represents measurements taken
in the in-plain direction at 90◦ to the rubbing direction). Sec-
ond, the anisotropy of the Seebeck coefficient shows unusually
that |S//|<|S⊥|. In all investigated p-type aligned polymers, the
opposite relation (|S//|>|S⊥|) is typically observed, and this can
be well explained by the heterogeneous material model, i.e.,
S// is dominated by the contribution from aligned and ordered
domains of the polymer, whereas S⊥ is dominated by the con-
tribution from amorphous polymeric domains [66]. Note that
this is the first time that alignment by rubbing reduces TE
performance as compared to non-aligned films [65, 67–69]. We
verified further that this situation is not restricted to the used
rubbing temperature, as we observed a similar trend for the TE
performance in P(NDI2OE7-Tz2) films rubbed at 75◦C (See Figure
S9). The unique anisotropic TE properties of P(NDI2OE7-Tz2) are
likely linked to the specific microstructure of P(NDI2OE7-Tz2)
films, which are made of exclusively edge-on oriented domains
(Figure 5E) [65]. Indeed, rub-aligned P(NDI2OE7-Tz2) films are
formed exclusively of edge-on crystals such that the direction
perpendicular to rubbing is the π-stacking direction, whereas
in most rub-aligned p-type films investigated so far, a majority
of face-on crystals, sometimes co-existing with edge-on crystals,
have been observed [65]. Accordingly, given the efficient transport
path along the π-stacking direction in P(NDI2OE7-Tz2), it is
consistent with theoretical frameworks that both σ⊥ and S⊥ can
exceed σ// and S//. This is also consistent with recent work
on doped organic semiconductors showing that the dominant
contact plane in the films impacts the observed TE properties
after sequential doping for both n-type and p-type polymers
[70, 71]. Hereby, to clarify the structural discussion, we define the
‘contact plane’ as the specific crystallographic plane of the poly-
mer crystal that lies parallel to the substrate interface. In oriented
conjugated polymers, the nature of this contact plane dictates the
7 of 14
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FIGURE 4 (A–C) Representative electron diffraction patterns of P(NDI2OE7-TZ2) films in pristine form (As-cast), rub-aligned (RA), and rub-
aligned after exposure to CHCl3 vapors for 15 min (RA+SVA). (D–L) electrical conductivity, Seebeck coefficient, and power factor of P(NDI2OE7-TZ2)
films upon ICD doping. For the aligned films S and σ are probed both parallel (//) and perpendicular (⊥) to the rubbing direction.
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ominant thin-film texture: a (1 0 0) contact plane corresponds
o an edge-on orientation (lamellar stacking perpendicular to
he substrate), whereas a (0 1 0) contact plane results in a face-
n orientation (π-stacking perpendicular to the substrate) [70,
1]. This crystallographic orientation is distinct from, and should
ot be confused with, the physical contacts at the electrode
of 14
interfaces or the molecular-level interactions with dopants. In
particular, it was observed that a mixture of edge-on and face-on
domains shows superior TE properties than films made of purely
edge-on or purely face-on domains. Although the explanations
are inconclusive, according to Diao et al., DPP polymer films
possessing a face-on orientation demonstrate superior electrical
Advanced Functional Materials, 2026
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FIGURE 5 Evolution of the UV–vis–NIR absorbance spectra of P(NDI2OE7-Tz2) films in pristine (A), rub-aligned (B), and rub-aligned after
exposure to CHCl3 vapors for 15 min (C). Dominant contact plane present in the P(NDI2OE7-Tz2) pristine (D), rub-aligned (E), and rub-aligned after
exposure to CHCl3 vapors for 15min (F) thin films. Summary of best TE performances recorded for P(NDI2OE7-Tz2) films dopedwithN-DMBI: electrical
conductivity (G), Seebeck coefficient (H), and power factor (I).
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erformance upon doping, because thanks to the accessibility
f the polymer backbone, the face-on alignment maximizes the
xposure of the reactive sites in the conjugated backbone to the
opant molecules, thereby facilitating effective doping [72]. In
ddition, it is known that the fibrillarmorphology in the analogue
olymer P(NDI2OD-T2) corresponds to a so-called form I of the
olymer obtained in pristine films cast from chloroform or by
pitaxy on 1,3,5-trichlorobenzene [64, 73]. This suggests that,
esides the contact plane, the type ofmorphology of the films and
he polymorphmust also have an impact on the TE performance.
n this regard, if the orientation of the edge-on domains in
ub-aligned films could be flipped to face-on while maintaining
n-plane chain orientation, one could expect an enhancement in
E properties. Accordingly, we attempted to mitigate the poor TE
erformance of as-rubbed P(NDI2OE7-Tz2) films by transforming
dvanced Functional Materials, 2026
their edge-on structure using solvent vapor annealing at ambient
temperature [74, 75].

As a solvent, we chose chloroform (CHCl3) as it was used
to prepare the pristine P(NDI2OE7-Tz2) films that yielded the
beneficial fibrillar morphology with good TE performances in
the non-aligned face-on oriented films. Figure S10 shows the
sequence of ED patterns for P(NDI2OE7-Tz2) films exposed
to CHCl3 solvent vapors. Upon increasing exposure time, the
appearance of new equatorial (h00) reflections (h = 1,2) is
observed, indicating the generation of aligned P(NDI2OE7-Tz2)
crystallites with face-on contact plane in the initially edge-on
rubbed films (Figure 5F). By contrast, the intensity of the broad
and intense 0 1 0 reflection that is predominant in as-rubbed films
was reduced but did not disappear, indicating amixed orientation
9 of 14
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f the resulting films. In parallel, polarized UV–vis spectroscopy
emonstrated that the main absorption band at 965 nm increased
n absorbance for POL//R (incident light polarization parallel
o the rubbing direction) and decreased for POL⊥R (incident
ight polarization perpendicular to the rubbing direction), which
urther translated to an increase of DR upon SVA (see Figure S11).
his spectroscopic change implies that SVA effectively re-orients
he initially rub-aligned edge-onP(NDI2OE7-Tz2) chains, thereby
acilitating the formation of face-on aligned domains. Based on
he intensity of the (h00) reflections (h = 1, 2), we determine
hat films with a majority of face-on crystallites are obtained
fter 15 min exposure to CHCl3. Subsequently, SVA-treated films
ere subjected to ICD with N-DMBI. ED was used to analyze
he structure of these films, indicating that both the orientation
nd the ratio of edge-on vs. face-on domains are maintained
pon doping. Only marginal structural changes are observed;
.e., the π-stacking distance was slightly changed, whereas the
amellar periodicity d100 was slightly increased from 32.0 Å to
2.6 Å (Figure S12). Remarkably, the SVA-treated aligned films
xhibited a dramatic recovery and enhancedTEperformance over
ub-aligned films. Specifically, σ// increased approx. three times,
eaching 25± 14 S cm−1, and critically the S// reached a high value
f −129 ± 1 µV/K (Figure 4F,I). Furthermore, the anisotropies of
he Seebeck coefficient and of the electrical conductivity are now
ligned with those observed for classical p-type polymers, both
eing enhanced in the chain direction. We further considered
he thermodynamic implications of the observed anisotropy in
he Seebeck coefficient. Fundamentally, the Seebeck coefficient
epresents the entropy transported per unit charge (S = Σ/q).
onsequently, a higher S// suggests that carriers traveling along
he polymer backbone carry a higher average entropy than those
opping in the perpendicular direction. This phenomenon can be
nderstood through two lenses. First is the microscopic model.
cheunemann et al. demonstrated that structural alignment
ncreases the carrier localization length in the parallel direction
76]. This preferential path effectively shifts the transport energy
pward. From a thermodynamic perspective, this shift increases
he energy, and thus the entropy, associated with each charge car-
ier. Second is themesoscopicmodel. Limelette et al. attribute the
nisotropy to the heterogeneous mesostructure of aligned films,
onsisting of alternating crystalline and amorphous domains [66].
ince these two phases have different thermal and electrical
roperties, the internal temperature gradient is not uniform.
ecause these domains are probed in series (⊥) vs. parallel (//), the
esulting internal redistribution of the temperature gradient leads
o a macroscopic anisotropy in the measured Seebeck coefficient.
otably, while themicroscopic hoppingmodel typically accounts
or moderate anisotropy ratios (S// / S⊥ < 1.5), the heterogeneous
odel provides a more robust explanation for larger disparities,
s it factors in the thermal conductivity mismatch between the
rystalline and amorphous phases.

he successful decoupling of σ// and S// translates into a sig-
ificantly improved PF// of 41 ± 24 µWm−1. K−2, one order of
agnitude higher than that of the as-rubbed edge-on films.
Figure 4L). With respect to previous results, it turns out that
ilms consisting of exclusively edge-on domains display poor TE
roperties in general [65]. It is also very interesting to note that it
s the first time that an SVA treatment is capable of switching the
ominant contact plane from edge-on to face-on in conjugated
olymers while maintaining/improving the in-plane orientation
0 of 14
of polymer chains. In the case of conjugated polymers with alkyl
side chains, both SVA and thermal annealing tend to induce
the reversed transition from face-on to edge-on orientation. The
peculiar case observed for P(NDI2OE7-Tz2) is probably related
to the OEG side chains that confer a different surface energy to
P(NDI2OE7-Tz2) crystallites, hence, different interactions with
the substrate as compared to analogous polymers with pure alkyl
side chains. Indeed, a previous study shows that the surface
energy of the polymer films determines the dominant contact
plane, being either edge-on or face-on [77]. In general, these
results demonstrate the crucial role of controlling in parallel the
dominant contact plane and in-plane alignment of the crystallites
in achieving high-performance organic thermoelectric thin film
(Figure 5G,H,I).

3 Conclusion

In conclusion, we presented a detailed investigation into the
structure-property relationships governing the n-type thermo-
electric performance of P(NDI2OE7-Tz2), utilizing both conven-
tional MsD and the advanced ICD strategies in pristine and
rub-aligned thin films. From the study with MsD, a high σ
of ≈10 S cm−1 was achieved. Initial characterization of the
pristine and MsD-doped P(NDI2OE7-Tz2) films via GIWAXS
revealed a predominantly face-on orientation, characterized by
a short π-stacking distance of 3.47 Å. When doped in solu-
tion with the n-dopant N-DMBI, P(NDI2OE7-Tz2) achieved a
high electrical conductivity exceeding 10 S cm−1, positioning
it as a new benchmark of reported NDI-based polymers. ICD
of the non-aligned P(NDI2OE7-Tz2) films yielded significantly
enhanced thermoelectric performance with a PF of 17.5 µW
m−1 K−2, showing its advantage in accommodating the N-DMBI
dopants without severe structural disruption. Contrary to pre-
vious literature reports, mechanical rubbing of P(NDI2OE7-Tz2)
transformed the film from a face-on orientation to a purely edge-
on orientation, resulting unexpectedly in a substantial drop in
power factor below 4 µWm−1 K−2, and highlighting that the pure
edge-on contact plane is fundamentally detrimental to TE perfor-
mances of doped P(NDI2OE7-Tz2). To overcome this limitation,
SVA was employed to successfully transform the film structure,
introducing a majority of face-on domains in rub-aligned films.
Consequently, the coexistence of in-plane aligned face-on and
edge-on crystallites induced by SVA effectively decoupled σ
and S and led to a substantial enhancement of thermoelectric
performance, achieving a superior power factor of 41 µW m.K2.
These results and insights extend the current understanding
of structure-property relationships in organic thermoelectrics,
providing a crucial design principle for future high-performance
organic thermoelectric materials: in addition to chain alignment,
the control of phase coexistence and contact plane orientation
appears paramount for maximizing charge transport metrics.

4 Experimental Section/Methods

4.1 Materials, Polymer Synthesis, and Basic
Characterizations

The materials, synthesis, and basis characterizations (NMR spec-
trum and SEC chromatogram are provided in Figures S13 and S14,
Advanced Functional Materials, 2026
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espectively) of the polymer, as well as thermal measurements,
yclic voltammetry, and electrical measurements, are detailed in
he Supporting Information.

.2 MsD Doping

he P(NDI2OE7-Tz2) solution was formulated by dissolving the
olymer in chloroform to achieve a concentration of 10.0 g/L.
he dopant solution was prepared by dissolving n-DMBI in
hloroform at a concentration of 5 g/L. Doped solutions were sub-
equently prepared by blending the polymer solution and dopant
olution at specific volume ratios to achieve the targetmolar ratio.
hen, the clean substrate was spin-coated with the solutions for
0 s at 1500 rpm/min, followed by a 30-min thermal annealing at
emperatures exceeding 100◦C. Four-probe electrical conductivity
L/W= 160 µm/1000 µmwith 40 µmprobe spacing)wasmeasured
sing a Keithley 4200 semiconductor analyzer inside a glovebox.
ll doping, processing, and subsequent electrical measurements
ere conducted within an Argon-filled glovebox under an inert
tmosphere (p(O2) < 10 ppm, p(H2O) < 1 ppm).

.3 High Temperature Rubbing and ICD Doping

olutions of P(NDI2OE7-Tz2) were prepared in chloroform
CHCl3) at a concentration of 30 mg/mL. The polymer films were
hen deposited using the doctor blade method at 45◦C onto the
lass substrates covered with the sacrificial NaPSS layer. n-Butyl
cetate was employed for doping, while chloroform was used
or thin-film preparation and solvent vapor treatment. Sacrificial
aPSS layers were spin-coated at 3000 rpm from a 10 mg/mL
queous solution onto glass substrates sequentially cleaned by
ltrasonication in acetone (15 min), ethanol (15 min), Hellmanex
15 min), and twice in deionized water. Rub-alignment was
erformed using a custom-built setup, consisting of a rotating
ylinder clad in microfiber cloth and a translating thermal stage.
he geometry of the four bar electrodes is shown in Figure S15.
he thickness of P(NDI2OE7-Tz2) polymer films was extracted
rom UV–vis absorbance spectroscopy, calibrated against thick-
ess data obtained fromAtomic ForceMicroscopymeasurements
n non-oriented films (Figure S16). Solutions of N-DMBI in n-
utyl acetate were used to dope non-oriented, oriented, and
riented P(NDI2OE7-Tz2) films treated with chloroform vapor
t room temperature following a sequential doping protocol.
he films were fully immersed in dopant solutions of increasing
oncentration from 0.1 to 10 mg/mL for 10 s. All rubbing, doping,
apor treatment, and subsequent electrical measurements were
onducted in a Jacomex glovebox under an inert atmosphere
p(O2) < 10 ppm, p(H2O) < 1 ppm).

.4 Chloroform Solvent Vapor Annealing

he rub-aligned P(NDI2OE7-Tz2) polymer film was placed in a
rystallizer of 100 mL containing 10–20 mL CHCl3. To prevent
irect contact with the liquid solvent, the film was placed on
glass support. The crystallizer was then closed to generate
aturated solvent vapors. The treatment was performed as a
unction of exposure time. SVA was performed in a Jacomex
dvanced Functional Materials, 2026
glovebox under a nitrogen atmosphere, with p(O2) ≤ 10 ppm and
p(H2O) ≤ 1 ppm.

4.5 ESRMeasurements

For electron spin resonance (ESR) analysis, the prepared doped
solutions were transferred into paramagnetic-free quartz tubes.
After that, the solvent was evaporated within a glovebox with a
regulated argon atmosphere to produce dry samples. Following
the complete removal of the solvent, the tubes were hermetically
sealed to preserve sample integrity. ESR spectra were then
acquired at room temperature utilizing a JEOL JES-FA200 ESR
spectrometer.

4.6 UV–Vis–NIR Absorbance Spectroscopy

UV−vis−NIR absorption spectra (350−2500 nm) of oriented
P(NDI2OE7-TZ2) films treated as a function of exposure time
in chloroform vapor, as well as spectra of doped P(NDI2OE7-
z2) non-oriented, oriented, and oriented films treated with
chloroform vapor, were recorded using a Cary 5000 spectrometer
at a spectral resolution of 1 nm. Measurements were conducted
with polarized incident light, varying dopant concentration.
The incident light polarization was oriented either parallel (0◦,
POL//R) or perpendicular (90◦, POL⊥R) relative to the rubbing
direction.

4.7 DFT Calculations

Density functional theory (DFT) calculations were performed
using Gaussian 16 Rev A.03 [78]. Polymer chains with 5 repeat
units were constructed using the preferred conformations [34],
with each chain end-capped by the bithiophene / bithiazole
groups to form symmetrical chains. Polymer chains were relaxed
using ωB97XD/6-31G*, where ω was set to be 0.1 Bohr-1 as a
representative value for conjugated polymers. After reaching a
stationary point, the optimal range separation parameter for
each polymer was determined by variation of ω according to the
described methods to fulfill Koopmans’ theorem. Single-point
calculations used this optimal ω value [79]. Polaron distributions
were determined by subtraction of the electron densities of the
neutral polymer from those of the singly-reduced polymer [80].

4.8 GIWAXSMeasurement

Grazing incidence wide-angle x-ray scattering (GIWAXS) mea-
surementswere conducted at the Stanford SynchrotronRadiation
Light source, SLAC National Accelerator Laboratory, Beamline
11–3. The energy of the x-ray beamwas 12.7 keV. All samples were
measured at an incidence angle (α) of 0.12◦. Scattering intensity
was collected using a Rayonix MX225 CCD 2D area detector.
The sample-to-detector distance was calibrated using a LaB6
polycrystalline standard. All data are reported in terms of the
scattering vector, q= (4π/λ)sin(θ), where θ is the scattering angle.
Data were processed using a custom Python code [Siemons, N.
(2025) “Materials_Data_Analytics”. Zenodo. https://doi.org/10.
5281/zenodo.15366819.]. In-plane and out-of-plane linecuts were
11 of 14
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ntegrated over azimuthal angles (χ) in the range 60◦–87◦ and
◦–30◦, respectively.

.9 Transmission ElectronMicroscopy

on-oriented, oriented, and chloroform vapor–treated oriented
(NDI2OE7-Tz2) polymer films were first coated with a thin film
f amorphous carbon using an Edwards Auto306 evaporator or
Cressington 108a carbon coater. The coated films were then
loated on distilled water and transferred onto copper TEM grids.
hloroform vapor treatment was performed as a function of
xposure time on copper grids with oriented P(NDI2OE7-Tz2)
ilms. Doping by dipping inN-DMBI/n-butyl acetate solutionwas
arried out on the copper grids. Both chloroform vapor treatment
nd doping were performed under an inert atmosphere inside the
lovebox. TEMwas performed in bright field, high-resolution and
iffraction modes using a TECNAI200 FEI microscope operating
t 200 kV and equippedwith an Eagle 2k CCD camera. To prevent
e-doping of the oriented films, beam exposure was carefully
inimized using a low-dose setup. Calibration of reticular dis-
ances was carried out using the 0 0 2 reflections of oriented
oly(3-hexylthiophene) (P3HT) used as a standard reference.
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