
AdvancedMaterials

www.advmat.de

RESEARCH ARTICLE

Resistance to Overdoping Allows Over 2000 S cm−1

Conductivity in P(g3BTTT)With Anion-Exchange Doping
Basil Hunger1 Maximilian M. Horn1 Eva Röck1 Diego Rosas Villalva1 Lize Bynens2,3 Jochen Vanderspikken2,3
Christina Kousseff4 Silène Gobeil1 Olivier Bardagot1,5 Nesibe Akmanşen-Kalayci6 Sarah H. Tolbert6,7
Iain McCulloch4 Wouter Maes2,3 Demetra Tsokkou1 Natalie Banerji1

1Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern, Bern, Switzerland 2Design & Synthesis of Organic Semiconductors
(DSOS), Institute For Materials Research (imo-imomec), Hasselt University, Hasselt, Belgium 3imo-imomec, imec, Diepenbeek, Belgium 4Department of
Chemistry, Chemistry Research Laboratory, University of Oxford, Oxford, UK 5CNRS, Institute of Chemistry and Processes for Energy Environment and
Health (ICPEES), University of Strasbourg, Strasbourg, France 6Department of Chemistry and Biochemistry, University of California, Los Angeles, California,
USA 7Department of Materials Science and Engineering, University of California, Los Angeles, California, USA

Correspondence: Demetra Tsokkou (dimitra.tsokkou@unibe.ch) Natalie Banerji (natalie.banerji@unibe.ch)

Received: 30 November 2025 Revised: 22 March 2026 Accepted: 24 March 2026

Keywords: four-point-probe conductivity | high-doping regime | organic semiconductors | terahertz spectroscopy

ABSTRACT
Chemical doping of conjugated polymers significantly enhances their conductivity, making them attractive for a large range of
applications. Recently, anion-exchange doping, where the dopant counterion is replaced by inorganic anions by exposure of a p-
doped film to an electrolyte, has been demonstrated as an effectiveway to overcome the limitations ofmolecular dopants in terms of
bulkiness, stability and energetics. Here, we demonstrate anion-exchange doping for polymers bearing oligoether side chains and
report over 2000 S cm−1 electrical conductivity for the P(g3BTTT) polymer. We investigate several thiophene and thienothiophene-
based polymers in the high-doping regime to understand this high conductivity. We show that transport involves delocalized
charges, that all generated charges participate to the transport, and that the mobility is resilient over nanometer to micrometer
length scales. However, the high-doping regime also shows a trade-off between high charge density and high mobility, limiting
the conductivity at excess concentrations of doubly charged species. Surprisingly, P(g3BTTT) is resistant to this ‘overdoping’ effect
and sustains particularly high levels of doubly charged species without drop in mobility. The exceptional conductivity of doped
P(g3BTTT) can thus be related to the high doping level that is achieved thanks to the oligoether side chains, without significant
trade-off on the concomitantly high mobility.
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Introduction

onjugated polymers are a unique class of materials with
romising electronic, electrochemical and optical properties.
olecular doping (MD) enables conductivities exceeding 103 S
m−1, suitable for flexible and semi-transparent electrodes, aswell
s thermoelectrics [1, 2]. However, many factors influence the
onductivity in the doped samples: Amongst others, electrostatic
ffects, the micro- and mesoscale structure of the thin film, and
his is an open access article under the terms of the Creative Commons Attribution License, which perm
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the interactions of the polymer with the dopant [3, 4]. Even a
given polymer/dopant system will show different performance
depending on the doping methodology, owing to the particular
miscibility of the polymer and dopant [5]. Novel strategies such
as anion exchange doping (AED) can fine-tune those parameters.
AED consists in exchanging the ionized p-dopant molecule with
the anion of an electrolyte [6]. AED improves the thermal and
chemical stability of the doped films, increases the charge density
and can promote charge transport [6–12]. The ability to choose
its use, distribution and reproduction in any medium, provided the original work is properly
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rom a wide variety of counterions facilitates the optimization of
he polymer/ion affinity and of the film structure, shown to be
ritical factors [7]. Varying the electrolyte concentration controls
he exchange efficiency entropically, allowing the use of anions
here the free exchange energy is unfavourable [6, 13]. Finally,
he polymer/counterion composition obtained by AED can be
irectly compared to electrochemical doping when using the
ame electrolyte [13].

igh conductivity in doped polymer films relies on simultane-
usly high charge density and high charge mobility. ‘Overdoping’
s a trade-off between the two effects in the high-doping regime,
here carrier-carrier repulsions and less mobile doubly charges
pecies impede the transport [14–21]. This motivates us to
xplore AED for several thiophene and thienothiophene-based
olymers, bearing either alkyl or oligoether side chains, in
rder to identify systems exempt from this limitation. We
xpect that alkylated thienothiophene-containing polymers
uch as PBTTT (poly(2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-
]thiophene) outperform alkylated polythiophenes such as P3HT
poly(3-hexylthiophene)) in terms of charge transport, due to
nhanced backbone planarity, high side chain interdigitation
nd tight backbone packing [22–24]. Moreover, we introduce
ligoether side chains in P(g32T-T) (poly[5,5′-(3,3-bis(2-(2-(2-
ethoxyethoxy)ethoxy)ethoxy)-2,2′-bithiophene)-alt-2,5-thioph-
ne]) and P(g3BTTT) (poly[4,4′-bis(2-(2-(2-methoxyethoxy)eth-
xy)ethoxy)-(2,2′-bithiophen)-5,5’-diyl]-alt-[thieno[3,2-b]thioph-
ne-2,5-diyl]). We have shown previously that replacing the
lkyl side chains of P3HT with oligoether chains significantly
nhances the conductivity in molecularly doped films [25]. This
as related to improved processability, as well has to higher film
olarity to screen Coulomb interactions. Additionally, we expect
hat the oligoether side chains enhance the polymer/counterion
iscibility (especially upon AED), with a positive effect on
he achievable charge density, film structure und ultimately
esistance to overdoping [26]. With this strategy, we find
xtraordinarily high conductivities of over 2000 S cm−1 when
(g3BTTT) is doped with AED. To explain the origin of this
igh conductivity and to formulate transferable guidelines for
esigning next-generation doped polymers, the high-doping
egime is explored in detail, combining spectroscopic and
tructural characterization with long-range (four-point-probe)
nd short-range (terahertz) conductivity measurements.

Results and Discussion

.1 Optimized Long-Range Conductivities of
oped Films

o delineate the impact of the backbone and side chains, we
ompare five polymers with thiophene (P3HT, P(g32T-T)) or
hienothiophene-based (PBTTT-C12, PBTTT-C14, P(g3BTTT))
ackbones, each carrying either alkyl or oligoether side chains
Figure 1a). According to reported ionization potentials, the
olymers with oligoether side chains are more readily oxidized
Figure 1b) [27]. The dopants used are F4TCNQ (2,3,5,6-
etrafluoro-tetracyanoquinodimethane) and magic blue (MB,
ris(4-bromophenyl)ammoniumyl hexachloroantimonate)
Figure 1b) [4, 28]. Compared to F4TCNQ, MB is a stronger
xidant, has a larger anion size, and tends to localize in more
of 15
disordered regions of the polymer film, causing less structural
disruption in crystalline domains [29, 30]. The neat polymer
films are doped using either molecular doping (MD) or AED
(Figure 1c). In our sequential MD protocol, the neat polymer film
is immersed in a dopant solution in acetonitrile. With AED, both
the dopant and the electrolyte salt (here TBAPF6) are dissolved
in the same acetonitrile solution. The molecular dopant first
oxidizes the polymer, then the resulting reduced dopant ions are
exchanged with the PF6− anions from the electrolyte [6, 9, 31]. To
maximize the doping level while avoiding overdoping, the doping
protocol is optimized for highest conductivity in each system,
by varying the immersion duration and the dopant/electrolyte
concentrations (Table S1).

The optimized long-range conductivities (σlong) from four-point-
probe measurements for each polymer/dopant system (with MD
and AED) are summarized in Figure 1d and Table 1. The film
thickness after doping, measured by white light interferometry,
is used to calculate the conductivity, as this differs significantly
from the thickness of the undoped films (Table S1). While
most previous studies use the thickness of the undoped film to
calculate the conductivity, Figure S1 shows the large discrepancy
if the relevant film thickness after doping is used instead [36].
P(g3BTTT) achieves the highest conductivity of 2100 S cm−1 when
using AED with MB (0.6 mM) and TBAPF6 (25 mM) as the
electrolyte. This is amongst the highest reported conductivities
for chemically doped polymers, achieved here with solution-
processing and without engineered chain alignment [7, 13, 36–
44]. This highly conductive system shows a good stability in
ambient conditions over several days (Figure S2) and maintains
about 80% of its stability over a week. We find that: (1) AED
generally increases the conductivity in all investigated polymers
compared to MD, (2) the polymers with oligoether side chains
systematically outperform their alkylated counterparts, (3) the
more planar PBTTT-like backbone surpasses the more torsion-
ally disordered P3HT-like backbone, and 4) the stronger MB
dopant leads to higher conductivity, even after AED, except for
P(g32T-T).

2.2 Charge Densities of the Oxidized Species in
the Doped Films

To understand those trends, we determine the charge density
and the presence of different oxidized species in the doped films,
using spectroscopic measurements. This is illustrated with the
absorbance spectra of the P(g3BTTT) films doped in different
conditions (Figure 2a). The neutral polymer sites (designated as
[0]) absorb around 600 nm and are only seen in the undoped
film. The efficiency of the doping process is evident from the
complete depletion of this band in all doped samples. When
doped, the polymer segments can be oxidized once [1+] or
twice [2+], yielding characteristic spectral signatures in the
near-infrared region [18, 45–47]. The singly charged species
(often referred to as polarons) show two absorption bands at
800 and >1600 nm, while the doubly charged species (referred
to as polaron pairs or bipolarons depending on their spin
characteristics) absorb at >1200 nm [48, 49]. The MD films
doped with F4TCNQ display additional ionized dopant peaks
(880, 780, and 385 nm) [18, 50, 51], while ionized MB does
not show any evident signature [4]. With AED in TBAPF6, the
Advanced Materials, 2026
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FIGURE 1 (a) Chemical structures of the studied polymers. (b) Schematic of molecular doping (MD) by immersion in the dopant solution (top,
green solution) and anion-exchange doping (AED) by immersion in the dopant plus electrolyte solution (bottom, yellow solution). (c) Ionization
potentials of the different polymers and electron affinities of the dopants extracted from the literature: (P(g32T-T) [32], P(g3BTTT) [27], P3HT [33, 34] and
PBTTT-C12 [35]). (d) Maximal long-range conductivity (from four-point-probe measurements) obtained for all polymers doped by MD (green) and AED
(yellow) with magic blue (MB) in optimized conditions (see Table S1). The error bars were propagated from the standard deviation of the film thickness
and sheet resistance measured over 5–10 positions on each film.
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onized F4TCNQ peaks disappear, indicating successful anion
xchange.

he spectral signatures of the neutral and charged species are
uantified using spectro-electrochemistry (Figure 2b). We use
he same electrolyte (TBAPF6 in acetonitrile) as used in AED
o ensure comparable doping conditions. A gradual evolution
oward the more oxidized species is seen with increasing oxi-
ation voltage and related to the amount of injected charge
rom chronoamperometry (Figures S3 and S4). The analysis
ields the individual spectral signatures of the [0], [1+] and [2+]
pecies and their absorbance cross sections (Figure 2c) [20]. The
dvanced Materials, 2026
spectral components are determined for all investigated polymers
in a similar manner (Figure S5). Finally, the density of the
neutral and charged species in the chemically doped films is
obtained by fitting the sum of the absorbance cross sections to
the absorbance spectra of the doped samples (Figures S6–S18).
As the conductivity depends on both the charge density and
their mobility, we disentangle the two effects. The total charge
density is given by: [Charge]tot = [1+] + 2× [2+]. The mobility
(µlong) is then deduced according to: µlong = σlong/e[Charge]tot,
where e is the elemental charge. This assumes that all charges
participate simultaneously in the transport, as confirmed below
by terahertz spectroscopy.We generally find high charge densities
3 of 15
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TABLE 1 Long-range conductivities (σlong) from four-point-probe measurements for each optimized polymer/dopant system with MD and AED
doping. Detailed doping conditions are given in Table S1, together with experimental uncertainties. Values shown here are at maximum conductivity
before the overdoping regime is reached for certain polymers. The total charge density ([Charge]tot) is obtained by adding the density of singly charged
species ([1+]) to twice that of the doubly charged species ([2+]). Those densities, as well as the one of neutral sites ([0]) are found after decomposing
the absorbance spectra of the doped films into the signatures of the different oxidized species. The calculated long-range mobility (µlong) is obtained by
dividing the conductivity by the total charge density. The relative change in film thickness (Δd/d) is the thickness difference between the doped and
undoped film, divided by the thickness of the undoped film. The charge per thiophene unit (TU) is calculated from the undoped film density, Δd/d and
[Charge]tot.

σlong
(S cm−1)

(Charge)tot
(1021 cm−3)

µlong
(cm2 V−1 s−1)

[0]
(1020 cm−3)

[1+]
(1020 cm−3)

[2+]
(1020 cm−3) [2+]:[1+]

Δd/d
(%) Charge/TU

P3HT
F4TCNQMD 6 0.3 0.2 0.82 2.18 0.15 0.07:1 50 0.09
F4TCNQ AED 5 0.2 0.1 0.83 2.07 0.16 0.08:1 45 0.09
MB MD 105 0.6 1.1 0.04 1.56 2.10 1.35:1 58 0.23
MB AED 262 0.9 1.7 0.05 2.65 3.37 1.27:1 −1 0.23
P(g32T-T)
F4TCNQMD 279 1.1 1.7 — 6.28 2.14 0.34:1 55 0.52
F4TCNQ AED 684 1.7 2.5 — 8.85 4.18 0.47:1 4 0.57
MB MD 387 1.1 2.1 — 6.06 2.63 0.43:1 45 0.52
MB AED 641 1.9 2.2 — 9.26 4.64 0.50:1 −8 0.54
PBTTT-C12

F4TCNQMD 48 0.2 1.2 1.50 2.33 0.06 0.02:1 −1 0.06
F4TCNQ AED 71 0.3 1.3 1.05 2.86 0.25 0.09:1 5 0.08
MB MD 524 0.6 5.3 0.05 2.53 1.81 0.72:1 13 0.17
MB AED 637 0.9 4.4 0.12 3.20 2.94 0.92:1 −12 0.19
P(g3BTTT)
F4TCNQMD 717 1.5 3.0 — 8.79 3.15 0.36:1 61 0.60
F4TCNQ AED 1230 2.2 3.6 — 8.58 6.45 0.75:1 23 0.65
MB MD 1150 1.6 4.5 — 4.45 5.80 1.28:1 84 0.73
MB AED 2110 2.8 4.7 — 5.28 11.40 2.16:1 −1 0.68
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f the order of 1020–1021 cm−3 in all polymers (Table 1; Table
1). This surprisingly high doping regime has been confirmed
n other doped polymers probed by a variety of techniques [41,
4, 52, 53]. Comparison of the different doped P(g3BTTT) films
ighlights that both an increase in charge density and in the
obility lead to the impressive conductivity achieved with this
olymer in optimized conditions (Figure 2d).

.3 Parameters Affecting the Conductivity and
harge Mobility

e start by comparing the effect of the two dopants on the
nterplay of charge density and mobility with MD doping. For
3HT and PBTTT-C12/14, F4TCNQ does not lead to complete
oping and a significant density of neutral sites remains (Table 1;
able S1). In agreement with previous reports, the doping level
annot be thermally activated (Figure S19) [54]. It is limited by
he small offset between the electron affinity of F4TCNQ and the
onization potential of the polymer (Figure 1b). The lower charge
ensity achieved with F4TCNQ leads to lower conductivity and
of 15
themobility is also significantly reduced compared to dopingwith
MB (Table 1). As we have shown previously for P3HT:F4TCNQ
films in this intermediate doping regime, both disorder and
Coulomb trapping of charges to the ionized dopant decrease
the mobility [25]. When the alkylated polymers are doped with
the stronger oxidant MB, the charge density doubles, there is
almost complete depletion of the neutral sites and the mobility
is higher than when doping with F4TCNQ. MB is known to
preferentially locate in more disordered regions of polythiophene
films, causing less morphological disruption [55]. Additionally,
we expect less Coulomb trapping due to screening effects at high
charge densities [56]. In the polymers with oligoether side chains,
owing to their more favourable ionization potential, doping is
complete with either dopant (no remaining [0] sites), and much
higher charge densities are achieved than with the alkyl side
chains (Table 1). We still find an increase in charge density,
mobility and conductivity when using MB rather than F4TCNQ,
but the gain is marginal for P(g32T-T).

Second, we investigate the impact of AED on the conductivity.
Although the dopant anion is entirely replaced by PF6−, the
Advanced Materials, 2026
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FIGURE 2 (a) Absorbance spectra of P(g3BTTT) films doped with F4TCNQ or MB using molecular doping (MD) or anion-exchange doping
(AED) with TBAPF6/acetonitrile electrolyte at the indicated concentration. All spectra correspond to an initial film thickness (before doping) of 30 nm.
(b) Spectro-electrochemistry of a P(g3BTTT) film in TBAPF6/acetonitrile electrolyte. (c) Absorbance cross section spectra of the neutral ([0]), singly
charged ([1+]) and doubly charged ([2+]) species. (d) Long-range conductivity (blue), total charge density (green) and long-range mobility (purple) of
the doped P(g3BTTT) films. (e) Relative thickness change (dΔ/d) upon doping (red) and charge per thiophene unit (TU) (black). (f) Density of the [1+]
and [2+] charged species (dark and light blue), and [2+]:[1+] ratio (orange).
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rends between F4TCNQ and MB are carried on to the AED
amples (Table 1; Table S1). For example, there is incomplete
oping with F4TCNQ/AED for the polymers with alkyl side
hains, and the charge density is generally higher with MB/AED
han F4TCNQ/AED. Moreover, the charge density systematically
ncreases with AED compared toMD. However, this is not related
o a higher doping level, but rather to the doped films being
hinner with AED, as illustrated in Figure 2e for P(g3BTTT).
easuring the dry film thickness before and after doping with
his polymer reveals that the thickness increases by 60%–80%with
D (independently of the dopant), but only by 0%–20%withAED
Table 1). The film with the highest conductivity of 2100 S cm−1

as the same thickness as the undoped film, suggesting excellent
iscibility of PF6−with the polymer and likely leading tominimal
tructural disruption. P(g32T-T) shows the same behaviour, as
dvanced Materials, 2026
both MD films are about 50% thicker than the undoped films,
while the AED films have a similar thickness. For the polymers
with alkyl side chains, the MB/AED films are also the thinnest
and typically have the same thickness as before doping (Table S1).
To discard the effect of the film thickness on the doping level,
we calculate the charge per thiophene unit (TU) by assuming a
density of 1.1 g/cm3 in all undoped polymer films [57, 58]. This
confirms that for all studied polymers, AED does not generate
more charges but concentrates them in a smaller film volume
(Figure 2e; Table 1), with a positive impact on the charge density
and often also on the mobility.

We now look at the nature of the charges. Even if AED does not
increase the overall doping level, the absorption spectra of the
doped P(g3BTTT) films show a significant redistribution between
5 of 15
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FIGURE 3 (a) Long-range conductivity of the doped polymer films as a function of the doubly-to-singly charged species ratio ([2+]:[1+]). The
conductivitywas corrected for the change in film thickness upondoping to discard any thickness effects (withminimal impact on the trends, Figure S20a).
(b) Long-range mobility of the doped polymer films as a function of the doubly-to-singly charged species ratio ([2+]:[1+]). (c) Long-range conductivity
(corrected for the change in film thickness upon doping) of the doped polymer films as a function of charge per thiophene unit (TU). (d) Long-range
mobility of the doped polymer films as a function of charge per thiophene unit (TU). The details of the doping conditions are given in Table S1, and
similar graphs for PBTTT-C12 and another P3HT batch are shown in Figure S20.
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he [1+] and [2+] species depending on the doping conditions
Figure 2a). Using MB rather than F4TCNQ for MD doping
ncreases the [2+]/[1+] ratio (Figure 2f). This is related to the
igher oxidation strength of MB and its preferential location in
isordered film regions, where the formation of [2+] is favoured
20]. AED further increases the density of [2+] species compared
o the correspondingMD-doped films. The higher [2+]/[1+] ratio
ith MB and AED doping is observed in all polymers (Table 1;
able S1). However, the impact on the conductivity is not the
ame. For P(g3BTTT), the sample with the record conductivity
f 2100 S cm−1 has the highest [2+]/[1+] ratio (Figure 2f).
urprisingly, both the conductivity and the mobility of doped
(g3BTTT) keep increasing with the [2+]:[1+] ratio (Figure 3a,b).
n contrast, the other polymers reach a much lower [2+] level
nd show an increase followed by a drop of the conductivity
hen [2+]:[1+] >1 (Figure 3a). This known overdoping effect is
elated to a decrease inmobility at high [2+] densities (Figure 3b),
aused by inferior transport and/or enhanced disorder when [2+]
pecies predominate [17–21]. It explains why P(g32T-T) doped
ith F4TCNQ performs similarly or better than with MB, where
he high [2+] density overdopes the film (Table 1). The small
catter in the plots of Figure 3a, in spite of largely different doping
onditions between the points, highlights the [2+]:[1+] ratio as a
rimary factor in determining the conductivity [18, 37], overriding
lectrostatic and structural trends due to the counterion (Table
1). Thus, the resistance of P(g3BTTT) to strong doping conditions
nd high [2+] levels sets this polymer apart and explains its
xceptional performance.

s the [2+]:[1+] ratio does not necessarily reflect the overall
oping level and charge density, we also report the conduc-
ivity and mobility as a function of charge per thiophene unit
of 15

e

(Figure 3c,d). Independently of the nature of the charge, densities
approaching a charge on every TU cause severe carrier-carrier
repulsions and a dramatic effect on the electrostatic landscape
[14–16]. The polymers with alkyl side chains and less favourable
oxidation potential (P3HT, PBTTT-C14) reach much lower loping
levels. Only PBTTT-C14 reaches a charge/TU level above 0.2,
where a saturation in the conductivity and drop in mobility
are evident. The polymers with oligoether side chains (P(g32T-
), P(g3BTTT)) are doped much more heavily, showing that the
side chain engineering is an effective strategy to increase the
doping level. Here, deteriorated transport sets on above 0.6–0.7
charge/TU. Again, P(g3BTTT) outperforms P(g32T-T) due to a
higher charge mobility and less pronounced conductivity drop at
the highest doping levels.

2.4 Short-Range Terahertz Conductivity

We investigate the transport properties in more detail using
terahertz (THz) spectroscopy. Here, a single-cycle THz pulse
interacts with the mobile charges in the doped polymer film
only during the pulse duration of about 1 ps, which probes
the charge transport on the nanometre length scale. Such a
short pulse contains a broad range of frequencies, and these
measurements yield the complex conductivity spectra of the
doped films (Figure S21). The real value at 1 THz corresponds to
the short-range conductivity (σshort). We have recently reported
the concept of ‘distance resilience’ (= σlong/σshort) to define how
much of the nanometre conductivity is maintained when going
tomillimetre distances [25]. Here, we find that for all investigated
polymers, the optimized MD and AED samples have a distance
resilience of ≈ 1 (Figure 4a). The near-identical σshort and σlong
Advanced Materials, 2026
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FIGURE 4 (a) Long-range conductivity (orange bars) and short-range conductivity at 1 THz (purple bars) of the different polymer films (P3HT,
PBTTT-C12, P(g32T-T) and P(g3BTTT) doped to the highest level using either molecular doping (MD) or anion-exchange doping (AED), with magic
blue dopant (except for P(g32T-T), where F4TCNQ yielded a higher conductivity). The distance resilience is the ratio of the long-range to short-range
conductivity. The error bars were propagated from the standard deviation of the film thickness and conductivity measured over 5–10 positions on each
film. (b) Corresponding long-range mobility and effective THz mobility (calculated by the Drude-Smith model, DSM). (c) Complex THz conductivity
spectra of the P(g3BTTT) films doped with F4TCNQ or MB using MD or AED with TBAPF6/acetonitrile electrolyte (same films as Figure 2a). The black
dotted lines are fits using the DSM. (d) THz conductivity spectra normalized at 1 THz with the imaginary part scaled accordingly.
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alues for the highly doped samples confirm the measured four-
oint-probe conductivities and highlight that no loss in charge
ransport occurs over several orders of magnitude in distance.
his contrasts with previous reports at lower doping levels, where
he conductivity and THz hole mobility in conjugated polymers
s significantly higher than the long-range one [59]. Our results
how that a high-doping regime is reached, where the transport
oes not suffer from structural or energetic traps that disrupt
onductive pathways over longer distances, such as disorder,
omain/grain boundaries or Coulomb binding to the anion.

he degree of charge ‘localization’ caused by those effects reflects
n the shape of the THz conductivity spectra, namely in the extent
f the negative imaginary part and the slope of the real part,
s we have demonstrated by kinetic Monte Carlo simulations
dvanced Materials, 2026
[25]. To compare the complex conductivity spectra, their real
part is normalized, and the imaginary part is scaled accordingly.
For all doped P(g3BTTT) films (Figure 4c,d), we find a flat
real conductivity spectrum and a small negative imaginary part
compared to the real part (Im/Re at 1 THz < 0.15). The high
distance resilience reflects in the almost flat real conductivity
spectra, as the extrapolated THz conductivity at zero frequency is
similar to the long-range one. In general, slower transport events
contribute at low THz frequencies, while faster transport events
contribute at high THz frequencies. For our highly conductive
polymerswith a distance resilience of≈ 1, similar transport events
contribute at both low and high THz frequencies. Moreover, the
small Im/Re confirms that the charges are delocalized and not
energetically or morphologically confined, in agreement with the
high conductivity and excellent distance resilience. In contrast,
7 of 15
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TABLE 2 Long-range conductivities (σlong) from four-point-probe measurements and short-range conductivities (σshort) from THz spectroscopy
for different polymer/dopant systems with MD and AED doping. Detailed doping conditions are given in Table S1. Films may differ from the ones in
Table 1, so conductivities are not necessarily exactly the same. The distance resilience is the ratio σlong/σshort. The total charge density ([Charge]tot) is from
the absorbance spectra as explained before. The same values ([Charge]DSM) are used to fit the complex THz conductivity spectra with the Drude-Smith
model (DSM), showing that all generated charges contribute to the conductivity. The DSM parameters are the scattering time (τDSM) and the localization
parameter (CDSM). The effective THz mobility (µDSM) is deduced from τDSM and CDSM and compared to the long-range mobility (µlong). Table S2 shows
the short- and long- range conductivities with the experimental uncertainty.

σlong
(S cm−1)

σshort
(S cm−1)

σlong/
σshort

(Charge)tot
(1021 cm−3)

(Charge)DSM
(1021 cm−3)

τDSM
(fs) CDSM

µlong
(cm2 V−1 s−1)

µDSM
(cm2 V−1 s−1)

P3HT
MBMD 135 154 0.88 0.9 0.9 8.1 −0.87 1.0 1.1
MB AED 153 181 0.85 0.9 0.9 7.0 −0.83 1.0 1.2
P(g32T-T)
F4TCNQMD 223 228 0.98 0.8 0.8 8.2 −0.80 1.7 1.7
F4TCNQ
AED

638 610 1.05 1.7 1.7 8.3 −0.74 2.3 2.2

MB MD (overdoped) 107 191 0.56 1.2 1.2 7.5 −0.87 0.6 1.0
MB AED (overdoped) 432 464 0.93 2.3 2.3 6.8 −0.82 1.2 1.3
PBTTT-C12

MBMD 540 588 0.92 0.6 0.6 19.0 −0.68 5.4 6.2
MB AED 584 578 1.01 0.9 0.9 10.8 −0.65 4.1 4.0
P(g3BTTT)
F4TCNQMD 717 684 1.05 1.5 1.5 11.3 −0.76 3.0 2.8
F4TCNQ AED 1230 1280 0.96 2.2 2.2 12.5 −0.72 3.6 3.6
MB MD 1150 1150 1.00 1.6 1.6 15.5 −0.75 4.5 4.0
MB AED
(100 mM)

1810 1794 1.01 2.7 2.7 11.8 −0.67 4.1 4.1

MB AED
(25 mM)

2110 1950 1.08 2.8 2.8 11.9 −0.66 4.7 4.2
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e found Im/Re≈ 1.3 for a P3HT:F4TCNQ filmwith lower doping
evel, low conductivity (0.2 S cm−1) and distance resilience of only
% [25].

nalysis of the THz spectra with the phenomenological Drude-
mithmodel (DSM) further quantifies the transport. This extracts
he density of conductive charges ([Charge]DSM), the scattering
ime (τDSM, representative of ballistic transport in fully conjugated
hain segments) and the localization parameter (CDSM, encom-
assing the structural and energetic effects discussed above).
mportantly, we are always able to fix [Charge]DSM to the value of
Charge]tot obtained from the absorbance spectra, showing that
ll generated charges are simultaneously conductive (Table 2). In
olymer filmswith a lower doping level, only a fraction of charges
5%–20%) contributes to the charge transport [18, 56]. We find
hat τDSM is higher and CDSM smaller (i.e. less negative) for the
ore planar polymers with thienothiophene-based backbones,
ointing to more delocalized transport (Table 2). This is further
upported by temperature-dependent THz conductivity mea-
urements for the four highly conductive polymers doped with
B/AED (Figure S22). The conductivity at low temperatures (≈15
) is non-zero, evidencing that both hopping-like and metallic-
ike transport take place. Importantly, we find that the doped
of 15
thienothiophene-based polymers, which also have a smaller CDSM
than the thiophene-based polymers, show a weaker dependence
of the conductivity on temperature, confirming more delocalized
transport. For each polymer, the doped samples with the highest
conductivity also show the smallest CDSM, with particularly clear
trends in the doped P(g3BTTT) films (Figure 4d and Table 2). For
P(g32T-T) doped with MB (both MD and AED), the films used for
THz spectroscopywere overdoped, indicating that the excess [2+]
species lead to charge localization (Table 2; Table S1). For all other
systems, AED reduces the localization parameter, corroborating
the positive effect of AED on the charge transport. The short-
range mobilities, calculated from the DSM parameters, perfectly
match the long-range mobilities and their trends (Figure 4b).
This further confirms the robustness of our results and the
ability of the highly doped samples to sustain transport from the
nanoscopic to the microscopic scale.

2.5 Structural Characterization

Finally, we investigate the effect of structure for the four polymers
doped with MB, using the MD and AED methods in conditions
yielding optimal conductivity. The grazing incidence wide angel
Advanced Materials, 2026
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FIGURE 5 (a–d) Radial integrations (between 0–89 chi angle) from the GIWAXS data of undoped, MB/MD doped, and MB/AED doped polymers
for (a) P3HT, (b) P(g32T-T), (c) PBTTT-C14, and (d) P(g3BTTT). (e) (010) d spacing for all samples. (f) Paracrystalline disorder calculated from the (010)
peak width for all samples.
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-ray scattering (GIWAXS) data indicate that all polymers have
he expected edge-on orientation [27, 60, 61], except for P(g32T-
) [32, 62], which shows a mixture of edge-on and face-on
onformations (see raw 2D diffraction plots in Figures S23–S26).
n the thickness-normalized radial integrations, all samples show
series of diffraction peaks labeled (h00) at low angle, that
orrespond to the lamellar spacing, and a single peak at higher
ngle, labeled (010), that corresponds to the π-stacking distance
Figure 5a-d). The undoped polymers with alkyl side chains show
igher (100) scattering intensity than their oligoether counter-
arts (Figure S27), pointing to higher crystallinity related to better
ide chain ordering. Upon doping with MB or MB/AED, the
amellar peaks shift to lower q values in all polymers, indicating a
dvanced Materials, 2026
lattice expansion. This shows that, at our high doping levels, the
MB dopant as well as the AED anion intercalate among the side
chains of the crystalline polymer regions and are not just present
in amorphous domains. In contrast, the π-stacking distance
decreases for all doped polymers due to backbone planarization
during doping, in agreement with previous reports (Figure 5e)
[11, 63, 64].

For the thiophene-based polymers, MB-doping increases the
paracrystalline disorder (g) of the (010) peak and reduces the
crystallinity, but it has the opposite effect on the thienothiophene-
based polymers (Figure 5f; Figure S27). This is likely because
the SbCl6− anion is better able to fit into the PBTTT-family
9 of 15
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rystals. AED on the contrary, decreases g for all polymers and
ncreases the (100) peak amplitude compared to the undoped
ase, indicating an improved structural order due to a crys-
allization process during AED doping with PF6− anion. The
010) peaks of the doped thienothiophene-based polymers show
ower g than their thiophene counterparts, suggesting a more
onformationally rigid backbone and agreeing with the higher
harge mobility in doped P(g3BTTT) compared to P(g32T-T)
Figure 4b). PBTTT-C14 shows overall higher crystallinity and
rdering than the other polymers, but both the structure and
obility slightly deteriorate with MB/AED, possibly linked to
he onset of overdoping (Figures 3 and 5; Figure S27). Although
(g3BTTT) reaches over twice the doping level of PBTTT-C14, both
oping methods (MB and MB/AED) lead to structural improve-
ents with respect to the undoped polymer. We thus evidence
hat P(g3BTTT) is also structurally resistant to overdoping effects
t high charge densities and [2+]:[1+] ratios.

Conclusion

n summary, we demonstrate here the effectiveness of anion-
xchange doping for polymers bearing oligoether side chains and
eport >2000 S cm−1 conductivity for P(g3BTTT). We investigate
hiophene and thienothiophene-based polymers in the high-
oping regime, where transport involves delocalized charges,
arrier-screening effects dominate so that all generated charges
articipate to the transport, and the mobility is resilient over
anometer to micrometer length scales. In this regime, we
ecognize the [2+]:[1+] ratio as the key factor determining the
onductivity of a given polymer, even overriding electrostatic and
tructural trends due to the precise nature of the counterion.
e identify ‘overdoping’ as a critical limitation to reach high
onductivities in chemically doped polymers. At high doping
evels and even more if the density of [2+] doubly charged
pecies is high, overdoping can severely limit the conductivity
f doped conjugated polymers and imposes a trade-off between
igh charge density and high mobility. Interestingly, P(g3BTTT)
s largely exempt from this effect.

e show that a stronger molecular dopant (magic blue) increases
he doping level and concentration of [2+] species compared to
he weaker dopant F4TCNQ. Careful optimization of the dopant
oncentration and immersion time is necessary to maximize
he charge density without reaching the overdoping regime for
3HT, P(g32T-T) and PBTTT-C12/14. The doping level (charge per
hiophene unit) is pre-determined by the molecular dopant and
oes not increase with anion exchange. However, especially with
ligoether side chains, the anion-exchange films have a similar
hickness as the undoped films while the molecular-doped films
re much thicker. This concentrates the charges in a smaller
olume (higher charge density) and is structurally favourable as
een by an increase in the mobility and charge delocalization
probed by THz spectroscopy). Moreover, the anion-exchange
ends to re-distribute the charges toward a higher [2+]:[1+] ratio,
hich benefits the conductivity until a ratio of ≈ 1 is reached,
ut then causes a severe drop. Only P(g3BTTT) is resistant to
verdoping, although the oligoether side chains allow much
igher doping levels. Even a high excess of [2+] species keeps
oosting the charge mobility, which is already intrinsically high
ue to the planar thienothiophene-bithiophene backbone.Merely
0 of 15
when the charge density per thiophene unit approaches 1, carrier-
carrier interactions cause a slight decrease in themobility, but this
sets on at much higher doping levels and is less pronounced than
for the other polymers. Further structural and theoretical work is
ongoing to explain the resistance to overdoping in P(g3BTTT).We
hypothesize that it might be related to the torsionally constrained
backbone, with S─O interactions enhancing conformational
rigidity even when high densities of [2+] species and counterions
are present in crystalline film regions [27]. GIWAXS measure-
ments show that the structural ordering of P(g3BTTT) improves
with respect to the undoped polymer, even in the very high doping
regime. The exceptional performance of doped P(g3BTTT) can
thus be related to the high doping level that can be achieved in this
material without significant trade-off on the concomitantly high
mobility.

4 Experimental Methods

4.1 Materials

P3HT was purchased from Ossila with a regioregularity of 97.6%,
Mn= 29 kg/mol and PDI= 2.1. PBTTT-C12 was purchased Sigma–
Aldrich with a PDI of 2–3 and Mn = 40–120 kg/mol. PBTTT-C14
was synthesised according to literature [65]. The synthetic route
of P(g3BTTT) was also described previously [66]. P(g32T-T) was
synthesized as previously described [32]. F4TCNQwas purchased
from Ossila and magic blue from Sigma–Aldrich.

4.2 Film Preparation and Doping

Ultra-flat quartz coated substrates (fromOssila) were used for the
long-range conductivity and absorbance measurements, while
films were spin-coated on ITO-coated substrates (from Ossila)
for chronoamperometry measurements. Fused quartz substrates
(from Technical Glass Products) were used for the THz measure-
ments. All substrates were washed by sonicating for 15 min in
a 1% vol. Hellmanex solution, followed by sonication for 5 min
in water, then 10 min in acetone, and finally 15 min in isopropyl
alcohol. The substrates were dried with nitrogen and transferred
to a UV-ozone cleaner (Ossila) for 20 min. Neat polymer films
were spin-coated under inert conditions in the glovebox. For
P(g3BTTT), 9 g/L of the polymer was dissolved in chloroform
and stirred overnight at 45◦C to ensure good dissolution. The
polymer was spin-coated at 2000 rpm. 9 g/L of PBTTT-C14 was
dissolved in 1,2-dichlorobenzene and was stirred for 3 h at 80◦C
and spin-coated at 1000 rpm. 20 g/L PBTTT-C12 was dissolved
in 1,2-dichlorobenzene and stirred for 2 h at 120◦C and then 1
h at 100◦C. Neat films were spin-coated at 1000 rpm and were
annealed at 180◦C for 20 min in the glovebox. For P3HT, a
chlorobenzene solution of 10 g/L was stirred at 70◦C for 2 h.
The films were spin-coated at 1000 rpm. P(g32T-T) was dissolved
in chloroform (5 g/L) and stirred at 45◦C overnight before spin-
coating at 750 rpm. Subsequently, the neat polymer films were
doped in the glovebox via molecular or anion exchange doping,
whereby the films were immersed in an acetonitrile solution of
dopant or a mixture of dopant and TBAPF6, respectively. The
dopant and electrolyte concentrations as well as the immersion
time are listed in Table S1. Finally, the doped films were cleaned
from excess electrolyte by rinsing with acetonitrile and spinning
off the solvent at 4000 rpm.
Advanced Materials, 2026
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.3 Steady-State Absorbance and Film Thickness

he steady-state absorbance spectra were recorded with a
ambda 950 spectrophotometer (Perkin Elmer) equipped with
150 mm integrating sphere (to minimize scattering effects)
r with a Cary 6000i UV—vis–NIR spectrophotometer. For the
(g32T-T) films, the sample chamber of the spectrometer was
urged with nitrogen due to their sensitivity to atmospheric
onditions. The film thickness was measured using a white
ight interferometer (Bruker CountourGT). Measurements were
erformed in phase shifting interferometry (PSI) mode. For
ach film, several measurements were taken at different sample
ositions (at least 3 different locations with 3 measurements
ach). The absorbance spectra were recorded for the undoped
ilms and the same films after doping (Figures S28–S39). The
ilm thickness was also determined before and after doping of
ach film. In some cases, the thickness of the undoped film
as deduced from the absorbance and the absorbance-thickness
alibration curve (Figure S40), to minimize film exposure to air.

.4 Four-Point-Probe Long-Range Conductivity

omeasure the long-range conductivity (σlong), a four-point probe
etup from Ossila was used in air at room temperature. For the
easurement, a current is applied over the outer two electrodes,
nd the voltage drop between the inner electrodes is measured.
he difference in voltage, film dimension and the thickness of
he film is then used to determine the conductivity. For each film,
everal measurements (at least three) in different positions on the
ample were taken.

.5 Spectro-Electrochemistry and
hronoamperometry (Absorbance Cross Sections)

or spectro-electrochemistry, the neat films were spin-coated
nto ITO-coated glass substrates. A film area of 0.3 × 0.4 mm
as delimited with Kapton tape (excess polymer was removed
sing a Q-Tip) and exposed to the electrolyte (degassed 100 mm
BAPF6 in acetonitrile) in a solvent-resistant cell containing
n Ag/AgCl counter-electrode. A PalmSens4 bipotentiostat was
sed to apply voltage steps of 0.1 V over a range of + 0.4 to
1.2 V while recording current transients. Absorbance spectra at
ifferent applied voltages were recorded with two detectors from
cean Optics (visible and near-infrared from 400 to 1700 nm).
or the light source, a HL 2000 lamp (Ocean Optics) was used.
o extract the cross sections for neutral [0], singly charged [1+]
nd doubly charged [2+] species, multivariate curve resolution
MCR) analysis was used to decompose the absorbance data from
he spectro-electrochemistry [20]. This allows to determine the
bsorbance of the separate species at the peak maximum at each
pplied voltage, without spectral overlap with the other species.
he current transients were integrated to yield the injected
harges per voltage step which was then summed up to yield
he total integrated charge density (Figure S3). This was plotted
gainst the absorbance of the charged species, assuming a one-
o-one conversion between the injected current and the induced
harges (Figure S4). The curves were fitted (range depicted by
black line) to get the absorbance cross section of [0] and

1+]. Finally, the absorbance of the [2+] was plotted against the
dvanced Materials, 2026
injected [2+] density, yielding the [2+] absorbance cross section
(Figure S5).

4.6 Charge Densities and Charge Per Thiophene
Unit

The absorbance cross section spectrawere fitted to the absorbance
spectra of the doped polymer films in order to determine the
concentration of the [0], [1+] and [2+] species (as well as
[F4TCNQ−] if needed), Figures S6–S18. The total charge density
([Charge]tot) was calculated by adding the density of singly
charged species ([1+]) to twice that of the doubly charged species
([2+]). To estimate the doping level, we considered the number
of charges per thiophene unit (TU), counting 1 ring per P3HT
monomer, 3 rings per P(g32T-T) monomer and 4 rings for PBTTT-
C12/C14 and P(g3BTTT). A density of 1.1 g/cm3 was reported for
P3HT and PBTTT [58, 67]. For the other polymers, the same
densitywas assumed. The thiophene unit density is the product of
the Avogadro constant (NA ), the polymer density (ρpol, in g/cm3)
and the rings per monomer (NTU), divided by the molar mass
of a repeating unit (MR). The charge per TU was calculated by
dividing [Charge]tot by the TU density, and corrected for the
change in thickness upon doping (ddoped/dundoped), as ρpol refers
to the undoped film and [Charge]tot to the doped film:

𝐶ℎ𝑎𝑟𝑔𝑒∕𝑇𝑈 =
(
[𝐶ℎ𝑎𝑟𝑔𝑒]𝑡𝑜𝑡

)
⋅ 𝑀R ⋅ 𝑑doped

𝑁A ⋅ 𝜌pol ⋅ 𝑁TU ⋅ 𝑑undoped

4.7 THz Spectroscopy in Doped Polymer Films

To determine the short-range conductivity (σshort) of the doped
polymer films at THz frequencies, we used time-domain THz
spectroscopy. A regenerative-amplified Ti:sapphire amplifier
laser system (Coherent Astrella) generated pulses (∼35 fs) with
a center wavelength of 800 nm and an energy of ∼ 6 mJ. Part of
the fundamental beam was focused onto a non-centrosymmetric
2 mm [110] ZnTe generation crystal to generate the THz pulses
of ∼1 ps time duration via second-order non-linear optical
rectification. The THz pulses were then focused onto the sample
via two off-axis parabolic mirrors. For the detection, electro-optic
sampling was used in a second 1 mm [110] ZnTe crystal, where
the THz pulses were overlapped with an 800 nm gate beam. By
changing the time delay between the gate and the THz pulse via a
delay line, the THz waveformwas recorded. The ZnTe generation
crystal, sample and the detector were kept in dry air to exclude
THz absorption by ambient humidity. For the doped films, the
THz electric field transmitted through the substrate and through
the substrate plus film were measured to calculate the complex
THz conductivity spectra [68]. At least three measurements were
taken at different positions.

The Drude-Smith model (DSM) was fit the complex conductivity
spectra (𝜎̃(𝜔)):

𝜎̃ (𝜔) =
𝜀0𝜔

2
P𝜏𝐷𝑆𝑀

(1 − i𝜔𝜏𝐷𝑆𝑀)

[
1 +

𝐶𝐷𝑆𝑀
1 − i𝜔𝜏𝐷𝑆𝑀

]

Here, ε0 is the permittivity in free space, ωP the plasma frequency,
τDSM the scattering time and CDSM the localization parameter. The
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lasma frequency ωP was related to the density of conductive
harge ([Charge]DSM) as follows:

𝜔2P =
[𝐶ℎ𝑎𝑟𝑔𝑒]𝐷𝑆𝑀𝑒

2

𝜀0𝑚∗

ere, m* is the effective mass and e the elemental charge.
he effective THz mobility (µDSM) was calculated by using the
ollowing formula with m* ≈ 1.7 me (electron mass), as used for
3HT and PBTTT before [22, 69]:

𝜇𝐷𝑆𝑀 =
𝑒𝜏𝐷𝑆𝑀
𝑚∗

(1 + 𝐶𝐷𝑆𝑀)

.8 Error Propagation

he uncertainties shown in Table S1 and Table 2 were propagated
see equations below) from the standard deviation of the film
hickness and sheet resistance measured over 5–10 positions on
ach film. The uncertainty on [Charge]tot was estimated to ±20%,
ased on the assumptions in determining the absorbance cross
ections and the fitting errors when decomposing the spectra.
his is largely a systematic error for each polymer, so that trends
f [Charge]tot and µlong within each doped polymer series are
eliable.

ong-range conductivity: 𝜎𝑙𝑜𝑛𝑔 =
1

𝑅S ⋅ 𝑑
, with RS and d denoting

heet resistance and thickness, respectively.

Δ𝜎𝑙𝑜𝑛𝑔 =

√√√√√(
− 1

𝑅2S ⋅ 𝑑

)2

(Δ𝑅S)
2 +

(
− 1

𝑅S ⋅ 𝑑2

)2

(Δ𝑑)
2

ong-range mobility:𝜇𝑙𝑜𝑛𝑔 =
𝜎𝑙𝑜𝑛𝑔

[𝐶ℎ𝑎𝑟𝑔𝑒]𝑡𝑜𝑡 ⋅ 𝑒
, with the conductivity

long, the total density of charges [Charge]tot, and the elementary
harge e = 1.602 ⋅ 10−19 C.

Δ𝜇𝑙𝑜𝑛𝑔

=

√√√√√(
1

[𝐶ℎ𝑎𝑟𝑔𝑒]𝑡𝑜𝑡 ⋅ 𝑒

)2(
Δ𝜎𝑙𝑜𝑛𝑔

)2
+

(
−

𝜎𝑙𝑜𝑛𝑔

[𝐶ℎ𝑎𝑟𝑔𝑒]𝑡𝑜𝑡
2
⋅ 𝑒

)2(
[𝐶ℎ𝑎𝑟𝑔𝑒]𝑡𝑜𝑡

)2

ilm thickness increase: Δd∕d = 𝑑doped− 𝑑undoped

𝑑undoped
, with ddoped and

undoped being the doped and undoped thickness, respectively.

Δd∕d =

√√√√(
1

𝑑neat

)2(
Δ𝑑doped

)2
+
(
−
𝑑doped

𝑑2neat

)2

(Δ𝑑neat)
2

hort-range conductivity: 𝜎short ∼
1

𝑑𝑑𝑜𝑝𝑒𝑑
, approximately, with

mean being the mean value of different spots with a standard
eviation from this value of stdev(σmean).

Δ𝜎short =

√((
−
𝜎mean
𝑑𝑑𝑜𝑝𝑒𝑑

)
⋅ Δ𝑑𝑑𝑜𝑝𝑒𝑑

)2

+ stdev(𝜎mean)
2

2 of 15
Distance resilience = 𝜎long

𝜎short
, with σlong and σshort being the long-

range and short-range conductivity, respectively.

ΔDistance resilience

=

√√√√√(
1

𝜎short

)2(
Δ𝜎long

)2
+

(
−
𝜎long

𝜎2
short

)2

(Δ𝜎short)
2

4.9 Grazing-Incidence Wide-Angle X-Ray
Scattering (GIWAXS) Measurements

Polymer films were prepared on 1.5 cm × 1.5 cm pre-cleaned
Si substrates and doped with the same methods as described
above (see Figures S23–S26 for detailed conditions). The cleaning
was also identical with the exception of plasma-etching for 10
min instead of UV-ozone cleaning. We note that a different
batch of P(g3BTTT) and P(g32T-T) was used than the rest of
the manuscript, which showed similar conductivities and trends.
Ex-situ GIWAXS measurements were conducted at Stanford
Synchrotron Radiation Lightsource (SSRL) Beamline 11–3 using
incidence x-ray energy of 12.7 keV, 250mmdetector distance, 0.12◦
incidence angle in a He-chamber. 90 s of total exposure time was
used. The 2D images were calibrated and analyzed by using Igor
Pro with Nika and GIWAXSTools macros. The 0–89 chi angle
range was used to produce full radial-integrated 1D plots, then
baselinedwith fourth order polynomial functions. Full-integrated
plots were used to calculate (100) peak area, (010) d-spacing and
(010) paracrystalline disorder. The paracrystalline disorder (g),
was calculated using:

𝑔 =

√
Δ𝑞

2𝜋𝑞𝑐
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