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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 effective way to overcome the limitations of molecular 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 ! electrical conductivity for the P(g;BTTT) 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(g;BTTT) 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(g;BTTT) 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.

1 | Introduction the interactions of the polymer with the dopant [3, 4]. Even a

given polymer/dopant system will show different performance
Conjugated polymers are a unique class of materials with  depending on the doping methodology, owing to the particular
promising electronic, electrochemical and optical properties. miscibility of the polymer and dopant [5]. Novel strategies such
Molecular doping (MD) enables conductivities exceeding 10° S as anion exchange doping (AED) can fine-tune those parameters.
cm™!, suitable for flexible and semi-transparent electrodes, as well AED consists in exchanging the ionized p-dopant molecule with
as thermoelectrics [1, 2]. However, many factors influence the the anion of an electrolyte [6]. AED improves the thermal and
conductivity in the doped samples: Amongst others, electrostatic chemical stability of the doped films, increases the charge density
effects, the micro- and mesoscale structure of the thin film, and and can promote charge transport [6-12]. The ability to choose
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from a wide variety of counterions facilitates the optimization of
the polymer/ion affinity and of the film structure, shown to be
critical factors [7]. Varying the electrolyte concentration controls
the exchange efficiency entropically, allowing the use of anions
where the free exchange energy is unfavourable [6, 13]. Finally,
the polymer/counterion composition obtained by AED can be
directly compared to electrochemical doping when using the
same electrolyte [13].

High conductivity in doped polymer films relies on simultane-
ously high charge density and high charge mobility. ‘Overdoping’
is a trade-off between the two effects in the high-doping regime,
where carrier-carrier repulsions and less mobile doubly charges
species impede the transport [14-21]. This motivates us to
explore AED for several thiophene and thienothiophene-based
polymers, bearing either alkyl or oligoether side chains, in
order to identify systems exempt from this limitation. We
expect that alkylated thienothiophene-containing polymers
such as PBTTT (poly(2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-
b]thiophene) outperform alkylated polythiophenes such as P3HT
(poly(3-hexylthiophene)) in terms of charge transport, due to
enhanced backbone planarity, high side chain interdigitation
and tight backbone packing [22-24]. Moreover, we introduce
oligoether side chains in P(g;2T-T) (poly[5,5'-(3,3-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)-2,2’-bithiophene)-alt-2,5-thioph-
ene]) and P(g;BTTT) (poly[4,4’-bis(2-(2-(2-methoxyethoxy)eth-
oxy)ethoxy)-(2,2’-bithiophen)-5,5’-diyl]-alt-[thieno[3,2-b]thioph-
ene-2,5-diyl]). We have shown previously that replacing the
alkyl side chains of P3HT with oligoether chains significantly
enhances the conductivity in molecularly doped films [25]. This
was related to improved processability, as well has to higher film
polarity to screen Coulomb interactions. Additionally, we expect
that the oligoether side chains enhance the polymer/counterion
miscibility (especially upon AED), with a positive effect on
the achievable charge density, film structure und ultimately
resistance to overdoping [26]. With this strategy, we find
extraordinarily high conductivities of over 2000 S cm™ when
P(g;BTTT) is doped with AED. To explain the origin of this
high conductivity and to formulate transferable guidelines for
designing next-generation doped polymers, the high-doping
regime is explored in detail, combining spectroscopic and
structural characterization with long-range (four-point-probe)
and short-range (terahertz) conductivity measurements.

2 | Results and Discussion

2.1 | Optimized Long-Range Conductivities of
Doped Films

To delineate the impact of the backbone and side chains, we
compare five polymers with thiophene (P3HT, P(g;2T-T)) or
thienothiophene-based (PBTTT-C,,, PBTTT-C,, P(g;BTTT))
backbones, each carrying either alkyl or oligoether side chains
(Figure 1a). According to reported ionization potentials, the
polymers with oligoether side chains are more readily oxidized
(Figure 1b) [27]. The dopants used are F,TCNQ (2,3,5,6-
tetrafluoro-tetracyanoquinodimethane) and magic blue (MB,
tris(4-bromophenyl)ammoniumyl hexachloroantimonate)
(Figure 1b) [4, 28]. Compared to F,TCNQ, MB is a stronger
oxidant, has a larger anion size, and tends to localize in more

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 TBAPF,) are dissolved
in the same acetonitrile solution. The molecular dopant first
oxidizes the polymer, then the resulting reduced dopant ions are
exchanged with the PF¢~ 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 (0j,,,) 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(g,BTTT) achieves the highest conductivity of 2100 S cm™ when
using AED with MB (0.6 mM) and TBAPF; (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(g,2T-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(g;BTTT) 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 F,TCNQ 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 TBAPF,, the
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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(g;2T-T) [32], P(gsBTTT) [27], P3HT [33, 34] and
PBTTT-Cy, [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.

ionized F,TCNQ peaks disappear, indicating successful anion
exchange.

The spectral signatures of the neutral and charged species are
quantified using spectro-electrochemistry (Figure 2b). We use
the same electrolyte (TBAPF, in acetonitrile) as used in AED
to ensure comparable doping conditions. A gradual evolution
toward the more oxidized species is seen with increasing oxi-
dation voltage and related to the amount of injected charge
from chronoamperometry (Figures S3 and S4). The analysis
yields the individual spectral signatures of the [0], [1+] and [2+]
species and their absorbance cross sections (Figure 2c) [20]. The

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],,; = [1+] + 2X [2+]. The mobility
(Miong) is then deduced according to: Wops = Ojone/e[Chargel];y,
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
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TABLE 1 | Longrange conductivities (Glong) 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];,,) 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 (uopng) is obtained by

dividing the conductivity by the total charge density. The relative change in film thickness (Ad/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, Ad/d and

[Charge]y.
Olong  (Charge), Miong [0] [1+] [2+] Ad/d
(Scm™) 102 cm™3) (cm?V1s™) (10 cm~3) (10*° cm~3®) (10°°cm™3) [2+]:[1+] (%) Charge/TU
P3HT
F,TCNQ MD 6 0.3 0.2 0.82 2.18 0.15 0.07:1 50 0.09
F,TCNQ 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(g;2T-T)
F,TCNQ MD 279 1.1 1.7 — 6.28 2.14 0.34:1 55 0.52
F,TCNQ 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-C,,
F,TCNQ MD 48 0.2 1.2 1.50 2.33 0.06 0.02:1 -1 0.06
F,TCNQ 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(g,BTTT)
F,TCNQ MD 717 1.5 3.0 — 8.79 3.15 0.36:1 61 0.60
F,TCNQ 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

of the order of 10*-10?' cm™ in all polymers (Table 1; Table
S1). This surprisingly high doping regime has been confirmed
in other doped polymers probed by a variety of techniques [41,
44, 52, 53]. Comparison of the different doped P(g;BTTT) films
highlights that both an increase in charge density and in the
mobility lead to the impressive conductivity achieved with this
polymer in optimized conditions (Figure 2d).

2.3 | Parameters Affecting the Conductivity and
Charge Mobility

We start by comparing the effect of the two dopants on the
interplay of charge density and mobility with MD doping. For
P3HT and PBTTT-Cyy4, F,TCNQ does not lead to complete
doping and a significant density of neutral sites remains (Table 1;
Table S1). In agreement with previous reports, the doping level
cannot be thermally activated (Figure S19) [54]. It is limited by
the small offset between the electron affinity of F,TCNQ and the
ionization potential of the polymer (Figure 1b). The lower charge
density achieved with F,TCNQ leads to lower conductivity and

the mobility is also significantly reduced compared to doping with
MB (Table 1). As we have shown previously for P3HT:F,TCNQ
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 F,TCNQ. 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 F,TCNQ,
but the gain is marginal for P(g;2T-T).

Second, we investigate the impact of AED on the conductivity.
Although the dopant anion is entirely replaced by PF;~, the
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FIGURE 2 | (a) Absorbance spectra of P(g;BTTT) films doped with F,TCNQ or MB using molecular doping (MD) or anion-exchange doping
(AED) with TBAPFg/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(g;BTTT) film in TBAPFg/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(gz BTTT) films. (e) Relative thickness change (dA/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).

trends between F,TCNQ and MB are carried on to the AED
samples (Table 1; Table S1). For example, there is incomplete
doping with F,TCNQ/AED for the polymers with alkyl side
chains, and the charge density is generally higher with MB/AED
than F,TCNQ/AED. Moreover, the charge density systematically
increases with AED compared to MD. However, this is not related
to a higher doping level, but rather to the doped films being
thinner with AED, as illustrated in Figure 2e for P(g;BTTT).
Measuring the dry film thickness before and after doping with
this polymer reveals that the thickness increases by 60%-80% with
MD (independently of the dopant), but only by 0%-20% with AED
(Table 1). The film with the highest conductivity of 2100 S cm™
has the same thickness as the undoped film, suggesting excellent
miscibility of PF,~ with the polymer and likely leading to minimal
structural disruption. P(g;2T-T) shows the same behaviour, as

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/cm? 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(g;BTTT) films show a significant redistribution between
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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

conductivity was corrected for the change in film thickness upon doping to discard any thickness effects (with minimal 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-C;, and another P3HT batch are shown in Figure S20.

the [1+] and [2+] species depending on the doping conditions
(Figure 2a). Using MB rather than F,TCNQ for MD doping
increases the [2+]/[1+] ratio (Figure 2f). This is related to the
higher oxidation strength of MB and its preferential location in
disordered film regions, where the formation of [2+] is favoured
[20]. AED further increases the density of [2+] species compared
to the corresponding MD-doped films. The higher [2+]/[1+] ratio
with MB and AED doping is observed in all polymers (Table 1;
Table S1). However, the impact on the conductivity is not the
same. For P(g;BTTT), the sample with the record conductivity
of 2100 S cm™ has the highest [2+]/[1+] ratio (Figure 2f).
Surprisingly, both the conductivity and the mobility of doped
P(g;BTTT) keep increasing with the [2+]:[1+] ratio (Figure 3a,b).
In contrast, the other polymers reach a much lower [2+] level
and show an increase followed by a drop of the conductivity
when [2+]:[1+] >1 (Figure 3a). This known overdoping effect is
related to a decrease in mobility at high [2+] densities (Figure 3b),
caused by inferior transport and/or enhanced disorder when [2+]
species predominate [17-21]. It explains why P(g;2T-T) doped
with F,TCNQ performs similarly or better than with MB, where
the high [2+] density overdopes the film (Table 1). The small
scatter in the plots of Figure 3a, in spite of largely different doping
conditions between the points, highlights the [2+]:[1+] ratio as a
primary factor in determining the conductivity [18, 37], overriding
electrostatic and structural trends due to the counterion (Table
S1). Thus, the resistance of P(g;BTTT) to strong doping conditions
and high [2+] levels sets this polymer apart and explains its
exceptional performance.

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

(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-C,,) reach much lower loping
levels. Only PBTTT-C,, 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(g;2T-
T), P(g;BTTT)) 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(g;BTTT) outperforms P(g;2T-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 (og,.;). We have recently reported
the concept of ‘distance resilience’ (= 0jong/Osnor) to define how
much of the nanometre conductivity is maintained when going
to millimetre 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 oy, and ogjon,
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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-Cy,, P(g32T-T) and P(gzBTTT) doped to the highest level using either molecular doping (MD) or anion-exchange doping (AED), with magic
blue dopant (except for P(g;2T-T), where F,TCNQ 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(gzBTTT) films doped with F,TCNQ or MB using MD or AED with TBAPF4/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.

values for the highly doped samples confirm the measured four-
point-probe conductivities and highlight that no loss in charge
transport occurs over several orders of magnitude in distance.
This contrasts with previous reports at lower doping levels, where
the conductivity and THz hole mobility in conjugated polymers
is significantly higher than the long-range one [59]. Our results
show that a high-doping regime is reached, where the transport
does not suffer from structural or energetic traps that disrupt
conductive pathways over longer distances, such as disorder,
domain/grain boundaries or Coulomb binding to the anion.

The degree of charge ‘localization’ caused by those effects reflects
in the shape of the THz conductivity spectra, namely in the extent
of the negative imaginary part and the slope of the real part,
as we have demonstrated by kinetic Monte Carlo simulations

[25]. To compare the complex conductivity spectra, their real
part is normalized, and the imaginary part is scaled accordingly.
For all doped P(g;BTTT) 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
polymers with 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,
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TABLE 2 | Long-range conductivities (Glong) from four-point-probe measurements and short-range conductivities (0gnort) 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 gjone/Tgnort- The total charge density ([Charge]y) is from
the absorbance spectra as explained before. The same values ([Charge]pgy) 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 (tpgy) and the localization
parameter (Cpgy). The effective THz mobility (upgy) is deduced from 7pgy and Cpgy and compared to the long-range mobility (Lyong)- Table S2 shows
the short- and long- range conductivities with the experimental uncertainty.

c'long Oshort o-long/ (Charge)tot (Charge)DSM Tpsm “long HMpsm
Sem™?) (Sem™) oo (10 cm™3) (102 cm3)  (fs) Cpgy (cm?2V1ls™1) (cm?V-ls?)

P3HT

MB MD 135 154 0.88 0.9 0.9 81 —-0.87 1.0 11
MB AED 153 181 0.85 0.9 0.9 7.0 -0.83 1.0 1.2
P(g;2T-T)

F,TCNQ MD 223 228 0.98 0.8 0.8 8.2 —-0.80 1.7 1.7
F,TCNQ 638 610 1.05 1.7 1.7 83 -0.74 2.3 2.2
AED

MB MD (overdoped) 107 191 0.56 1.2 1.2 75 -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-C,,

MB MD 540 588 0.92 0.6 0.6 19.0 -0.68 54 6.2
MB AED 584 578 1.01 0.9 0.9 10.8 —0.65 4.1 4.0
P(g;BTTT)

F,TCNQ MD 717 684 1.05 1.5 1.5 1.3 -0.76 3.0 2.8
F,TCNQ AED 1230 1280 0.96 2.2 2.2 125 -0.72 3.6 3.6
MB MD 1150 1150 1.00 1.6 1.6 155 -0.75 4.5 4.0
MB AED 1810 1794 1.01 2.7 2.7 1.8 —-0.67 4.1 4.1
(100 mM)

MB AED 2110 1950 1.08 2.8 2.8 11.9 -0.66 4.7 4.2
(25 mM)

we found Im/Re = 1.3 for a P3HT:F, TCNQ film with lower doping
level, low conductivity (0.2 S cm™) and distance resilience of only
4% [25].

Analysis of the THz spectra with the phenomenological Drude-
Smith model (DSM) further quantifies the transport. This extracts
the density of conductive charges ([Charge]ngy), the scattering
time (tpgy, representative of ballistic transport in fully conjugated
chain segments) and the localization parameter (Cpgy, encom-
passing the structural and energetic effects discussed above).
Importantly, we are always able to fix [Charge]ygy to the value of
[Charge],,; obtained from the absorbance spectra, showing that
all generated charges are simultaneously conductive (Table 2). In
polymer films with a lower doping level, only a fraction of charges
(5%-20%) contributes to the charge transport [18, 56]. We find
that Tpgy is higher and Cpgy, smaller (i.e. less negative) for the
more planar polymers with thienothiophene-based backbones,
pointing to more delocalized transport (Table 2). This is further
supported by temperature-dependent THz conductivity mea-
surements for the four highly conductive polymers doped with
MB/AED (Figure S22). The conductivity at low temperatures (%15
K) is non-zero, evidencing that both hopping-like and metallic-
like transport take place. Importantly, we find that the doped

thienothiophene-based polymers, which also have a smaller Cyqy,
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 Cy,,, with particularly clear
trends in the doped P(g;BTTT) films (Figure 4d and Table 2). For
P(g;2T-T) doped with MB (both MD and AED), the films used for
THz spectroscopy were 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
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peak width for all samples.

x-ray scattering (GIWAXS) data indicate that all polymers have
the expected edge-on orientation [27, 60, 61], except for P(g;2T-
T) [32, 62], which shows a mixture of edge-on and face-on
conformations (see raw 2D diffraction plots in Figures S23-S26).
In the thickness-normalized radial integrations, all samples show
a series of diffraction peaks labeled (h00) at low angle, that
correspond to the lamellar spacing, and a single peak at higher
angle, labeled (010), that corresponds to the 7z-stacking distance
(Figure 5a-d). The undoped polymers with alkyl side chains show
higher (100) scattering intensity than their oligoether counter-
parts (Figure S27), pointing to higher crystallinity related to better
side chain ordering. Upon doping with MB or MB/AED, the
lamellar peaks shift to lower q values in all polymers, indicating a

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 z-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 SbCl;~ anion is better able to fit into the PBTTT-family
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crystals. AED on the contrary, decreases g for all polymers and
increases the (100) peak amplitude compared to the undoped
case, indicating an improved structural order due to a crys-
tallization process during AED doping with PF,~ anion. The
(010) peaks of the doped thienothiophene-based polymers show
lower g than their thiophene counterparts, suggesting a more
conformationally rigid backbone and agreeing with the higher
charge mobility in doped P(g;BTTT) compared to P(g;2T-T)
(Figure 4b). PBTTT-C,, shows overall higher crystallinity and
ordering than the other polymers, but both the structure and
mobility slightly deteriorate with MB/AED, possibly linked to
the onset of overdoping (Figures 3 and 5; Figure S27). Although
P(g;BTTT) reaches over twice the doping level of PBTTT-C,,, both
doping methods (MB and MB/AED) lead to structural improve-
ments with respect to the undoped polymer. We thus evidence
that P(g;BTTT) is also structurally resistant to overdoping effects
at high charge densities and [2+]:[1+] ratios.

3 | Conclusion

In summary, we demonstrate here the effectiveness of anion-
exchange doping for polymers bearing oligoether side chains and
report >2000 S cm™! conductivity for P(g,BTTT). We investigate
thiophene and thienothiophene-based polymers in the high-
doping regime, where transport involves delocalized charges,
carrier-screening effects dominate so that all generated charges
participate to the transport, and the mobility is resilient over
nanometer to micrometer length scales. In this regime, we
recognize the [2+]:[1+] ratio as the key factor determining the
conductivity of a given polymer, even overriding electrostatic and
structural trends due to the precise nature of the counterion.
We identify ‘overdoping’ as a critical limitation to reach high
conductivities in chemically doped polymers. At high doping
levels and even more if the density of [2+] doubly charged
species is high, overdoping can severely limit the conductivity
of doped conjugated polymers and imposes a trade-off between
high charge density and high mobility. Interestingly, P(g;BTTT)
is largely exempt from this effect.

We show that a stronger molecular dopant (magic blue) increases
the doping level and concentration of [2+] species compared to
the weaker dopant F,TCNQ. Careful optimization of the dopant
concentration and immersion time is necessary to maximize
the charge density without reaching the overdoping regime for
P3HT, P(g;2T-T) and PBTTT-C,;;4. The doping level (charge per
thiophene unit) is pre-determined by the molecular dopant and
does not increase with anion exchange. However, especially with
oligoether side chains, the anion-exchange films have a similar
thickness as the undoped films while the molecular-doped films
are much thicker. This concentrates the charges in a smaller
volume (higher charge density) and is structurally favourable as
seen by an increase in the mobility and charge delocalization
(probed by THz spectroscopy). Moreover, the anion-exchange
tends to re-distribute the charges toward a higher [2+]:[1+] ratio,
which benefits the conductivity until a ratio of ~ 1 is reached,
but then causes a severe drop. Only P(g;BTTT) is resistant to
overdoping, although the oligoether side chains allow much
higher doping levels. Even a high excess of [2+] species keeps
boosting the charge mobility, which is already intrinsically high
due to the planar thienothiophene-bithiophene backbone. Merely

when the charge density per thiophene unit approaches1, carrier-
carrier interactions cause a slight decrease in the mobility, 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(g;BTTT). 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(g;BTTT) improves
with respect to the undoped polymer, even in the very high doping
regime. The exceptional performance of doped P(g;BTTT) 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-C,, was purchased Sigma-
Aldrich with a PDI of 2-3 and Mn = 40-120 kg/mol. PBTTT-C,,
was synthesised according to literature [65]. The synthetic route
of P(g;BTTT) was also described previously [66]. P(g;2T-T) was
synthesized as previously described [32]. F,TCNQ was purchased
from Ossila and magic blue from Sigma-Aldrich.

4.2 | Film Preparation and Doping

Ultra-flat quartz coated substrates (from Ossila) 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(g;BTTT), 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-C,, 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-C,, 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(g;2T-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 TBAPF;, 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.
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4.3 | Steady-State Absorbance and Film Thickness

The steady-state absorbance spectra were recorded with a
Lambda 950 spectrophotometer (Perkin Elmer) equipped with
a 150 mm integrating sphere (to minimize scattering effects)
or with a Cary 6000i UV—vis-NIR spectrophotometer. For the
P(g;2T-T) films, the sample chamber of the spectrometer was
purged with nitrogen due to their sensitivity to atmospheric
conditions. The film thickness was measured using a white
light interferometer (Bruker CountourGT). Measurements were
performed in phase shifting interferometry (PSI) mode. For
each film, several measurements were taken at different sample
positions (at least 3 different locations with 3 measurements
each). The absorbance spectra were recorded for the undoped
films and the same films after doping (Figures S28-S39). The
film thickness was also determined before and after doping of
each film. In some cases, the thickness of the undoped film
was deduced from the absorbance and the absorbance-thickness
calibration curve (Figure S40), to minimize film exposure to air.

4.4 | Four-Point-Probe Long-Range Conductivity

To measure the long-range conductivity (g,,,), a four-point probe
setup from Ossila was used in air at room temperature. For the
measurement, a current is applied over the outer two electrodes,
and the voltage drop between the inner electrodes is measured.
The difference in voltage, film dimension and the thickness of
the film is then used to determine the conductivity. For each film,
several measurements (at least three) in different positions on the
sample were taken.

4.5 | Spectro-Electrochemistry and
Chronoamperometry (Absorbance Cross Sections)

For spectro-electrochemistry, the neat films were spin-coated
onto ITO-coated glass substrates. A film area of 0.3 X 0.4 mm
was delimited with Kapton tape (excess polymer was removed
using a Q-Tip) and exposed to the electrolyte (degassed 100 mMm
TBAPF, in acetonitrile) in a solvent-resistant cell containing
an Ag/AgCl counter-electrode. A PalmSens4 bipotentiostat was
used 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
different applied voltages were recorded with two detectors from
Ocean Optics (visible and near-infrared from 400 to 1700 nm).
For the light source, a HL 2000 lamp (Ocean Optics) was used.
To extract the cross sections for neutral [0], singly charged [1+]
and doubly charged [2+] species, multivariate curve resolution
(MCR) analysis was used to decompose the absorbance data from
the spectro-electrochemistry [20]. This allows to determine the
absorbance of the separate species at the peak maximum at each
applied voltage, without spectral overlap with the other species.
The current transients were integrated to yield the injected
charges per voltage step which was then summed up to yield
the total integrated charge density (Figure S3). This was plotted
against the absorbance of the charged species, assuming a one-
to-one conversion between the injected current and the induced
charges (Figure S4). The curves were fitted (range depicted by
a black line) to get the absorbance cross section of [0] and
[1+]. Finally, the absorbance of the [2+] was plotted against the

injected [2+] density, yielding the [2+] absorbance cross section
(Figure S5).

4.6 | Charge Densities and Charge Per Thiophene
Unit

The absorbance cross section spectra were fitted to the absorbance
spectra of the doped polymer films in order to determine the
concentration of the [0], [14+] and [2+] species (as well as
[FATCNQ™] if needed), Figures S6-S18. The total charge density
([Charge],,,) 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(g;2T-T) monomer and 4 rings for PBTTT-
C,/Cy, and P(g;BTTT). A density of 1.1 g/cm?® was reported for
P3HT and PBTTT [58, 67]. For the other polymers, the same
density was assumed. The thiophene unit density is the product of
the Avogadro constant (N, ), the polymer density (o, in g/cm?)
and the rings per monomer (Nyy), divided by the molar mass
of a repeating unit (My). The charge per TU was calculated by
dividing [Charge],,, by the TU density, and corrected for the
change in thickness upon doping (dyopea/dundoped)s a8 Ppor Tefers
to the undoped film and [Charge],,, to the doped film:

([Charge]ml) . MR . ddoped
NA * Ppol NTU : dundoped

Charge/TU =

4.7 | THz Spectroscopy in Doped Polymer Films

To determine the short-range conductivity (og,) 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 waveform was 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 (6(w)):

N EOCUIZ:TDSM Cpsm ]
G (w)=

(1 —iwtpgy) 1 —iwTpey

Here, ¢, is the permittivity in free space, wp the plasma frequency,
Tpey the scattering time and C)yg,, the localization parameter. The
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plasma frequency wp, was related to the density of conductive
charge ([Charge]pgy) as follows:

o= [Charge] g€
P Eom*

Here, m* is the effective mass and e the elemental charge.
The effective THz mobility (upg),) Was calculated by using the
following formula with m* ~ 1.7 m, (electron mass), as used for
P3HT and PBTTT before [22, 69]:

et
Hpsm = n:;iM (1 + Cpsur)
4.8 | Error Propagation

The uncertainties shown in Table S1 and Table 2 were propagated
(see equations below) from the standard deviation of the film
thickness and sheet resistance measured over 5-10 positions on
each film. The uncertainty on [Charge],,; was estimated to +20%,
based on the assumptions in determining the absorbance cross
sections and the fitting errors when decomposing the spectra.
This is largely a systematic error for each polymer, so that trends
of [Charge],, and p,,, within each doped polymer series are
reliable.

Long-range conductivity: g;y,, = ﬁ , with Rg and d denoting
s -
sheet resistance and thickness, respectively.

2 2

1 1
Ao'long = <_2—d> (ARS)Z + (—m) (Ad)z
S

Tlong

Long-range mobility:;,,, = , with the conductivity

[Charge],,, - e
Olong» the total density of charges [Charge],,, and the elementary
chargee = 1.602 - 107 C.

A/"long

2

2
1 2 Olong 2
- - A - Te
([Charge]m . e> (Along) +< [Charge], ” - e) (IChargel,,)
0

. . . daoped— .
Film thickness increase: Ad/d = M , With dyopeq and
undoped

dndoped being the doped and undoped thickness, respectively.

2

2
1 2 ddo ed
Ad/d . <d > (Addoped) + <_ dzp > (Adnem)2

neat neat

Short-range conductivity: o , approximately, with

ddoped
Omean Deing the mean value of different spots with a standard

deviation from this value of stdev(o,,c,,)-

2
g, 2
AC g = \/< <_ﬁ) ’ Addoped) + stdev(omean)
ope

Tlong

Distance resilience = , With 0, and o, being the long-

Oshort

range and short-range conductivity, respectively.

ADistance resilience

2 2
1 2 Olong 2
= ( o ) (Aalong ) +{ - 2 (Aashort)
short g, short

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

Polymer films were prepared on 1.5 cm X 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(g;BTTT) and P(g;2T-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, 250 mm detector 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
baselined with 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:

Ag
27rq,

oQ
Il
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