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Polymers Across a Wide Range of Conductivities
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Lang Jiang, Frank C. Spano, lain McCulloch, and Henning Sirringhaus*

1. Introduction

Conducting polymers are of interest for a broad range of applications from
bioelectronics to thermoelectrics. The factors that govern their complex
charge transport physics include the structural disorder present in these
highly doped polymer films and the Coulombic interactions between the
electronic charge carriers and the dopant counterions. Previous studies have
shown that at low doping levels carriers are strongly trapped in the vicinity of
the counterions, while at high doping levels charge transport is not limited
by Coulombic trapping, which manifests itself in the conductivity being
independent of the size of the dopant counterion. Here a recently developed
ion exchange doping method is used to investigate the ion size dependence
of a semicrystalline polythiophene-based model system across a wide range
of conductivities. It is found that the regime in which the charge and ther-
moelectric transport is not or only weakly dependent on ion size, extends to
surprisingly low conductivities. This surprising observation is explained by

a heterogeneous doping that involves doping of the amorphous domains

to high doping levels first before doping of the ordered, crystalline domains
occurs. The study provides new insights into how the thermoelectric physics

Polymer-based organic thermoelectric
materials (OTEs) show great promise for
the development of flexible thermoelec-
tric and wearable/portable smart devices
with energy harvesting, thermoregula-
tion, and temperature sensing capabili-
tiesl!l due to their intrinsic merits of low
cost, light weight, mechanical robustness
and flexibility, ease of synthesis, tailoring
of material properties and environmental
friendliness.?l Hence, the last decade
has witnessed intense efforts devoted to
pushing up the thermoelectric (TE) per-
formances of OTEs and power factors
(PF) to 2710 uW m~! K2 and figure of
merit (ZT) of =0.5.) However, such excep-
tional thermoelectric performance still
lags behind inorganic materials, such as
SnSe single crystals with a record ZT of

of conducting polymers evolves as a function of doping level.

=2.7,°) and have been achieved primarily
in Poly(3,4-ethylenedioxythiophene)
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(PEDOT)-based systems.>*®l In organic systems, the lack of
thorough understanding of charge and entropy transport mech-
anisms as well as structure—property relationships impede the
development of molecular design guidelines for the optimiza-
tion of TE performance.”!

Conducting polymers are doped to improve the conduc-
tivity (0),®! which is particularly important for improving

S’c

their power factor PF = S? ¢ and figure of merit ZT = T,
where « is the thermal conductivity. The Seebeck coefficient S
tends to decrease when carrier concentration and conductivity
increase.l”! Therefore, it is crucial to find an optimum doping
level at which the PF is maximized. Many doped polymers,
except some PEDOT-based systems,['% have never reached their
peak PFs,M but recently developed ion exchangel'? and electro-
lyte gating doping methods!™! allow pushing the doping concen-
tration in conducting polymers to =10?! cm~ with around one
charge per monomer.™ At such high doping concentrations,
the charge and thermoelectric transport shows distinctively dif-
ferent mechanisms, which could be quasimetallic,*" semi-
metallic," or even show changes in the polarity of the charge
carriers!"”] depending on the polymer-dopant systems.

For poly(2,5 bis(3-alkylthiophene-2-yl)thieno[3,2-b]thiophene)
(PBTTT) a high PF value of 2000 uW m! K28 has recently
been reported. Although such a high thermoelectric perfor-
mance has so far not been possible to reproduce,® PBTTT is
an interesting model system for understanding thermoelec-
tric transport physics.'31>21820] Its performance is comparable
to the widely studied PEDOT-based systems,*® but PBTTT
is a semicrystalline solvated polymer with a simpler, single-
component microstructure compared to PEDOT and offers
the capability of modulating charge carriers in a wide range in
an accumulation mode via either electrostatic or electrochem-
ical gating.'®2! What makes PBTTT a particularly powerful
model system is that it exhibits only relatively minor degrada-
tion in crystallinity upon doping. Even at high doping levels
approaching the density of repeat unit PBTTT remains highly
crystalline when doped with a variety of different ions.*"!

At a low charge concentration of 10810 cm=3, the Seebeck
coefficient of PBTTT measured in field-effect gated structures,
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i.e., without counterions, could be described by a narrow band
polaron model in a low disorder limit.?2l Via conventional
molecular doping, the charge density could be increased to
> 1020 ¢cm™ and the emergence of 2D coherent charge trans-
port could be observed,?}l where S versus o follows a power
law dependence of o /41?3l Quasimetallic charge transport
featuring a partial negative temperature dependence of conduc-
tivity, finite conductivity upon extrapolation to 0 Kelvin, Pauli
magnetic susceptibility, and negative magnetoconductance has
also been observed at even higher doping levels approaching
=102 ¢cm—3.121314b152 The PF peaks around the onset of such
a “metallic” state beyond which the power law relationship
between S and o can be expressed as S o< o71.[1315%

An important question is whether these transport properties
are dependent on the choice and size of the dopant counterion,
which determines the electrostatic disorder experienced by
the electronic charge carriers on the polymer chains. The ion
sizes are usually described by the smallest principal moment
of the ionic gyration tensor A,, which measures the shortest
approach distance to the ionic center of mass and is inversely
related to the strength of Coulomb interaction between coun-
terions, as detailed previously.'*] Large ions with large A, are
expected to generate weaker electrostatic disorder than small
ions with small 4,, as the electronic charges tend to be fur-
ther away from the center of the ions. Because C14-PBTTT
(Poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene])
retains its crystallinity when dopant ions of different size are
incorporated into the interdigitated side chains regions of the
polymer microstructure, it is an ideal system to investigate
such ion size effects without the need to account for large
changes in microstructure when varying the ion size."" At
low doping concentration < 10-10" cm it is widely accepted
that the formation of free carriers and their charge transport
is limited by the strong Coulomb interaction between the car-
riers and the dopant counterions, and therefore that the trans-
port properties should depend strongly on ion size and shape,
i.e., on how closely the charge carriers are able to approach the
ions.?¥ At high doping levels > 10 cm™ on the other hand,
recent studies have shown that ion size and counterion-induced
Coulomb interactions have a negligible effect on the electrical
conductivity®! and mobility,?>! respectively, as in this regime
carriers are sufficiently delocalized to average effectively over
the Coulomb potentials generated by the counterions. However,
what is currently not well understood is the effect of ion size
on the thermoelectric properties in the intermediate doping
regime. In particular, it is not clear at which levels of doping
and conductivity the regime, in which the transport properties
are found to be independent of ion size, sets in.

We can estimate this doping level from the Mott criterion
Ng'*Rgop = 0.2 where Ny is the dopant density and Ry, is the
dopant-polaron separation distance. This predicts that at an
intermediate doping level Ny = 10% cm™ for a typical Ry, of
0.4 nm, we should start to see the onset of ionic size effects.
In C14-PBTTT:TFSI conductivities around 1000 S cm™ can be
achieved for the highest doping levels around 10! cm=. This
implies that we might reasonably expect to see the onset of ion
size effects around 100 S cm™, assuming mobility is relatively
doping level independent at high carrier density. It is impor-
tant to investigate whether this is indeed the case. Such an
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intermediate doping regime is generally highly relevant for ther-
moelectric polymer as it supports higher Seebeck coefficients
than what is achievable at the highest doping concentrations.

Herein, we use the recently developed ion exchange doping
method'>* to investigate the thermoelectric properties of
CI14-PBTTT as a function of size of the counterion across a
broad range of doping concentrations/conductivities. We use
three chemically homologous, closed-shell anions of different
size, tris(trifluoromethylsulfonyl)methide anion (TFSM"), the
largest anion of the series, bis(trifluoromethylsulfonyl)imide
anion (TFSI") of intermediate size as well as trifluorometh-
anesulfonate (TFO7), the smallest anion in the series. We vary
their concentrations to achieve conductivities ranging from
107! to 10* S cm™. We combine spectroscopic characterization
by ultraviolet-visible (UV-vis) absorption spectroscopy and
Fourier transform infrared spectroscopy (FT-IR), microstruc-
tural characterization by grazing incidence wide-angle X-ray
scattering (GIWAXS) with measurements of the Seebeck-con-
ductivity (S-o) relationship and the temperature dependence
of Seebeck coefficient (S) and conductivity (0). We analyze
the thermoelectric transport data using the Kang-Snyder
model™ and aim to understand better the relationship between
microstructure, transport mechanism, and the counterion size
dependence of thermoelectric performance, with a focus on the
intermediate doping regime. We find that the regime in which
conductivity is independent of ion size extends far beyond the
expected onset around 100 S cm™! down to conductivities as low
as 0.1-1 S cm™ and we identify the physical mechanism for this
surprising observation.

2. Results and Discussion

2.1. Efficient Doping of C14-PBTTT via lon Exchange

Ion exchange doping has been proven to be a powerful tool to
tune the charge concentration of conducting polymers across
a broad range up to the degenerate limit and to provide great
ease and flexibility in the choice of counterions for investiga-
tion of the ion size effects on the transport properties.*>2% Ton
exchange doping is closely related to electrochemical doping
but does not require the presence of electrodes, making it more
suitable for device fabrication. The process involves three stages
(see Figure 1a): 1) Charge transfer from the polymer (PBTTT) to
an oxidizing agent at the interface between the polymer film
and the dopant solution, creating a positive polaron. Here we
use Fe* obtained from the disproportionation of FeCl; to Fe*
and FeCl, in acetonitrile as oxidizing agent. 2) Ion exchange
of the dopant anion (FeCl,") with the anion of an ionic liquid
in the dopant solution (in our case TFSM™, TESI~, TFO™). This
process is driven entropically by a large concentration differ-
ence between the dopant ions and the ionic liquid anions in
the dopant solution. 3) The ionic liquid anion and the positive
polaron on the polymer induced in step (1) diffuse into the
bulk of the polymer film. Compared to conventional molecular
doping, ion exchange doping offers the advantage that require-
ments for inducing the initial electron transfer and the incor-
poration of the charge stabilizing counterions can be separated
and that the counterion can be selected from a broad range
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of stable, closed-shell anions as opposed to a narrow range of
unstable radicals. For a detailed discussion of the ion exchange
doping method, we refer to the work by Watanabe et al.'? and
Jacobs et al.(*

To evaluate the extent of doping in PBTTT films by the
three ionic liquids selected we performed UV-vis absorption
spectroscopy (Figure 1b—d). Experimental details of the device
fabrication for these measurements as well as for the thermo-
electric characterization discussed below can be found in the
Supporting Information Sections 1-3. The UV-vis spectra show
similar changes throughout the doping levels for the three
systems studied here. The neutral absorption peak of PBTTT
centered around 560 nm (2.2 eV) becomes bleached, and the
sub-band absorption peak around 860 nm (1.4 eV) due to the P2
polaron band?®! rises with increasing exposure time and con-
centration, respectively, of the doping solution. Interestingly,
the P2 polaron peak reaches a maximum at some intermediate
doping level (e.g., PBTTT-TFSI~ and PBTTT-TFSM™ prepared
with the exposure time of 10 and 20 s, respectively) before
decreasing slightly at longer exposure times. Such a decrease
in the intensity of the P2 peak as we approach maximum
doping could originate either from the bipolaron formation,*’]
a reduction of the oscillator strength of the P2 band reflecting
increased charge delocalization,?®! or perhaps a combination of
these two effects.?’l The question of polaron delocalization will
be discussed in more detail in Section 2.6 below.

Figure le-g shows how the corresponding conductivity for
PBTTT-TFO~, PBTTT-TFSI", and PBTTT-TFSM~ doped films,
respectively, evolve with exposure time and doping concentra-
tion, respectively. We observe a sharp increase of conductivity
as the doping level rises before it reaches a plateau in the high
doping region. In all three systems the maximum conductivi-
ties (=10° S cm™) achieved here approach values for disordered
inorganic metals.%!

2.2. Microstructural Evolution as a Function of the Anion Size

Doping is expected to introduce a perturbation of the micro-
structure and could thus affect the charge transport in addition
to the effects of counterion-induced Coulomb interactions.’3!
Therefore, it is crucial to monitor the microstructural evolu-
tion before and after doping. Here, GIWAXS is employed to
characterize the effects of doping on the crystallinity in the ion-
exchange doped PBTTT films with the three different counter
anions. The calculated A, for TFO~, TFSI", and TFSM™ are
0.83,0.89, and 1.21 A,

Figure 2a shows a representative GIWAXS image for a
doped PBTTT film with TFSI™ as the counterion and the full
set of GIWAXS data as a function of counterion size and con-
ductivity are displayed in Figure S6 (Supporting Information).
For all three counterions four orders of (h00) diffraction peaks
are observed along g, providing evidence that the PBTTT films
retain a high level of crystallinity to the highest doping level.
The lamellar spacing for neat PBTTT is calculated to be 20.8 A,
consistent with past reports for PBTTT-C14.21d The (h00) dif-
fraction peaks for the doped PBTTT films with maximum con-
ductivities move to shorter scattering vectors by 0.05, 0.12, and
0.12 A1 for TFO~ (Figure 6b), TFSI~ (Figure S6e, Supporting
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Figure 1. Characterization of ion exchange doped PBTTT. a) A schematic diagram of the ion exchange doping mechanism and of the materials used.
b—d) UV-vis absorption spectra and e—g) the corresponding thin film conductivities for PBTTT-TFO~, PBTTT-TFSI~, and PBTTT-TFSM™, respectively, at
different doping levels. To obtain different doping levels, exposure time to the dopant solution is varied for PBTTT-TFSI~ and PBTTT-TFSM~, while the
concentration of dopant solution is varied for PBTTT-TFO", to keep the doping conditions consistent with that for the preparation of multifunctional
device samples. For PBTTT-TFSI~ and PBTTT-TFSM", the doping solutions consisting of ion liquid/FeCl; were prepared at 100/1 x 107> mol L' concen-
trations in acetonitrile; and for PBTTT-TFO™, the exposure time was fixed at 60 s All optical and electrical characterization for each sample was collected
on a single van der Pauw (vdP) chip (see the Supporting Information Section 1 for the device configuration) to keep the accuracy and consistency of
experiments. *For the sake of brevity, the names of material systems do not include the oxidizing agent.

Information) and TFSM~ (Figure S6¢, Supporting Informa-  regions of the lamellar structure. The observed equivalent
tion), corresponding to the expected expansion of the lamellar ~ expansion for PBTTT-TFSI” and PBTTT-TFSM~ probably
spacing djoo) of 22.8, 26.0, and 26.0 A (top panel of Figure 2¢),  indicates a slightly lower doping level of PBTTT-TFSM~ than
which is needed to accommodate the dopants in the side chain =~ PBTTT-TFSI~ obtained under the same condition, due to
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Figure 2. Grazing incidence wide-angle X-ray scattering (GIWAXS) results for PBTTT-TFO~, PBTTT-TFSI~, and PBTT-TFSM~ doped to maximum
conductivity. a) A representative 2D GIWAXS image for ion exchange doped PBTTT (Doping condition: 100 X 103 m BMP-TFSI/1 x 1073 m FeCl,,
60 s exposure time). b) Plot of 7-stacking paracrystallinity g, , versus ion size as defined by the smallest principal moment of the ionic gyration tensor A,.
c) Plot of stacking distances dio0), d(o10), @and door) along the lamellar stacking, 77 stacking and backbone direction, respectively, versus A,.
All the films were prepared under the same condition optimized to obtain the maximum VdP conductivity for each counterion: 100 x 103 mol L™
BMP-OTF/1 x 107 mol L™ FeCl;, 60s exposure time for PBTTT-TFO™, 100 x 103 mol L' BMP-TFSI/1 x 1073 mol L™ FeCl;, 300s exposure time for
PBTTT-TFSI~ and 100 x 10-3 mol L™' DMPI-TFSM/1 x 10~* mol L' FeCls, 300s exposure time for PBTTT-TFSM~.

the lower ion-exchange efficiency for TFSM~ than TFSI™ in
PBTTT.'* Similarly, the lattice spacing dg along 77 stacking
direction also shows an apparent decrease after doping by
0.16, 0.18, and 0.15 A and for TFO~, TFST", and TFSM~ (middle
panel of Figure 2c) reflecting an increased planarization of
the backbone upon doping. This leads to better wavefunction
overlap and interchain charge transfer.?l By contrast, no sig-
nificant change in the backbone repeat stacking distance is
observed upon incorporating the counterions in all three cases
(bottom panel of Figure 2c), which is similar to the sequen-
tially doped PBTTT by F4TCNQ.[?*dl Consistent with previous
results the GIWAXS results indicate that the counterions
mainly inhabit the alkyl side-chain zones without significantly
disturbing the backbone packing.

The lattice paracrystallinity, which describes the cumulative
structural disorder in an imperfect crystal, can also be extracted
from the GIWAXS data. The paracrystallinity parameter g is the
standard deviation in lattice spacing normalized by the average
lattice spacing. In conducting polymers, paracrystallinity in the
m-stacks largely affects the width of the density of states (DOS)
tail and thereby is one of the key structural factors that affect the
in-plane charge transport in FETs.’'>32 The rmstacking paracrys-
tallinity g, , for PBTTT-TFO-, PBTTT-TFSI", and PBTTT-TFSM"~
with the optimal conductivities is shown in Figure 2b. For all
three doped systems, g, , reduces by around 14-17% from a value
0f 9.8 +0.2% in the undoped state. This reduction is slightly more
pronounced for PBTTT-TFSI". The reduction in g, , in PBTTT
after doping suggests that all three ions studied here are incor-
porated into the polymer microstructure in an ordered manner,
enabling polaron delocalization to enhance backbone planarity as
previously observed in sequential molecular doping.[2333]

In our previous work on PBTTT-TFSI™ we undertook
a careful characterization by GIWAXS of the evolution of
the polymer microstructure as a function of doping level/
doping time. This showed that the conductivity only exceeds
around 100 S cm™ once the lamellar stacking distance d(1q)
expands significantly; at lower conductivities only a minor
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expansion is observed. These findings are consistent with the
GIWAXS characterization done here (Figure S6, Supporting
Information). This suggests that at conductivity levels below
=100 S cm™ doping mainly involves the amorphous regions
of the film, while at higher conductivities also the crystalline
domains become doped. This characteristic heterogeneity in
the dopant distribution for conductivities < 100 S cm™ is an
important aspect that will need to be considered for the inter-
pretation of the thermoelectric transport data discussed below.

2.3. S-0 Relationship and PF

To evaluate the thermoelectric performance in the three doped
systems, the Seebeck coefficient was measured for different
doping levels with conductivity ranging from 10! to 10* S cm™},
and the corresponding room temperature power factor at each
doping level was calculated accordingly. The S-o-PF plot for
PBTTT-TFO-, PBTTT-TFSI", and PBTTT-TESM™ are shown in
Figure 3a and the maximum PF (PF,,,,) for each system is dis-
played in Figure 3b. We analyze the S-o relationship with the
Kang—Snyder model, which expresses the transport function as
a power law (Equation (5.1) in the Supporting Information Sec-
tion 5) with three key transport parameters: the exponent s, a
transport parameter that may be used to classify the “type” of
charge transport, the transport edge E;, below which the car-
riers do not contribute to the conduction, and the transport
coefficient o, which is interpreted as a weighted mobility
factor determining the conductivity and is believed to closely
relate to the intrinsic carrier mobility of the system.l'" A basic
summary of Snyder’s model is given in the Supporting Infor-
mation Section 5.

In general, we have not been able to fit the data well across the
full conductivity range with a single set of parameters, s, E, oy,
The data can be fitted well to s = 3 up to conductivities
around 200-300 S cm™, but then follow an s = 1 model
at higher conductivity values for all the three investigated
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Figure 3. Thermoelectric properties of PBTTT-TFO~, PBTTT-TFSI~, and PBTTT-TFSM~ at 300 K. The conductivity (o) dependence of the Seebeck
coefficient (S) and power factor (PF) for PBTTT-TFO™~, PBTTT-TFSI-, and PBTT-TFSM™ are shown in (a). The S-0-PF data reported in the literaturef2%l
for PBTTT doped by a molecular dopant F4-TCNQ via a solution sequential doping process are also plotted in (a) for comparison. The scattered
points are the measured data with the spheres and the stars representing S and PF, respectively, and the fitting results are displayed as dashed lines.
The PF ., at RT for PBTTT-TFO~, PBTTT-TFSI-, and PBTTT-TFSM™ are shown in (b).

systems (Figure 3a). Such a consistent transition of S-o curva-
ture indicates a change of charge transport mechanism from a
non-/semimetallic to a fully metallic regime and an insulator-
to-metal transition, which is discussed in more detail in Sec-
tion 2.4 below based on the temperature dependence of ¢ and
S. The PF,,,, for PBTTT-TFO-, PBTTT-TFSI-, and PBTT-TFSM~
appears around the insulator-to-metal transition as shown in
Figure 3a, which is consistent with previous studies reporting
the strong correlation between the insulator-to-metal transi-
tion and optimal thermoelectric performance in polymer sys-
tems that can approach the degenerate regime via doping.['>"!
The PF,,, for PBTTT-TFSI- is 342 + 43 uW m™ K7
which is slightly higher than the values for PBTTT-TFSM~
(30.9 % 4.5 uW m™! K?) and PBTTT-TFO™ (24.2 + 2.7 uW m™ K?),
respectively (see Figure 3b).

All the data fit well to s= 3 with 0, between 0.02 to 0.03 S cm™
before the transition occurs (see Figure 3a), and, interestingly,
this set of fitting parameters is also close to those for nonion
exchange doped PBTTT films prepared by molecular doping
with F4TCNQ that reach conductivities up to 200 S cm™ as
reported by Kang et al.?%! (see the data marked golden yellow).
Accordingly, the PF at low conductivities also shows a nearly
identical power law dependence of o for all the three systems.
Such universality of the S-o-PF relationship observed probably
indicates that the transport in PBTTT-TFSI-, PBTTT-TFSM™,
PBTTT-TFO™ as well as solid-state diffusion doped PBTTT/
F4TCNQ is very similar at low conductivities, which is also
reflected in the consistency of the thermal activation energy
E5 for the electrical conductivity at room temperature (Ogr)
(Figure 5a) the (morphology-related) transport barrier Wy gen-
erated from the analysis by the Kang—Snyder model (Figure 5b).
Those universal charge and thermoelectric transport phe-
nomena in ion exchange doped PBTTT will be discussed fur-
ther in Section 2.5.

By contrast, the three doped systems show different features
in the S-o relationship when the doping level and the conduc-
tivity keep increasing beyond the insulator-to-metal transition,
where the transport parameter s decreases from 3 to 1. As shown
in Figure 3a, the transport coefficient/weighted mobility oy,

Adv. Energy Mater. 2023, 13, 2202797 2202797 (6 of 15)

for the data fitting with s = 1 model moves from 45 to 30 S cm™
with decreasing the counterion size. Consistent with this,
PBTTT-TFSM™ exhibits the weakest PF drop-off in the high
o region, while the PF for PBTTT-TFO™ drops the fastest. It
is possible that this relatively weak counterion size depend-
ence of the S-o-PF relationship for the heavily doped PBTTT
could presumably arise from the microstructural difference
created by different counterions. Our previous work!® has
pointed out that the paracrystallinity g, , plays a dominant
role in controlling the charge transport properties at high
doping levels as the counterion induced Coulomb landscape
smooths out with adequate ions accommodated in the side
chain region. Apart from the subtle differences in paracrys-
tallinity (Figure 2b) we also detected slight differences in the
intensity distribution of the (h00) peaks, indicating differ-
ences in microstructural packing, in PBTTT-TFO~ compared
with the other polymers (Figure 2a; and Figure S6, Supporting
Information). Such subtle microstructural differences could
well explain the differences in the transport behavior in this
regime. %]

As observed in our previous work, ¥ the peak in PF corre-
sponds to the conductivity where counterions start to be incor-
porated into crystalline domains of the polymer, which occurs
at conductivities around 100 S cm™. The incorporation of coun-
terions into the crystallites that sets in around this conductivity
level likely allows for delocalized metallic states within crystal-
line domains, whereas at lower conductivity polarons are likely
confined primarily to more disordered regions in grain bounda-
ries. A smaller ion like TFO™ should begin intercalating into the
crystallites at lower doping levels, as evident from the higher
exchange efficiency for TFO~. This could potentially push
the metal-insulator (M-I) transition (an electronic phase transi-
tion from a metallic to an insulating state) to a point earlier in
the S-o curve as observed here, leading to a lower PF. A more
detailed future study will be required to clarify this. However,
despite these relatively subtle differences between the three
ions the data in Figure 3 suggest that across the entire range
of conductivities investigated here the thermoelectric properties
are broadly independent of ion size.

[14a
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2.4. Temperature Dependence of S and ¢ in lon Exchange
Doped C14-PBTTT

To further investigate the transport physics, we also measured
the conductivities and Seebeck coefficients on the same sam-
ples as a function of temperature. As shown in Figure 4a—f,
the temperature dependence of o becomes weaker when
increasing doping level for all three systems. At the highest
doping levels, approaching 1000 S cm™, the conductivity is only
weakly temperature dependent. For instance, PBTTT-TFSI~
sample B maintains a conductivity up to 682 S cm™ at 5 K,
which is =60% of the conductivity at room temperature (RT)
(Figure 4e). To better understand the charge transport mech-
anism in these systems, we performed a Zabrodskii analysis
(see the Supporting Information Section 6 for more infor-
mation) to the temperature dependence of conductivity.
In the Zabrodskii analysis, the reduced activation energy

www.advenergymat.de

W = dlno/dInT is plotted against temperature on a log-log
scale. A positive slope in a plot of logW(T) versus logT at low
T usually indicates the emergence of a metallic state; while
insulating, hopping behavior manifests itself as a negative
slope in a plot of logW/(T) versus logT at low T.3* The inter-
mediate regime in which the reduced activation energy is tem-
perature independent is often referred to as the critical regime.
In general, the temperature dependence of conductivity for
all the three systems evolves from hopping-like (reduced acti-
vation energy decreasing with increasing temperature) to
near-metallic (reduced activation energy near temperature
independent or even increasing with increasing temperature)
as the doping level increases. Such a trend is evidenced by
the slope of the Zabrodskii plot at low temperature changing
from negative to positive (PBTTT-TFSI~, Figure 4b) or almost
constant (PBTTT-TFSM™ and PBTTT-TFO", Figure 4a,c) as the
samples become more conductive.
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Figure 4. Temperature dependence of conductivity (o) and Seebeck coefficient (S) in PBTTT-TFO~, PBTTT-TFSI~ and PBTT-TFSM™ at different doping
levels. The Zabrodskii analysis plot for the o(T) results for PBTTT-TFO~, PBTTT-TFSI~, and PBTT-TFSM™ are shown in (a), (b), and (c), respectively.
The o(T) results for PBTTT-TFO~, PBTTT-TFSI-, and PBTTT-TFSM™ are shown in (d), (), and (f), respectively. The S(T) results and the fitted data for
PBTTT-TFO™, PBTTT-TFSI-, and PBTT-TFSM™ are shown in (g), (h), and (i), respectively.
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Such an evolution in the temperature dependence of conduc-
tivity as a function of the doping level supports the argument
that there is a transition between transport regimes at certain
intermediate conductivity, as deduced from the analysis of
the S-o relationship in Section 2.3. The positive slopes of the
Zabrodskii plot only appear in the PBTTT-TFSI™ samples with
the conductivity above the transition point to the s = 1 regime
(around 100 S ¢cm™). This indicates that the PBTTT-TFSI-
system (Figure 4b) can approach the metallic side of the
metal-insulator transition, while the highly doped PBTTT-
TFSM™ and PBTTT-TFO™ samples just reach the critical regime
(Figure 4a,c). We conclude that PBTTT-TFSI~ exhibits the most
metallic transport among the three investigated systems, which
is consistent with the lowest paracrystallinity for PBTTT-TFSI~
extracted from the GIWAXS characterization (Figure 2b). This
observation is also consistent with the evolution of polaron
delocalization that will be discussed below based on infrared
spectroscopy.

The temperature dependence of Seebeck coefficients (shown
in Figure 4gh,i) further confirms the universal evolution of
charge transport from hopping to metallic regime as the doping
level increases. The Seebeck coefficients are nearly tempera-
ture independent for the samples with a conductivity around
1S cm™, which can be explained by the Efros—Shklovskii VRH
(ES-VRH) model for doped polymers.?! For the samples with
higher conductivities, the Seebeck coefficients show either T"/?
or linear T dependence.

For a deeper understanding of S(T), we fitted those data with
a model proposed by Akrap et al.? that considers a simple
free-electron metal with a parabolic density of states and an
energy dependent scattering time (Equation (71) in the Sup-
porting Information Section 7). The model reproduces the
linear temperature dependence of the Seebeck coefficient that
is expected from the Mott formula in a regime at high doping
levels when the reduced Fermi energy np = Ep/kgT > 1. At
lower doping levels, the Fermi energy becomes comparable to
the thermal energy and this leads to a nonlinear temperature
dependence observed in Figure 4gh,i. From the fits we can
estimate values of the Fermi energy for the different samples
(Figure S8, Supporting Information). This analysis shows that
for a given conductivity value the samples with different ions
exhibit very similar values of Fermi energy, i.e., their carrier
concentrations are likely to be very similar, in particular in the
intermediate conductivity regime around 100 S cm™. The least
conductive samples (see the blue dots in Figure 4d,e,f) cannot
be fitted with the model, in this regime a different framework
for polaron hopping transport?23**! needs to be applied, but
this is not further considered here.

2.5. lon Size Dependence of Thermoelectric Transport
in Intermediate Conductivity Regime

The S-0-PF relationship discussed in Section 2.3 and the tem-
perature dependence of S and o addressed in Section 2.4 have
together provided solid evidence that the three investigated ion
exchange doped PBTTT share very similar charge and thermo-
electric properties despite the varying counterion sizes across
the full range of conductivities/doping levels investigated here.

Adv. Energy Mater. 2023, 13, 2202797 2202797 (8 of 15)
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This is consistent with recent works by Thomas et al.*’! and
Jacobs et al., who observed negligible ion-size effects on
conductivity at high doping levels (>10?° cm™). However, at
low doping levels (<10®-10" cm™), we still expect strong ionic
trapping, as described by Arkhipov et al.,?*! to prevail, leading
to a strongly increasing conductivity and power factor with
increasing ionic size. The transition between these two regimes
is unclear, however the observation of ion-size independent
behavior down to conductivity <1 S cm™ suggests that this tran-
sition point must happen at a much lower conductivity than we
might intuitively expect.

To further explore this universal behavior, we now focus
in more detail on the intermediate conductivity samples with
room temperature conductivities between 10~ and 10> S cm™.
In this regime, the conductivity can be described by an
Arrhenius-type dependence near room temperature with
0(T) o< exp(—Ea/KpT), where E, is the thermal activation energy
and Kj is the Boltzmann’s constant.’”! We obtain the E, near
room temperature for different room temperature conductivities
ogr (see Figure S9 for the examples of E, extraction, Supporting
Information).

Figure 5a shows that oyy of all the three systems is strongly
correlated with E, in a broad range of conductivities ranging
from 107! to 102 S cm™, which is a commonly observed trans-
port phenomenon for doped organic semiconductors.*®
However, our results in Figure 5a suggest that the correlation
between opr and E, has a negligible dependence on the counte-
rion size in this regime. This is further evidence for an absence
of counterion size dependence of charge transport, not just at
high conductivity (<1000 S cm™), but also at lower conductivi-
ties (down to <1 S cm™), and is fully consistent with the S-o
dependence discussed in Figure 3.

A similar conclusion is reached when analyzing the
activation energy W, in the Kang-Snyder model, which
describes the energy barrier for the percolation for transport
between the ordered regions and is defined by the equation

V4
O, o< exp[—g& (11 (see the Supporting Information Section

KT

5 for more etBails). We obtain W, for each system in the inter-
mediate conductivity regime, where the S—o relationship can be
described by the s= 3 model, from the linear fitting of In 6, versus
T2, as displayed in Figure 5b). PBTTT-TFO-, PBTTT-TFSI,
and PBTTT-TFSM™ exhibit W, values of 504 + 130, 484 + 65, and
470 64 meV, respectively. These values are identical to within
the measurement error; therefore, it is reasonable to conclude
that the transport barrier W, also has negligible dependence on
the counterion size even at below a conductivity of 1 S cm™.
Since W, is sensitive to the structural disorder, we would expect
a similar degree of structural disorder to determine the trans-
port in each system at these low conductivities.

These observations are unexpected from the classic trans-
port theory for lightly doped OSCs, which highlights that at low
doping concentrations (<10®-10" ¢m™), the Coulomb traps
introduced by dopant ions play a leading role in determining the
charge transport and smaller counterions tend to have larger E,
as stronger interaction between the OSC and counterions has to
be overcome to generate a free charge from the ion pair.[>383

However, we can rationalize these results consistently by
examining the carrier density at relatively low conductivity.
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Figure 5. Universal Charge and thermoelectric transport properties in ion exchange doped PBTTT at conductivity <100 S cm™. a) Plot of conduction
activation energy versus electrical conductivity, showing a consistent exponential relationship between the room-temperature conductivity ogr thermal
activation energy E, for PBTTT-TFSI~, PBTTT-TFSM~, and PBTT-TFO~. The black dashed line is generated by a linear fitting of the displayed data.
b) Arrhenius plot of Inogy versus T7/2 to extract the transport barrier W, with the W%, values for each system shown in (c). yis taken as 1/2 as
widely chosen for polymers. The R-square values for the linear fitting of Inog, versus T-/2 are 0.98, 0.98, and 0.94, respectively. The dashed lines are
generated by a linear fitting of the displayed data. d) X-ray photoemission spectroscopy (XPS) spectra of a PBTTT-TFSI~ film doped to a conductivity

of 1.9'S cm™, showing the S 2p edges.

Figure 5d shows a S 2p XPS spectrum of a PBTTT film doped to a
conductivity of 1.9 S cm™. The carrier density in this film, deter-
mined from the concentration of TFSI ions, is 1.9 x 102 cm3,
equivalent to a concentration of about 1 dopant per 5 PBTTT
repeat units (details on the XPS measurements can be found
in the Supporting Information Section S10. This is a surpris-
ingly high carrier density—at maximum doping level (=1 ion
per monomer)*! PBTTT-TFST™ achieves a conductivity over
500 times higher, however the carrier density of these highly
conducting samples is less than 5 times higher. We have
argued above based on structural characterization that up to
conductivities of =100 S cm™! the doping is heterogeneous and
occurs preferentially in the amorphous domains of the polymer
film. This means that in the amorphous domains the local car-
rier concentration is even larger than 1.9 x 102° cm™3. At such
high doping levels it is not surprising that we do not observe a
marked ionic size dependence, as the argument we proposed
previously—that polaron delocalization is significantly greater
than the distance between ions—should still hold.

For completeness we also performed Hall measurements
at different doping levels, but as discussed in the Supporting
Information Section S9 the interpretation of these measure-
ments is not straightforward and they are therefore not taken
into further consideration here.

Adv. Energy Mater. 2023, 13, 2202797 2202797 (9 of 15)

2.6. Infrared Absorption Spectra of Polarons as a Function
of lon Size

The observation that at relatively low conductivity doping is
heterogeneous while the average carrier density is already
high requires explanation. Recent theoretical work by Qarai
et al.l? has suggested that in bipolaron states consisting of two
polarons and two ions, the total energy of these bipolaron states
is lower than two spatially separated polaron-ion pairs—that is,
that dopant clustering should be energetically favorable. This
prediction is consistent with previous studies in similar sys-
tems, such as PB2T-TEG, where a doping-induced phase tran-
sition was observed via a sharp boundary between doped and
undoped phases in scanning probe microscopy.*% As discussed
above in our previous work in PBTTT-TFSI~ we observed sim-
ilar behavior: at conductivity below =100 S cm™, we observed
only a slight expansion of the PBTTT lamella, which we inter-
preted as preferential doping of disordered regions, while at
higher conductivity, we observed a large increase in the lamellar
stacking distance, indicative of ion insertion into the lamellar
region in the crystalline domains. The same trend is observed
in our GIWAXS data here (Figure 2; and Figure S6, Supporting
Information). Our interpretation is that we initially dope grain
boundaries or other disordered polymer regions, and that

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Infrared spectroscopy of polarons at different conductivities. The normalized mid-IR spectra for ion exchange doped PBTTT with different
ions with conductivity on the order 1073 S cm™ a) and conductivity on the order 1-10 S cm™ b). c) The doping level dependence of mid-IR differential
(doped minus undoped) spectra for PBTTT-TFSI™. All the samples were doped with 100 mm electrolyte with variable phosphomolybdic acid (PMA)
concentrations with a fixed exposure time of 60 s to ensure a high exchange efficiency at doping levels below the range where ion intercalation into
crystallites occurs. Further details of doping conditions are given in the methods. Note that due to experimental limitations it is not possible to exactly
match doping levels between samples within each regime. d) Illustration of film microstructure, dopant habitat, polaron delocalization and transport

pathways in ion exchange doped PBTTT at low-to-intermediate conductivity (< 100 S cm™, left panel) and high conductivity (>100 S cm

-1

, right panel)

regimes. In both displayed doping regimes, the doping level is high enough that the polarons are delocalized over a distance greater than the distance

between the ions.

transport through these doped, disordered regions limits the
electrical conduction until the electrical conductivity reaches
values around 100 S cm™ when the crystalline domains become
doped as well and the doping becomes more homogeneous.

To better understand the degree of polaron delocalization as
a function of doping level, we turn to IR spectroscopy. Doping-
induced polarons display strong mid-IR absorbances that shift
depending on delocalization. Therefore, shifts in the peak posi-
tions of the polaron band can provide evidence for the degree
of localization, for instance by ionic trapping or disorder. In our
previous study, we saw evidence for reduced ion exchange effi-
ciency in the early stages of doping before crystalline domains
become doped.*l To ensure our IR spectra accurately reflect
the polaron localization in the presence of the exchanged anion
rather than FeCl,, we instead used phosphomolybdic acid
(PMA) as the dopant in these samples. PMA is an extremely
large and is unable to diffuse into the bulk of PBTTT on typical
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doping timescales (1 min).*l The addition of an electrolyte to
these doping solutions leads to rapid doping, indicating that in
this system electrolyte anions are strongly kinetically favored,
resulting in high exchange efficiency even at very low doping
levels.

As shown in Figure 6a,b, the spectra of PBTTT ion-exchange
doped with PMA and each electrolyte exhibit two peaks,
the so-called “B” or P1 peak, as referred to in ref.,?l around
0.4-0.7 eV, and the “A” peak around 0.1 eV. The latter is super-
imposed with sharp vibrational transitions due to charge-
induced infrared-active vibrations which are not discussed here
further. The “B” peak shows a strong counterion size depend-
ence at low doping levels (0= 5 x 10 S cm™, n (charge con-
centration) = 10V to 10" cm™3), while its variation between ions
becomes smaller at the low end of the conductivity range in our
transport measurements (o= 2-25 S cm™, n = 2-3 x 1020 cm™3).
The redshifted polaron band with increasing doping density is
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indicative of increased polaron delocalization. This convergence
in polaron spectra in the low conductivity regime (on the order
of 1-10 S cm™) is consistent with the absence of ion-size effects
in the transport data reported above, as it indicates a similar
level of polaron delocalization across all three ions.

Notably, these spectra are still much more localized than
we observe at high conductivity (Figure 6¢; and Figure S11,
Supporting Information). This localization effect is entirely
consistent with uniformly higher disorder in doped domains.
We see further evidence for this picture of preferential doping
of disordered regions in the doping level dependent spectra
of PBTITT-TFSI™ in Figure 6¢c. From the lowest conductivity
(0.005 S cm™) to moderate conductivity (9.4 S cm™), we observe
a slight broadening and red shift, however the spectra remain
fairly similar. However, at higher conductivity (622 S cm™),
where the carrier density cannot be more than a factor of
4-5 times higher, we observe a strong red shift and the growth
of a large low-energy shoulder peak. According to the Holstein-
based model developed by Spanol?*#! the observed doping
level-dependent redshift of the mid-IR peak P1 with a con-
comitant increase in the intensity of the lower-energy “A” peak
between 300 and 1500 cm™ is indicative of charge delocaliza-
tion and therefore must derive from carriers within ordered
crystalline domains. These observations are fully consistent
with the significant reduction in pi-pi stacking distance and
expansion of the lamella, which coincided with a simultaneous
redshift and increase in the A peak in FTIR spectra, observed
by GIWAXS in our previous work on PBTTT-TFSI 1" and here
(Figure S6, Supporting Information). These spectra therefore
clearly suggest that in the low-intermediate conductivity regime
<100 S cml, we preferentially dope disordered regions of
the film (e.g., grain boundaries or other disordered sites within
crystallites, Figure 6d left panel). This is fully consistent with
literature results on ionic liquid gated P3HT films.[*}) However,
our spectroscopic results also provide direct evidence that in
this regime the majority of polarons remain localized in these
disordered regions, not within crystallites. In the literature, it
has been suggested that at interfaces between semicrystalline
polymer films and polymeric ionic liquids with tethered ionic
units the resulting polarons may be able to migrate prefer-
entially into the crystalline domains with shallower highest
energy occupied molecular orbital (HOMO) level. In our bulk
doped PBTTT, the spectroscopic results allow us to exclude this
possibility. If the carriers were already located in the crystalline
domains at low-intermediate conductivities it would be diffi-
cult to explain the dramatic change in the IR spectrum when
the crystalline domains become doped (Figure 6¢). The nega-
tive dopant ions in the amorphous domains generate an average
attractive potential with a depth on the order of V=k/er=1eV,
where k = 144 eV A e2, e~ 3 and r = 5 A, a typical dopant-
polaron distance. The resulting potential well between the
doped amorphous regions and the undoped crystalline domains
is expected to prevent the majority of polarons from migrating
into the crystalline domains in this low-intermediate conduc-
tivity regime. Charge transport is therefore dominated by the
microstructural disorder of these doped amorphous regions.

We stress that the absence of ion size effects and the con-
finement of carriers to disordered regions are not contradictory.
Although carriers are confined to the amorphous domains, the
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doping density within this region is already sufficiently high
that the polaron wavefunctions start to overlap and multipolaron
states are formed in these disordered regions of the polymer
film. As argued,’? in such multipolaron states the wavefunc-
tions tends to be more delocalized, allowing effective averaging
over the electrostatic potential landscape created by the ions
and as a result the transport becomes ion size independent
already in this regime. Once these sites are filled, we begin to
incorporate ions into the ordered crystalline regions (Figure 6d
right panel), leading to a strong increase in conductivity and
thermoelectric performance, evidence for delocalization in the
IR spectrum of the polarons, and signatures of metallic states
in the temperature dependent charge transport of these films.
While we expect similar behavior in other polymer/dopant sys-
tems, we expect that the choice of which region dopes first will
depend both on whether the doping process is kinetically or
thermodynamically controlled, as well as on the crystallinity of
the polymer and the size of the dopant ion. For instance, in a
thermodynamically controlled doping process, there will be a
competition between the energetic cost of inserting a dopant
ion into a crystalline domain and the HOMO level difference
of the amorphous and crystalline domains. Doping a weakly
crystalline material with a very small ion therefore might lead
to the opposite behavior, with preferential doping of crystalline
domains.

To rationalize these trends seen in the experimental infrared
spectra further we also calculated infrared absorption spectra
of multipolaron states for a model polymer system. Realistic
calculations of infrared spectra at high doping concentrations
are very challenging as it is not sufficient to simulate iso-
lated polarons localized around individual dopant anions, but
instead multipolaron states stabilized by multiple counterions
on the same segment of the polymer need to be considered.
Our model for such multipolaron states, which extends our
earlier work,?%! is based on the simplified polymer-anion geom-
etry, where anions are positioned on both sides of the polymer
chain as illustrated in Figure 7a for a tetrapolaron complex. The
model is based on a site Hamiltonian parametrized for P3HT,
in which each unit in Figure 7a represents a thiophene ring,
while the experimental spectra were obtained on the related
polymer PBTTT. Details of the calculation can be found in the
Experimental Section as well as in ref. [45]. The figure shows
that the normalized absorption spectrum redshifts with the size
of the multipolaron complex, i.e., as n increases from 1 to 4 in
a n-polaron complex (Figure 7b). This is because the holes delo-
calize more efficiently — due to repulsion — in a tetrapolaron
versus a polaron. This trend is an extension of our earlier work
on polarons and bipolarons?! and is also consistent with the
infrared measurements of Enengl et al. in electrochemically
doped P3HT.H® The spectrum appears to converge by the tetrap-
olaron. Figure 7b,c compares a set of spectra for two different
values of d,, — the distance between the anion and the chain.
As d,, increases the spectrum dramatically redshifts for the
polaron but hardly at all for the tri- and tetrapolaron. This ulti-
mately derives from a flattening of the Coulomb well in going
from polaron to tetrapolaron. The simulations demonstrate
that the spectrum is expected to be almost independent of ion
radius for high doping concentrations (where tetra and higher-
polarons are dominant) but not for low doping concentrations
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Figure 7. Simulation of the infrared absorption spectrum of polarons in
a model polymer chain. a) Schematic diagram of a tetrapolaron complex
consisting of four negatively charged counterions (and four mobile holes)
along a segment of a model P3HT polymer chain, where each circular unit
represents a thiophene ring with nearest-neighbor separation of 0.4 nm.
The anions are located at a distance d,,, from the polymer backbone in the
lamellar region. Note: this model was parameterized for P3HT, however
we expect qualitatively similar behavior in PBTTT. b,c) Calculated normal-
ized absorption spectra of polaron, bipolaron, tripolaron, and tetrapolaron
states on a polymer chain with 20 thiophene units for d,, =0.5 nm b) and
dun =0.75 nm c). The dashed lines indicate the positions of the absorption
peaks in (b). The spectra redshift with increasing multipolaron complex
size and with increasing d,,.

(dominated by single polarons). This is qualitatively consistent
with our experimental observations in Figure 6. The simu-
lated spectra in Figure 7b,c support our conclusion above, that
already at moderate conductivities the regions of the film that
contain these polarons are sufficiently highly doped that delo-
calized, ion-size independent multipolaron states are formed.
We caution that a more quantitative comparison between the
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experimental and simulated spectra is unfortunately not pos-
sible at present. This is because of a number of simplifications
that had to be made in the model. In addition to being para-
metrized for P3HT (and not PBTTT), vibronic coupling could
not be included since the basis set size became too large for
tri- and tetrapolarons. As a result the spectra do not contain the
low-energy, “A" peak,*! but only the “B” peak (P, peak), which
is known to be relatively insensitive to vibrational coupling.

3. Conclusion

In this work, we have investigated the important question of
Coulombic trapping in doped conjugated polymers by investi-
gating the role of counterion size across a wide range of elec-
trical conductivities using ion-exchange doped C14-PBTTT as
a controlled model system. We observed universal charge and
thermoelectric transport features with weak counterion size
dependence. A transition from s= 3 to s =1in the S-oplot at RT
was observed for all ion sizes, accompanied by the emergence
of PF,.. The temperature dependences of conductivity and
Seebeck coefficient demonstrate a strong correlation between
such a transition in the S-orelationship and the metal-insulator
transition, beyond which the metallic signatures, including a
negative temperature coefficient of 6(T) near room temperature
and a linear dependence of S(T) for the heavily doped samples.
We find that Coulomb trapping between the charge carriers and
their counterions plays a nearly negligible role, not just at the
highest conductivities approaching 10* S cm™ as observed pre-
viously, but, surprisingly, even at intermediate conductivities
in the range between 107 and 102 S cm™. XPS measurements
reveal a surprisingly high carrier density to be present already
in this regime. Based on evidence from GIWAXS and IR spec-
troscopy, we conclude that the absence of ion-size effects in
the thermoelectric transport properties in this intermediate
conductivity regime derives from a high carrier density, that
arises locally because the films are not uniformly doped, but
the disordered regions and grain boundaries are doped prefer-
entially. Our results suggest an effective strategy for enhancing
thermoelectric performance of such semicrystalline conjugated
polymers: If the dopant ions could be spread more uniformly
throughout the polymer film, it should be possible to achieve a
high conductivity at lower doping levels where S is higher and
Kk is lower, potentially improving thermoelectric power factors
and performance significantly. Our findings provide important
new insights into the structure—property relationship in ion-
exchange doped conjugated polymers and stimulate rational
doping rules to control the charge and thermoelectric transport
in polymer systems for TE applications.

4. Experimental Section

Sample Preparation: C14-PBTTT was dissolved in 1,2-dichlorobenzene
(DCB) with a concentration of 10 mg mL™" and heated up to 120 °C until
full dissolution was achieved. The hot solutions were then filtered by
0.45 um PTFE filters with glass syringes and annealed at 120 °C for an
hour before cooling down to 80 °C for the film coating. The polymer
films were deposited via spin-coating on different substrates, including
glass (devices for transport measurements & UV-vis spectroscopy)
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and silicon (GIWAXS & FTIR). Those substrates were pre-cleaned by
sonication in Decon 90 detergent, DI water, acetone, and isopropanol
before oxygen plasma ashing for 10 min at 300 W before being
transferred into a nitrogen glovebox for spin-coating. The substrates and
glass pipettes were maintained at 90 °C to minimize the temperature
difference. The PBTTT-Cy, films were spin-coated at 1500 rpm for
120 s to provide a thickness of around 40 nm and annealed at 180 °C
for 20 min after which the samples were gradually cooled down to room
temperature.

Doping was achieved by the ion exchange doping method (see
Figure Ta for a conceptual illustration). The oxidizing agents FeCl; and
PMA and ionic liquids, BMP-TFSI, DMPI-TFSM, and BMP-OTF, were all
purchased from Sigma-Aldrich LLC. The fresh oxidizing agent solution
and ionic liquid solution were both prepared in acetonitrile (ACN)
separately before mixing them together. Each concentration is fixed
according to the expected ratio of oxidizing agent and ionic liquid and
the required amount of solution to dope the film. The oxidizing agent
and ionic liquid are then mixed at a fixed molar ratio to prepare the
dopant solution. Enough dopant solution is then dropped onto the film
and left on the substrate for the preset exposure time before starting the
spin-coating for sufficient time to dry the film. To remove extra salts and
dopants, an additional rinsing step is implemented by leaving enough
solvent (ACN, ten times of the dopant solution as was adopted) on the
sample before spinning it off. Either the exposure time or the dopant
concentration can be varied to tune the doping levels. The exposure
time was adjusted to produce PBTTT-TFSI~, PBTTT-TFSM™ at different
doping levels with the concentration of the oxidizing agent fixed at
100 x 1073 mol L. The concentration of dopant solution was controlled
for PBTTT-TFO™ as the very fast migration of TFO™ into the bulk film
makes it difficult to tune the doping levels of PBTTT-TFO™ through
exposure time variation. For PBTTT-TFO™, the doping exposure time was
fixed at 60 s for all the doped samples. For the FTIR samples shown in
Figure 6, the electrolyte/dopant concentrations were varied as follows: at
low doping regime (Figure 6a): 100/0.01 x 1073 mol L' (BMP-OTF/PMA)
for PBTTT-TFO™, 100/0.01 x 1073 mol L™ (BMP-TFSI/PMA) for PBTTT-
TFSI- and 100/0.03 x 103 mol L~ (DMPI-TFSM/PMA) for PBTTT-TFSM-;
at moderate doping regime (Figure 6b): 100/0.1 x 1073 mol L™! (BMP-OTF/
PMA) for PBTTT-TFO-, 100/0.03 x 10 mol L' (BMP-TFSI/PMA) for
PBTTT-TFSI, 100/0.1x 1073 mol L™ (DMPI-TFSM/PMA) for PBTTT-TFSM~
and 0.1 x 10 mol L™ for FeCl;. For the conductivities of PBTTT-TFSI~
shown in Figure 6c, three BMP-TFSI/PMA concentrations are selected
in order as follows: 100/0.01 x 10 mol L™, 100/0.03 x 107> mol L™ and
100/0.1 x 103 mol L. A thin layer of Cytop when preparing the
multifunctional devices to extend their lifetime was also spin-coated. The
Cytop-M encapsulation layer with =500 nm thickness was spin-coated from
a diluted Cytop solution (AGC Chemicals) with the cytop solvent (AGC
Chemicals) at a fixed ratio of 1:2 (Cytop:solvent) at 2000 rpm for 60 s.

Two types of devices were employed in this work for conductivity-
Seebeck and Hall effect measurements. The device fabrication
procedures of Van der Pauw (VdP) devices and the multifunctional
devices are shown in the Supporting Information Sections 1 and 7,
respectively.

Characterization and Measurements: UV-vis spectra were measured
by a Shimadzu UV-3600i dual beam spectrometer. FT-IR spectra were
measured by a Bruker Vertex 70 V with a wide-band DLaTGS detector
in transmission geometry. GIWAXS data were collected at the 9A
U-SAXS beam line at the Pohang Accelerator Laboratory, Pohang,

Korea. Paracrystallinity was calculated as g:%JAqd,,_,, where d, _,

is the m-stacking distance and A, is the FWHM of the 7-stacking peak.
Errors in g are dominated by the error in detector distance, resulting in a
0.2% error in measurements of g. All the room temperature conductivity
data with the VdP devices are recorded on a manual probe station with
an Agilent4155B semiconductor parameter analyzer (SPA) (see the
Supporting Information Section 1 for the details). For the temperature
dependence transport data, the measurements are performed with a
multifunctional device in a Helium flow cryostat or a closed-loop Helium
system (see the Supporting Information Section 8 for the details).
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Simulation of Infrared Spectra of Polarons: The simulations were
performed using the methodology described in refs. [28] and [29]
further details can be found.] Briefly, the Hamiltonian, parameterized
for P3HT, includes hole hopping between thiophene units (with
t, = —0.4 eV), the Coulomb attraction between holes and stationary
anions, and hole-hole repulsion. Site disorder is also included—each
cation (hole) thiophene unit is assigned a random Gaussian energy
shift which represents, for example, the impact of an inhomogeneous
electric field distribution. In the simulations in Figure 7, a Gaussian
width of 0.2 eV (standard deviation) was taken. Chains containing
20 thiophene units with n dopant anions (n = 1-4) distributed in a
zig-zag configuration about the chain center, as demonstrated in
Figure 7a for a tetrapolaron complex (n = 4), were considered. An
n-polaron complex consists of n stationary anions and n mobile
holes. The spectrum, evaluated for each configuration of site disorder,
is averaged over 2000 configurations to roughly match the width of
the experimental spectra. Although parameterized for P3HT, PBTTT
is similar enough in structure that the results will hold, at least
qualitatively. Vibronic coupling was not included in the model since
the basis set size became too large for tri- and tetrapolarons. The
dielectric constant was set to unity to be consistent with the Ohno
potential used to describe the Coulomb interaction between holes in a
conjugated polymer chain.*]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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