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ABSTRACT OF THE DISSERTATION

Understanding Charge Transport in Chemically Doped Conjugated Polymers:

The Roles of the Dielectric Environment, Ambient Stability, Counterion Interactions, and

Microstructure

Diego Garcia Vidales

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2026

Professor Benjamin J. Schwartz, Chair

Conjugated polymers are organic semiconductors with extended z-electron systems that
enable charge transport in these lightweight, flexible, and solution-processable materials. Their
low thermal conductivity and relatively high Seebeck coefficients make them promising
candidates for soft thermoelectric devices. However, pristine conjugated polymers possess low
electrical conductivity due to their wide bandgaps and limited free carrier density at room
temperature. Improving their performance therefore requires strategies that increase carrier density

while supporting efficient charge delocalization.
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This dissertation investigates chemical doping as a route to enhance the electrical and
thermoelectric properties of semiconducting polymer films, with a focus on understanding how
the dielectric environment, environmental stability, dopant identity, doping method, and pristine
microstructure shape charge transport. A combination of four-point probe conductivity, Seebeck
coefficient, Hall effect, temperature-dependent conductivity, and X-ray scattering measurements,
as well as steady-state and time-resolved spectroscopies, is used to develop a multiscale picture of
transport in doped semiconducting polymer systems.

The first half of this dissertation focuses on understanding anion-exchange doping, a
doping method that has been shown to boost the doping levels achieved with relatively weak
molecular dopants while allowing precise control over the counterion that intercalates into the
polymer film. Chapter 2 examines the origin of the enhanced carrier generation observed during
anion-exchange doping. By separating the initial molecular doping step from subsequent
electrolyte exposure, we show that the high-dielectric electrolyte environment can increase the
effective oxidizing power of an already-reduced dopant anion, enabling a second electron-transfer
event with the polymer backbone. This double-doping process nearly doubles the carrier density,
demonstrating that the dielectric environment plays a central role in the enhanced doping
efficiency associated with anion-exchange doping.

Chapter 3 builds on this mechanistic understanding by examining how the choice of
counterion affects electrical conductivity and environmental stability under ambient conditions.
Although anion-exchange doping enables control over the choice of counterion, many electrolyte
salts used for this process are hygroscopic and can introduce counterion-dependent ambient
stability limitations. We demonstrate that hygroscopic counterions incorporated during anion

exchange can draw ambient water into the polymer, leading to strong reductions in electrical
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conductivity. Hall effect and optical measurements reveal that humidity primarily suppresses
carrier mobility rather than carrier density, indicating that absorbed water introduces additional
trapping sites that localize polarons.

Chapter 4 investigates how dopant identity and doping method influence the Seebeck—
conductivity relationship and charge transport in doped poly(3-hexylthiophene-2,5-diyl) (P3HT).
By comparing the classic dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4TCNQ), two large (~2-nm diameter) dodecaborane-based dopants, and anion-exchange doping,
we show that different dopants modulate carrier transport through distinct mechanisms. Large
counterions reduce Coulomb trapping and lower hopping barriers, while anion-exchange doping
enhances mesoscale connectivity by enabling doping of amorphous regions. Using temperature-
dependent conductivity and the Semi-Localized Transport (SLoT) model, we show that both routes
can improve the thermoelectric performance depending on how they reshape the energetic and
structural landscape of the doped film.

Chapter 5 explores how the microstructure of pristine P3HT governs carrier transport after
doping. By systematically varying the polymer regioregularity, we can tune crystallinity and
domain connectivity before introducing carriers through anion-exchange doping. UV—vis—NIR
and transient absorption spectroscopy show that higher-crystallinity polymers support greater
intradomain delocalization. Surprisingly, Hall effect and temperature-dependent conductivity
measurements reveal that at low doping levels, less crystalline P3HT samples exhibit higher
macroscopic carrier mobility due to superior mesoscale connectivity. At higher doping levels, these
mesoscale-connectivity-driven mobility differences become less dominant, and the higher-

regioregularity, more crystalline P3HT films exhibit more favorable charge transport. These results
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highlight the interplay between local order and long-range domain connectivity in determining
charge transport.

Collectively, this dissertation establishes how the carrier environment—whether altered by
the dielectric constant of a doping solution, relative humidity, dopant—counterion interactions, or
the intrinsic polymer structure—governs carrier delocalization and mobility in doped conjugated
polymers. Understanding these multiscale relationships provides a foundation for designing
higher-performance thermoelectric materials and, more broadly, for controlling charge transport

in soft electronic systems.
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Figure 1.1. (a) Schematic of a thermoelectric device. (b) Seebeck coefficient (S), electrical
conductivity (o) and figure of merit plotted as a function of carrier density, showing the inverse
relationship between S and o as the carrier concentration is increased. This trade-off between S and
oresults in a “sweet spot” in carrier concentration for optimizing the ZT of a thermoelectric device.

Figure 1.2. Neutral P3HT polymer backbone before the charge transfer process with a molecular
dopant. Chemical doping creates a radical cation, resulting in backbone reorganization from an
aromatic to a quinoid structure. The lattice distortion, along with the radical cation, is referred to
as a polaron (purple shading). This structural reorientation also changes the electronic structure of
the polymer, creating two new intragap energy states between the bandgap (BG) transition. These
new energy levels give rise to two new optically allowed polaronic transitions, labeled P1 and P2.
The blue circle represents the dopant counterion that remains inside the polymer film after the
dOPINg Process 1S COMPIELE. ....ccuuieiieriiieiieitie ettt ettt te ettt e et e saeeebeesaaeesbeessseenseesnseenseennns 4

Figure 1.3. Overview of the sequential processing (SqP) method and representative materials used
throughout this dissertation. (a) In sequential processing, a pristine polymer film is first deposited
from solution and then exposed to a dopant-containing solution, allowing dopants and/or
electrolyte ions to enter the pre-formed film without dissolving the polymer. (b—d) Chemical
structures of representative semiconducting polymers, anion-exchange electrolyte salts, and
molecular dopants used to control carrier density, counterion identity, and charge transport in
doped conjugated polymer fIIMS..........cccieiiiiiiiiiiieiie e 6

Figure 1.4. Energetic schematic depicting charge carriers (blue circles) moving through a
disordered energy landscape by hopping between localized states. The right cartoon shows a
semicrystalline polymer film with both ordered domains (darker purple) and amorphous regions,
where chain bends, kinks, grain boundaries, and disrupted packing create structural and energetic
disorder. The zoomed-in circle shows polarons (blue ovals) experiencing Coulomb interactions
with dopant counterions (0range CITCIES). ......ccuiiriieiiieiieriieeieeiee ettt ettt eeee e e 8

Figure 2.1. (a) Structures of the polymers, dopant, and electrolyte used for investigating the extra
oxidizing power achieved by anion-exchange doping in this work. (b) Energy level diagram for
the conjugated polymers, PBTTT-C14, regioregular (RR) and regiorandom (RRa) P3HT, as well
as the dodecaborane cluster (DDB-Feo) in the presence and absence of electrolyte (LiTFSI). The
idea is that the electrolyte increases the dielectric constant of the dopant solution, which in turn
increases the dielectric constant of the solvent-swollen polymer film, allowing dopants to more
easily remove electrons from conjugated polymers. Here, we focus on the example where the
dielectric enhancement of anion exchange allows the DDB-Feo~ anion to dope PBTTT, something
that is not possible with conventional doping. The HOMO levels for PBTTT and RR P3HT were
obtained from Refs. [27-29] and Refs. [30,31], respectively. The energy level offset between RR
and RRa P3HT was obtained from Refs. [32-34]. .......coooiiiiiiieeeeeeeeeeee e 24

Figure 2.2. UV—vis—NIR absorption spectra for (a) PBTTT doped conventionally with 1 mM
DDB-F¢o and PBTTT doped with 1 mM DDB-Fso and then subjected to 2-pot AED with different
LiTFSI concentrations. The intensities of the P1 and P2 polaronic bands increase with increasing
electrolyte concentration, as denoted by the gray arrows, indicating that the high-dielectric
environment with 2-pot AED can achieve double doping of PBTTT. (b) Absorption spectra of
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PBTTT films doped with both 1 mM (solid curves) and 2 mM (dashed curves) DDB-Fgo solutions
using both the conventional (red curves) and 2-pot AED (blue curves) methods, where the LiTFSI
concentration was fixed at 104 mM. Panel (c) displays a zoomed-in view of the P1 polaron
absorption peak for PBTTT doped with 1 mM DDB-F¢o and the same sample following 2-pot AED
with 104 mM LiTFSI. The shaded areas indicate the spectral regions used to calculate the
oscillator-strength-weighted integrated P1 areas in panel (d). Panel (d) compares the normalized
oscillator-strength-weighted P1 areas (solid bars) and Hall carrier densities (striped bars) for the
doped PBTTT samples shown in panel (c). Both the P1 areas and Hall carrier densities increase

by ~2x following 2-pot AED at high electrolyte concentrations, verifying double doping. ........ 30

Figure 2.3. Integrated GIWAXS diffractograms of pristine PBTTT (purple curves), PBTTT doped
conventionally with DDB-F (red curves), PBTTT doped by the traditional 1-pot anion-exchange
method with DDB-Feo and LiTFSI (green curves), and PBTTT doped via 2-pot AED (blue curves).
(a) The out-of-plane integrations show that doping PBTTT with DDB-Fs results in a PBTTT
structure with a highly expanded lamellar spacing, with scattering peaks denoted by the red (£00)’
labels. As the large DDB-Feso~ anion is exchanged with the smaller TFSI™ anion via 2-pot AED, a
shift of the lamellar scattering peaks back to higher g-spacing values is observed, indicating that
the 2-pot exchange was successful. The lamellar peak positions are at identical g-spacing values
following both 1-pot and 2-pot anion exchange, indicating that the same doped final structure is
reached independent of how the anion exchange was accomplished. Panel (b) shows the in-plane
integrated diffractograms, which again verify that the two anion-exchange processes lead to the
same final PBTTT StIUCLUIE. ..c..ccuirtiiiiriiiiieiiiietetctertestest ettt sttt 36

Figure 2.4. UV—-vis—NIR spectroscopy of (a) regioregular (RR) P3HT (green curve) and (b)
regiorandom (RRa) P3HT (yellow curve), demonstrating that double doping using 2-pot AED with
DDB-Fso followed by LiTFSI (blue curves) does not occur for polymers with deeper HOMO levels
than PBTTT. The spectra show a blue shift of the P1 band as the counterion is exchanged from the
DDB-Feo~ anion to the TFSI™ anion, as expected for the smaller counterion size.!?'-2%1 (¢) Oscillator-
strength-weighted P1 peak areas of the conventionally doped and 2-pot AED-doped samples,
showing that for the P3HT polymers with their deeper HOMOs, the 2-pot AED process leads to
no change in overall doping 1@VEIS.........cc.oiiiiiiiiiiiiei e 39

Figure 3.1. Near-IR spectra of 0.1 mg/mL F4sTCNQ + 30 mg/mL LiTFSI (AE) and 0.5 mg/mL
F4TCNQ (Conv) samples. The blue side of the P1 polaron absorption, which is associated with
trapped carriers, for (a) an anion-exchange-doped P3HT film and (b) a conventionally-doped
P3HT film that had been exposed to ambient conditions as a function of time after purging with
dry N. Purging clearly decreases the blue P1 absorption for the anion-exchange-doped sample
while having no effect on the conventionally-doped sample, consistent with the idea that humidity
lowers the mobility of carriers in the anion-exchange-doped films. The inset in Figure 3.1a,b
shows the same spectra extended deeper into the IR region, including the absorption of the water
O-H stretch near 2700 nm (this absorption appears to go in opposite directions in the two panels
because of the way the spectra were base-lined; SE€ teXt). .......cccvervuierieriiienieeiierie e 60

Figure 3.2. Electrical conductivity of conventionally- (0.5 mg/mL F4TCNQ, red circles) and
anion-exchange-doped (0.1 mg/mL F4sTCNQ with 30 mg/mL LiTFSI, green squares, and 0.1
mg/mL F4sTCNQ with 5 mg/mL LiPFs, purple triangles) P3HT films as a function of percent
relative humidity in air. The ordinate plots the relative change in conductivity compared to that
measured at 15% RH, the lowest we could obtain with this setup. The conductivity change is

Xil



highly linear down to ~20% RH, suggesting that the doped polymer films anion-exchanged with
LiTFSI could possibly be used as resistance-based humidity SEnsors............ccccveeveeriienieeneeenen. 63

Figure 4.1. Chemical structures of P3HT and the various dopants used in this study. Two doping
methods are used in this study: conventional and anion-exchange. For the conventional doping
method, we utilize three dopants: FsTCNQ, DDB-F36, and DDB-F7,, which vary in oxidizing
power from weakest to strongest, respectively. The weakest dopant, FAsTCNQ, is primarily able to
dope only crystalline regions of P3HT. The two boron cluster dopants are stronger oxidants, and
although the oxidation power difference between the DDB-F36 and DDB-F7, dopants is ~200 mV,
their equally large counterions reside in the lamellae in the polymer lattice upon doping. For the
anion-exchange method, the dopant is F4TCNQ and the electrolyte is LiTFSI. The anion-exchange
doping method allows for control over the nature of the dopant’s counterion, and the presence of
the electrolyte provides an extra oxidative boost allowing doping of both amorphous and
crystalline regions in the POLYMEr MALIIX. ......c.cevuieiiiiiiieiiiieiie ettt et ete e saeeeee e e 73

Figure 4.2. UV—vis—NIR spectra of doped P3HT films using different dopants/methods: (a) DDB-
F72, (b) DDB-F3g, (c) F4sTCNQ, and (d) anion exchange (AE) at various doping levels. All four
doping methods produce the P1 and P2 absorption bands characteristic of polarons, as well as
decrease the absorption intensity of the P3HT bandgap. The bandgap bleach is less apparent for
the two DDB dopants because the DDB anions absorb near 2.4 eV, overlapping the P3HT bandgap
transition. The vibronic structure near 1.5 eV and the peak near 3.0 eV in panel (¢) come from the
F4sTCNQ anion. The legend in the anion exchange samples shows the final F4TCNQ
concentrations. The LiTFSI concentration was kept constant at 104.5 mM. ..........ccceeevveriiennnnn. 78

Figure 4.3. Out-of-plane (panel a) and in-plane (panel b) integrated GIWAXS data for pristine
P3HT (black curve) and for the most highly-doped P3HT samples for each dopant shown in Figure
4.2. Specific dopant concentrations were | mM DDB-F3¢, 3.62 mM F4TCNQ, and 3.62 mM
F4TCNQ combined with 104.5 mM LiTFSI for the anion exchange sample. For P3HT doped using
DDB-F7,, the data shown correspond to the second-highest concentration (0.3 mM), because there
is a drop in the electrical conductivity and Hall carrier mobility due to amorphization of the film
at the highest dOPINg CONCENTIALION. ........cccuiiiiieiieiiieiie ettt ettt sae et e e e eeeeaae e 81

Figure 4.4. Seebeck coefficient—conductivity (S—o) relationship for P3HT doped at different levels
with various dopants/counterions. The dashed curves are fits to the SLoT model (Equations (4.2—
4.4)), with parameters summarized in Table 4.1 and in Appendix C. Both the DDB-based dopants
and anion-exchange doping show significantly higher Seebeck coefficients for the same electrical
conductivity compared to F4sTCNQ-doped P3HT samples........c.ccccueeviieriieniiinieniieiieeieeieeeiene 87

Figure 4.5. (a) Hall effect measurements for P3HT films doped at different levels with various
dopants. The x-axis is the Hall carrier density (rather than dopant concentration) since the different
dopants and methods have different doping efficiencies. The DDB-based dopants and anion-
exchange method show significantly higher Hall mobility at a given carrier density than the
samples doped using FsTCNQ. Panel (b) shows how the R, obtained from GISAXS changes as a
function of the Hall carrier density when P3HT (pristine, black circle) is doped using DDB-F7,
DDB-F36, F4TCNQ, and via anion exchange. Table 4.1 summarizes the R, values for samples
doped at a carrier density of ~5 x 10%* cm=. Most dopants produced smaller domains upon doping,
but anion-exchanged samples show larger domains because of doping-induced crystallization of
the amorphous parts of the film. ...........oooiiiiiiiiii e 89
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Figure 4.6. (a) The experimentally measured activation energy, Wy, for P3HT films doped with
different dopants as a function of Hall carrier density. The Wu values are obtained using
temperature-dependent conductivity measurements and fitting to the Arrhenius equation. The
DDB-based dopants show the fastest drop in W upon doping (largest slope) compared to anion-
exchange doping or doping with F4TCNQ. (b) The (general lack of) relation between Wx and R,
From GISAXS. ..ottt ettt sttt et 92

Figure 4.7. Relationship between oo, obtained from SLoT fitting of electrical and thermal
measurements, and R, values, obtained from GISAXS, at all measured carrier densities. The trend
indicates that as the domain length increases, the intrinsic conductivity improves proportionally,
regardless of the doping level for each dopant. The orange curve is to help guide the eye. ........ 94

Figure 5.1. Electrical conductivity (left axes) and Seebeck coefficient (right axes) for (a) 99% RR
P3HT, (b) 97% RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT samples doped via anion
exchange with different concentrations of F4TCNQ along with a constant LiTFSI electrolyte
concentration of 30 mg/mL. For all four P3HT polymers, the typical inverse relationship between
electrical conductivity and Seebeck coefficient was observed with increasing doping levels. The
arrows point toward the appropriate y-axis for each data set. Note that the x-axes have different
values as the dopant concentrations were chosen to give a similar range of conductivity values for
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Figure 5.2. Out-of-plane (a) and in-plane (b) GIWAXS integrations for pristine P3HT samples
(dashed curves): 99% RR P3HT (red), 97% RR P3HT (blue), 93% RR P3HT (green), and RRa
P3HT (yellow). Out-of-plane (c) and in-plane (d) GIWAXS integrations for the highest anion-
exchange-doped samples for each P3HT regioregularity are shown as solid curves, with the same
colors as in (a) and (b). Insets in the out-of-plane panels show the lamellar overtones normalized
to the height of the (200) peak for pristine samples and the (300) peak for doped samples. Peaks
labeled with an asterisk (*) in the doped P3HT films are due to scattering from excess LiTFSI.
..................................................................................................................................................... 116

Figure 5.3. (a) UV—vis—NIR spectra of pristine P3HT films with different regioregularities (99%
RR, 97% RR, 93% RR, and RRa P3HT). Inset: Energy-level diagram showing the bandgap (BG)
and polaronic transitions of doped conjugated polymers. Exciting the P1 transition leads to an
increase in P2 absorption. (b) Normalized P1 absorption region of anion-exchange-doped P3HT
films for representative samples (99% RR Low, 97% RR High, 93% RR High, and RRa Low)
doped using different F4TCNQ concentrations (0.05, 0.5, 1, and 1 mg/mL, respectively) while
maintaining a constant LiTFSI electrolyte concentration of 30 mg/mL. These doping conditions
were chosen to match carrier densities in the different samples (see Figure D6). (c) P1 peak energy
versus maximum P1 absorption intensity, obtained by Gaussian fitting (see Figure D8 in Appendix
D), for all four P3HT polymers for different doping concentrations (see Figure D6). Circles
indicate the samples selected for ultrafast transient (TA) absorption measurements. Colored blocks
are used as visual guides for polymers with different regioregularities. (d) Slower induced P2 decay
times extracted from TA measurements for the circled samples in Figure 5.3¢ (dashed bars),
plotted alongside their corresponding steady-state P1 peak positions (solid bars). The TA decay
times, which are a measure of the local carrier mobility, follow the same trend as the P1 peak
positions, with doped 99% RR and 97% RR P3HT samples exhibiting faster decay dynamics than
93% RR and RRa P3HT.......ccoiiiiiiiiic et 122
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Figure 5.4. (a) Relation between carrier mobility and carrier density for the four different doped
P3HT samples. Carrier mobility and density values for the 99% RR P3HT (red), 97% RR P3HT
(blue), and 93% RR P3HT (green) samples were measured via Hall effect measurements. For RRa
P3HT (yellow), carrier density was estimated from the oscillator-strength-weighted P1 peak area
(calibrated using the 97% RR and 93% RR P3HT samples; see Figure D12 in Appendix D). The
circled data points correspond to the same samples whose P1 peaks and TA dynamics are
highlighted in Figure 5.3¢,d. (b) Radius of gyration, R, obtained from GISAXS (see Appendix
D), as a function of carrier density for pristine and doped P3HT films with different
regioregularities. The fact that the RR samples’ mobility inverts between the blue and white regions
corresponds directly to when the R, values of the different samples become similar. (c) Activation
energy (Ea.) as a function of carrier density for the different doped P3HT samples. E, values were
obtained as the slope of Arrhenius fits to the temperature-dependent conductivity versus (ks7)™",
shown in Figure D15 in Appendix D. .....cccoiiiiiiiiiiiiiiee e 131

Figure 5.5. Thermoelectric properties of 99% RR, 97% RR, 93% RR, and RRa P3HT films doped
via anion exchange, including (a) the Seebeck coefficient—conductivity (S—o) relation and (b) the
power factor (PF). The dashed curves in Figure 5.5a represent fits to the SLoT model, with
parameters presented in Table 5.1. The higher-RR P3HT samples exhibit better thermoelectric
performance than the lower-RR P3HT samples, whose properties are more strongly limited by
local disorder and reduced mesoscale CONNECLIVILY. .......ccveeiieriiiiieniieeieeie e 134

Figure 5.6. Behavior of oo, the intrinsic conductivity in the SLoT model, as a function of relative
crystallinity (out-of-plane lamellar (100) peak area) for the most-doped P3HT samples. The more
crystalline 99% RR and 97% RR P3HT samples exhibit higher intrinsic conductivities than the
lower-crystallinity 93% RR and RRa P3HT samples. .........ccccovoieriiiiniiniiiiiieniciceieneeene 136

Figure A1. UV—vis absorption spectra of polystyrene films under various conditions. The black
curve shows the spectrum of pristine PS. The red and blue curves show the same film after soaking
in a 1 mM DDB-Fe solution before and after washing with ACN, respectively. The green and
yellow vertical dashed lines show the energies where the DDB-Fego~ anion and neutral DDB-Feo
species absorb, respectively, indicating the removal of both species upon the ACN wash........ 152

Figure A2. UV—vis spectra of ACN-washed (red curves) and unwashed (blue curves) (a) pristine
PBTTT and (b) PBTTT doped with 1 mM DDB-Fgo. The yellow dashed line indicates the
absorption maximum of the neutral DDB-Fgo molecule (near 2.7 eV). The shoulder in the
unwashed (blue curve) sample disappears upon ACN washing, indicating the removal of all neutral
DDB-Fso molecules in our films prior to 2-pot AED.........ccoviiiiieiiiiiiiiieieeeece e 153

Figure A3. UV-vis—NIR spectra of doped conjugated polymer films before and after n-BA solvent
washing. (a,b) PBTTT and (c,d) RRa-P3HT samples doped using 1| mM DDB-Fg (a,c) and 1 mM
DDB-Fso followed by 2-pot AED (b,d). Spectra were collected after the initial doping step and
subsequent n-BA washing for the 1| mM DDB-Fgo-doped samples. The 2-pot AED samples were
exchanged with LiTFSI solution followed by an n-BA wash to remove any salt left on the surface
of the films. Minimal changes in the absorption features before and after the first or second n-BA
wash indicate limited dedoping, demonstrating the robustness of both doping methods against
SOIVENT WASHINE. ...eiiiiiiieiieiie ettt ettt ettt e ettt e et e ebeeesbeeseeenbeenseessseenseas 154
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Figure A4. Normalized P1 peaks for PBTTT doped with 1 mM DDB-F¢o and PBTTT subjected to
2-pot AED with different LiTFSI concentrations of 3.5, 17, and 104 mM. These are the same
samples shown in Figure 2.2a in the main teXt...........cccorviiiiiiiiiiiiieiecieee e 155

Figure AS. NIR P1 absorption peaks for P3HT polymers doped both conventionally with 1 mM
DDB-F¢o and following 2-pot AED with 104 mM LiTFSI. Panels (a,b) show spectra for
regioregular (RR) P3HT, while panels (c,d) correspond to regiorandom (RRa) P3HT. Shaded
regions indicate the range used in the frequency-weighted integrated P1 area calculations. ..... 157

Figure A6. (a—c) UV—vis—NIR spectra of PBTTT thin films (purple curves) conventionally SqP-
doped with 0.3, 1, and 2 mM DDB-Fso, respectively (red curves), and subsequently subjected to
2-pot AED using a 104 mM LiTFSI solution (blue curves), showing an increase in the signature
polaron peak intensities (P1 and P2). These spectra demonstrate the extra doping gained upon
exposure to the high-dielectric environment of the LiTFSI solution at different initial dopant
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Figure A7. Doping level-matched UV—vis—NIR spectra of PBTTT thin films doped via the 2-pot
(blue curve) and 1-pot (green curve) AED methods. The 1-pot method requires a lower dopant
concentration (0.3 mM) to reach similar doping levels as the 2-pot method (1 mM), as indicated
by the comparable bandgap-to-P1 absorption ratios. The absorbance was thickness normalized to
clearly show the matched P1/BG ratios in both films. This matching allows us to confidently
comment on the structural similarities between the 1-pot and 2-pot AED samples in Figure 2.3 in
the AT TEXL. ...ttt ettt ettt sttt nae 159

Figure A8. 2D GIWAXS diffractograms of (a) pristine PBTTT, (b) PBTTT doped with 1 mM
DDB-Fe, and (c) PBTTT doped via 2-pot AED with a 104 mM LiTFSI solution. We obtained the
1D integrations along the OOP (g.) and along the IP (gxy) directions shown in Figure 2.3 in the
INIAIIL EEX ..ttt t e e bt bt ettt et e a et a e e bt e b ettt e st e naenbe et 161

Figure A9. 2D GIWAXS diffractograms for ACN-washed (a) pristine RR P3HT, (b) RR P3HT
conventionally doped with 1 mM DDB-Fgo, and (¢c) RR P3HT doped via 2-pot AED with 104 mM
LiTFSI. 1D integrations in OOP and IP directions are shown in Figure A10.................c..c...... 161

Figure A10. 1D integrations (a) out-of-plane and (b) in-plane for ACN-washed pristine RR P3HT,
RR P3HT doped with 1 mM DDB-Feo, and RR P3HT doped via the 2-pot AED method. Panels
(c,d) represent the out-of-plane and in-plane integrations, respectively, for the unwashed RR
samples. The similarity between ACN-washed samples in panels (a,b) and the unwashed samples
in panels (c,d) indicates that solvent washing did not affect the structure of the RR P3HT samples.
..................................................................................................................................................... 163

Figure A11. 2D GIWAXS diffractograms of washed (a) RRa P3HT, (b) RRa P3HT conventionally
doped using a 1 mM DDB-Fg solution, and (c) the same doped RRa P3HT subjected to 2-pot AED
with 104 mM LiTFSI. Doping induces an increase in crystallinity in the originally amorphous RRa
P3HT polymer films, as seen in Prior StUAIES. ........eccveeriieriiiriieiiieiieeie et eve e eee e 164

Figure A12. Radially integrated out-of-plane (a) and in-plane (b) GIWAXS patterns for washed
RRa P3HT films doped with DDB-Fgo and films subjected to 2-pot AED. Doped RRa P3HT shows
a large doping-induced crystallization, as indicated by the formation of (400) and (020) peaks
compared to the pristine film. Panels (c,d) show the unwashed 1D integrations along the out-of-
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plane and in-plane directions, respectively, and indicate no major structural changes due to solvent
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Figure A13. 1D integrated out-of-plane and in-plane GIWAXS patterns for (a,b) PBTTT and (c,d)
P3HT doped via the 2-pot AED method with 17 mM (pink curves) and 104 mM (blue curves)
LiTFSI. Both PBTTT and P3HT doped via the 2-pot AED method show similar g-spacing values
along the out-of-plane (lamellar spacing) and in-plane (z-stacking spacing) directions at low and
high electrolyte concentrations, indicating they have similar structures and that anion exchange
has gone to completion even at lower dopant-to-electrolyte ratios. .......c..ccccevveereerieriieneenennns 167

Figure A14. Cyclic voltammograms of PBTTT and DDB-Fsy measured in a 100 mM TBAPFs
electrolyte solution in ACN using a three-electrode cell. The PBTTT CV was collected using ITO
as the working electrode, a Pt sheet as the counter electrode, and a nonaqueous Ag/Ag” reference
electrode consisting of an Ag wire in 1 mM AgNOs3/100 mM TBAPFs in ACN separated by a glass
frit. The CV for DDB-Feo was measured by dissolving 1 mM DDB-Fe in the electrolyte and using
a Pt sheet as the counter electrode, a glassy carbon electrode (GCE) as the working electrode, and
the same nonaqueous Ag/Ag" reference electrode described above. All potentials were referenced
to the Fc/Fc' redox couple measured under identical conditions. ............ceceeerierieerieniereneniennes 168

Figure B1. (a) Conductivity values for higher concentrations of dopants for conventional (1
mg/mL F4TCNQ) and anion-exchange (0.5 mg/mL F4sTCNQ + 30 mg/mL LiTFSI and 0.5 mg/mL
F4sTCNQ + 5 mg/mL LiPF¢)-doped 97% RR P3HT in three different environments. Similar to the
result shown in Table 3.1, only samples doped with hygroscopic salts (LiTFSI and LiPF¢) show a
drop in conductivity when exposed to the ambient environment. The sample doped with the
conventional method (FsTCNQ) remains unchanged within measurement error. (b) Conductivity
of various P3HT regioregularities (99% RR and 93% RR) doped with 0.5 mg/mL F4sTCNQ + 30
mg/mL LiTFSI. Like the case for 97% RR P3HT, when 99% RR and 93% RR P3HT are doped
with anion exchange, the electrical conductivity drops roughly by a factor of 2 for all
regioregularities and doping concentrations once the samples are exposed to ambient air, indicating
that LiTFSI absorbs water independently of the polymer..............cccoeciieiiiniiinieniiiieeee 175

Figure B2. Conductivity values for the 97% RR P3HT doped with 0.1 mg/mL FsTCNQ + 30
mg/mL LiTFSI via anion exchange (AE) were measured inside an argon glovebox, exposed to
ambient air for 5 minutes, and subjected to four 5-minute vacuum/Ar-purge cycles in a chamber.
..................................................................................................................................................... 176

Figure B3. UV—vis—NIR spectra of P3HT samples doped with 0.5 mg/mL F4sTCNQ (red), 0.1
mg/mL F4sTCNQ anion-exchanged with 30 mg/mL LiTFSI (green), and 0.1 mg/mL F4sTCNQ
anion-exchanged with 5 mg/mL LiPF¢ (purple) taken in ambient air. ..........cceceeveevienieneeniennene 177

Figure C1. 2D GIWAXS diffractograms for P3HT doped with (a) 0.3 mM DDB-F7, (b) 1 mM
DDB-Fzg, (¢) 3.62 mM F4TCNQ, and (d) 3.62 mM F4sTCNQ plus 104.5 mM LiTFSI via anion
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Figure C2. GIWAXS out-of-plane 1D integrations for P3HT doped with (a) DDB-F7,, (b) DDB-
Fs6, (¢) F4sTCNQ, (d) F4TCNQ plus LiTFSI via anion exchange (AE). For anion-exchange-doped
(AE) samples, the concentrations are reported based on the amount of F4sTCNQ added, plus 104.5
mM LiTFSI. The black (100) curve indicates the primary lamellar scattering for pristine P3HT,
while the rainbow-colored (4#00) curves are for the various doped P3HT samples. Peaks labeled
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with an asterisk (*) are from excess LiTFSI salt crystals on the surface of the anion-exchange-
OPEA FIIMIS. ...ttt ettt e ettt e et e et e et e e teeenbeenbeeenaeenneas 183

Figure C3. GIWAXS in-plane 1D integrations for P3HT doped at various levels with: (a) DDB-
F72, (b) DDB-F3g, (c) F4sTCNQ, (d) F4TCNQ plus LiTFSI via anion exchange (AE). For anion-
exchange-doped samples, the concentrations reported in the legend are based on the amount of
F4TCNQ added plus a constant concentration of 104.5 mM LiTFSI. Peaks labeled with an asterisk
(*) are from excess LiTFSI salt crystals on the surface of the anion-exchange-doped films..... 185

Figure C4. In-plane GIWAXS integrations for pristine P3HT (black curves) and P3HT doped with
F4TCNQ at 0.36 mM (red curves) and 3.62 mM (blue curves) using (a) DCM and (b) n-BA as the
doping solvent. The diffraction patterns are almost identical for both solvents, indicating that the
solvent choice alone is not important for determining structural change. These data serve as a
control for the anion-exchange-doped samples, which show the appearance of a pronounced
scattering peak near 1.4 A~! that is associated with scattering from a disordered z-stacking region.
Because the FsTCNQ-doped P3HT films do not exhibit the strong scattering feature near 1.4 A~!
upon doping from either solvent, these data suggest that the additional scattering from the
disordered z-stacking feature observed in the AE-doped samples is indeed associated with AE-
induced ordering of the less ordered/amorphous fraction and is not due to the use of n-BA as the
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Figure C5. Paracrystallinity (gxoo) (%)) from GIWAXS versus carrier density for P3HT doped
with DDB-F7, (brown triangles), DDB-F3¢ (blue squares), F4aTCNQ (pink circles), and F4sTCNQ
plus LiTFSI via anion exchange (green Circles). ......ooiiiiiiiniieiieeieeieecie e 187

Figure C6. Horizontal 1D integrations of GISAXS data for all concentrations of P3HT doped
with: (a) DDB-F72, (b) DDB-F36, (¢) FATCNQ, and (d) via anion exchange (F4sTCNQ with 104.5
mM LiTFSI). The scattering from pristine P3HT (black curves) is also plotted in all panels for
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Figure C7. Representative Unified Fit modeling of doped P3HT using (a) 0.3 mM DDB-F7, (b)
1 mM DDB-F3e, (c) 3.62 mM F4TCNQ, and (d) 3.62 mM F4TCNQ anion-exchanged with 104.5
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Figure C8. Electrical conductivity (¢) and Seebeck coefficient (S) of P3HT plotted as a function
of dopant concentration for the four dopants used in this study. All doping cases demonstrate an
inverse relationship between the conductivity and Seebeck coefficient: higher doping levels
increase conductivity while decreasing the Seebeck coefficient. For anion-exchange-doped (AE)
samples, the concentrations are reported based on the amount of FsTCNQ, all with 104.5 mM
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Figure C9. Thermovoltages versus the applied temperature difference for P3HT films doped with
different concentrations of (a) DDB-F72, (b) DDB-F3g, (¢) FsTCNQ, and (d) F4sTCNQ plus 104.5
mM LiTFSI via anion exchange. The slopes of the AV versus AT plots were used to calculate the
Seebeck coefficients in Figure C8 and the main text. For the AE samples, the legend shows the
F4TCNQ concentration with 104.5 mM LiTFSI for all samples. ........c.ccccevciienienciienieniieenne 195

Figure C10. Hall carrier density and mobilities for P3HT doped with (a) DDB-F7,, (b) DDB-Fsg,
(c) F4TCNQ, and (d) via anion exchange (AE) as a function of dopant concentration. For the AE
samples, the legend represents the F4TCNQ concentration with 104.5 mM LiTFSI. ................ 196

Xviii



Figure C11. UV—-vis—NIR oscillator-strength-weighted P1 peak area plotted versus Hall carrier
density for F4 TCNQ- and anion-exchange-doped P3HT shows a linear relation........................ 197

Figure C12. In(a(7)) versus (ksT)™! plots for P3HT doped with (a) DDB-F7,, (b) DDB-Fs, (¢)
F4TCNQ, and (d) via anion exchange (AE) at various doping concentrations. For the AE samples,
the legend represents the FsTCNQ concentration with 104.5 mM LiTFSL .........ccccooiniininnn. 199

Figure D1. GIWAXS out-of-plane integrations for pristine and anion-exchange-doped: (a) 99%
RR P3HT, (b) 97% RR P3HT, (¢) 93% RR P3HT, and (d) RRa P3HT films. The sharp peaks labeled
with an asterisk (*) in the doped P3HT films are due to scattering from excess LiTFSI........... 205

Figure D2. GIWAXS in-plane integrations for pristine and doped: (a) 99% RR P3HT, (b) 97% RR
P3HT, (c) 93% RR P3HT, and (d) RRa P3HT films. The intensity of each integration is normalized
to the corresponding film thickness. Peaks labeled with an asterisk (*) in the doped P3HT films
are due to scattering from excess LiTFSL. ......cccoooiiiiiiiiiiiiiiieceee e 208

Figure D3. Edge-on to face-on texture analysis of P3HT films. (a) Representative 2D GIWAXS
diffractogram of a pristine 93% RR P3HT sample, with the (100) diffraction integrated along the
azimuthal angle (y) over a ¢ range of 0.3-0.5 A~'. y-dependent intensity profiles of the (100)
diffraction for (b) pristine P3HT samples (¢ range integrated 0.3-0.5 A~') with varying
regioregularity and (c) the most-doped P3HT samples (g range integrated 0.25-0.45 A~") prepared
via anion exchange and presented in Figure 5.2 of the main text. .........cocevvervienieniniinicenennn, 209

Figure D4. Horizontal 1D GISAXS integrations near the Yoneda band for pristine and doped: (a)
99% RR P3HT, (b) 97% RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT polymers. Legends
indicate the F4sTCNQ concentration; the LiTFSI concentration was fixed at 30 mg/mL for all doped
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Figure DS. Representative Unified fits of the most-doped P3HT samples for (a) 99% RR P3HT,
(b) 97% RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT via the anion-exchange method using
the F4TCNQ concentration indicated in the legend with 30 mg/mL LiTFSI. The green and blue
lines represent the Level 1 and Level 2 fits that give rise to the calculated intensity (black curves),
which closely match the measured INtENSILIES. .......eevieiieriieiiieeiieiiece e 212

Figure D6. UV—vis—NIR spectra of: (a) 99% RR P3HT, (b) 97% RR P3HT, (c) 93% RR P3HT,
and (d) RRa P3HT pristine films (black curves) and anion-exchange-doped films (various colored
curves) at various FsTCNQ dopant concentrations, where thicker colored lines indicate higher
doping concentrations. The LiTFSI electrolyte concentration was kept constant at 30 mg/mL for
all of the anon-exchange doped samples. The spectra confirm successful chemical doping of the
P3HT films through the appearance of the polaronic P1 and P2 peaks at ~0.4-0.6 and ~1.2—-1.6 ¢V,
respectively, and through the depletion of the bandgap absorption at ~2.3-3.3 eV. The lack of
F4TCNQ anion absorption at ~1.5 and ~3.0 eV confirms that the exchange process was successful.
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Figure D7. Normalized polaronic P1 peaks for the doped samples of: (a) 99% RR P3HT, (b) 97%
RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT. P1 peaks were normalized to the maximum
absorbance in the IR region 0.38-0.8 eV. The curves highlight the red-shifted P1 peak positions of
the doped 99% RR and 97% RR P3HT polymers compared to the doped 93% RR and RRa
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Figure D8. Representative Gaussian fits (green dashed lines) of the P1 peak for: (a) 99% RR P3HT
(1 mg/mL F4sTCNQ with 30 mg/mL LiTFSI), (b) 97% RR P3HT (1 mg/mL F4sTCNQ with 30
mg/mL LiTFSI), (c) 93% RR P3HT (3 mg/mL F4sTCNQ with 30 mg/mL LiTFSI), and (d) RRa
P3HT (9 mg/mL F4sTCNQ with 30 mg/mL LiTFSI). Only the highest dopant concentrations are
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Figure D9. Normalized transient P2 peak integrated area as a function of time for the doped 99%
RR P3HT, 97% RR P3HT, 93% RR P3HT, and RRa P3HT polymers following excitation at 1400
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CHAPTER 1

Introduction

1.1 Semiconducting Conjugated Polymers

Conjugated polymers are a class of organic semiconductors defined by alternating single
and double bonds along their backbones, which create a delocalized 7-electron system capable of
supporting charge transport. These materials show a unique combination of semiconducting
behavior, solution processability,!!! mechanical flexibility, and compatibility with room-
temperature fabrication, which has established them as leading candidates for next-generation
electronic materials. Conjugated polymers can be processed by simple, scalable techniques—such
as spin-coating,!!! blade-coating,!! or inkjet printing’*’—enabling inexpensive, large-area
fabrication of lightweight, flexible devices. As a result, they underpin technologies ranging from
organic photovoltaics (OPVs) and organic field-effect transistors (OFETs) to light-emitting diodes
(OLEDs), bioelectronic interfaces, and sensors.[*!

In addition to their successes in optoelectronics, conjugated polymers are increasingly
recognized as promising materials for thermoelectric (TE) energy harvesting, where TE devices

>-101 Thermoelectric devices operate based on the

convert waste heat into reusable electricity.!
Seebeck effect, in which a temperature gradient across a material generates a voltage, as depicted
in Figure 1.1a. Semiconducting polymers’ inherently low thermal conductivities (x)!-3!!-13] and
relatively large Seebeck coefficients (S)7'4 provide a favorable foundation for converting small
temperature gradients into electrical power—particularly for low-grade heat and wearable

applications.[’-1%14] The thermoelectric efficiency can be quantified using the figure of merit Z7,

given by:



S%o
2T T, (1.1)

where o is the electrical conductivity, « is the thermal conductivity, S is the Seebeck coefficient,
and 7 is the absolute temperature, included to make Z7 dimensionless. Because « is intrinsically
low in conjugated polymers, improving Z7 relies primarily on controlling S and o.

Electrical conductivity in a semiconductor is dictated by Equation (1.2):

g=nee (1.2)

where 7 is the carrier density, e is the elementary charge, and x is the carrier mobility. From this
expression, it is clear that one can enhance the electrical properties of conjugated polymers by
increasing the number of carriers via doping and/or by improving the conductive pathways that

determine g.[515-181
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Figure 1.1. (a) Schematic of a thermoelectric device. (b) Seebeck coefficient (S), electrical
conductivity (o) and figure of merit plotted as a function of carrier density, showing the inverse
relationship between S and o as the carrier concentration is increased. This trade-off between S and
o results in a “sweet spot” in carrier concentration for optimizing the Z7 of a thermoelectric device.



Introducing additional carriers through doping is an intuitive strategy for increasing o.
However, maximizing thermoelectric performance requires careful consideration of the intrinsic
trade-off between the Seebeck coefficient and electrical conductivity with increasing carrier
concentration.['”-22] As Figure 1.1b illustrates schematically, increasing n increases o but lowers
S. This results in an inverse S—o relation that produces a characteristic “sweet spot” in doping level
where ZT is optimized. Therefore, a successful doping strategy must introduce carriers while

enhancing carrier mobility and minimizing the drop in S.

1.2 Chemical Doping: Introducing Carriers While Preserving Structure

1.2.1 Fundamentals of p-Type Doping and Polaron Formation

A common method utilized to introduce carriers into conjugated polymer films is chemical
doping. In a typical p-doping process, an electron is transferred from the polymer’s highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of an
electron-accepting dopant molecule. This oxidation event produces a positively-charged radical
cation on the polymer chain. To stabilize this electronic excitation, the polymer backbone
undergoes a transformation from an aromatic structure to a more quinoidal form.[?3-%! The
resulting stabilized radical cation, along with the lattice distortion, is known as a polaron. Figure
1.2 shows the Lewis structures of a neutral polymer chain and the same polymer chain after
chemical doping has occurred with the creation of the polaron (purple oval shading); also shown
is the dopant anion that serves as a counterion to maintain charge neutrality in the polymer film.

In addition to structural changes in the backbone conformation, chemical doping also
changes the electronic structure of the polymer, giving rise to two new electronic states within the
bandgap. Figure 1.2 depicts these changes in the electronic structure of the conjugated polymer

after chemical doping. The two doping-induced midgap states result in two new optically-allowed
3



transitions, labeled P1 and P2, which appear as absorption features in the UV—vis—NIR spectra.
The P1 transition, occurring near ~0.5 eV in an otherwise spectrally quiet region, is frequently

used as an indicator of polaron formation, doping level, and carrier delocalization.2¢-31]

CgH1s CeH13 CgH1s CsH13 CeH13 CeH1z
Neutral Q Polaron

Chemical Doping

Conduction
Band

Conduction
Band

BG

Valence
Band

Valence
Band

Figure 1.2. Neutral P3HT polymer backbone before the charge transfer process with a molecular
dopant. Chemical doping creates a radical cation, resulting in backbone reorganization from an
aromatic to a quinoid structure. The lattice distortion, along with the radical cation, is referred to
as a polaron (purple shading). This structural reorientation also changes the electronic structure of
the polymer, creating two new intragap energy states between the bandgap (BG) transition. These
new energy levels give rise to two new optically allowed polaronic transitions, labeled P1 and P2.
The blue circle represents the dopant counterion that remains inside the polymer film after the
doping process is complete.

1.2.2 Solution (Blend) Doping and Its Limitations
One of the earliest approaches to molecularly dope conjugated polymers was to co-dissolve
the polymer and dopant in a common casting solvent (“blend doping™).32-3¢) In this method, the

dopant oxidizes the polymer while both are still in solution. As the polymer becomes charged,
4



however, its solubility in the nonpolar solvents typically used for conjugated polymers drops
sharply. The charged doped chains then tend to aggregate and phase-separate from the solution, so
that the morphology of the resulting cast film is governed largely by aggregation rather than by
the microstructure of the original neutral polymer. The films produced in this way often exhibit
poor uniformity, increased structural disorder, and reduced charge-carrier mobility.33-*33¢1 For
thermoelectric applications, where high conductivity and controlled microstructure are essential,
these limitations make blend doping less attractive than post-deposition methods that introduce

dopants into a pre-formed polymer film.

1.2.3 Sequential Processing: A Morphology-Preserving Alternative

To mitigate these solution-processing difficulties and to better preserve the microstructure
of the undoped film, our group developed sequential processing (SqP) methods.?**7-4% In the SqP
approach, a high-quality pristine polymer film is first cast under conditions optimized for structural
order (see Figure 1.3a). This film is then exposed to a dopant solution prepared in a semi-
orthogonal solvent that swells the pre-cast polymer but does not dissolve it. Swelling allows dopant
molecules to intercalate into the polymer film, and mass action drives the charge-transfer process
between the polymer and dopant. Because the polymer crystallites remain largely intact and the
film does not redissolve, the morphology of the pristine film is largely preserved even after
substantial levels of doping. Sequential processing thus provides a way to increase n while
maintaining, or in some cases, even enhancing yu, yielding more uniformly-doped polymer films

with better-preserved conductive pathways.
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Figure 1.3. Overview of the sequential processing (SqP) method and representative materials used
throughout this dissertation. (a) In sequential processing, a pristine polymer film is first deposited
from solution and then exposed to a dopant-containing solution, allowing dopants and/or
electrolyte ions to enter the pre-formed film without dissolving the polymer. (b—d) Chemical
structures of representative semiconducting polymers, anion-exchange electrolyte salts, and
molecular dopants used to control carrier density, counterion identity, and charge transport in
doped conjugated polymer films.

1.2.4 Anion-Exchange Doping: Expanding the Design Landscape

Building on this doping strategy, Yamashita et al. introduced a powerful variation of SqP
known as anion-exchange doping.[*!l In this two-step method, a pre-cast polymer film is immersed
in a solution containing both a molecular dopant, such as 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4sTCNQ), and a high concentration of an electrolyte, such as lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium hexafluorophosphate (LiPF¢); see Figure

1.3 for chemical structures. In these dopant/electrolyte solutions, F4sTCNQ oxidizes the polymer,
6



creating polarons and leaving behind F4sTCNQ™ as the counterion, and then mass action drives an
exchange in which this counterion is replaced by the electrolyte anion, for example, TFSI or PF¢
. The net result is that the polymer remains oxidized but now is associated with a different
counterion than the one supplied by the molecular dopant. This method thus allows for precise

[2941-43] Tt can also

control over the choice of counterion that remains in the doped polymer films.
achieve much higher doping levels than conventional methods in which only molecular dopants

are introduced by the SqP method, leading to a much higher ¢ than achieved by the same dopant

when no electrolyte is present in solution.

1.3 Charge Transport in Conjugated Polymers

Although chemical doping mitigates the low electrical conductivity in conjugated polymers
by increasing n, carrier mobility is limited both by the disordered nature of conjugated polymer
films and by electrostatic polaron—counterion interactions. Unlike crystalline inorganic
semiconductors, where charge transport occurs through extended Bloch states, charge transport in
conjugated polymers is usually described as a hopping process between localized states. As shown
in Figure 1.4, carriers hop from one localized site to another, and their ability to move over long

distances depends on both structural and energetic disorder.

1.3.1 Structural Disorder in Semicrystalline Polymers

Conjugated polymers are typically semicrystalline, with both ordered crystalline domains
and amorphous regions (Figure 1.4). Carriers can move relatively easily within the crystalline
domains, exhibiting band-like transport characteristics. However, to achieve long-range transport,
carriers must cross grain boundaries and amorphous regions where the chains are more twisted,
the packing is less regular, and the energetic landscape is more disordered. These structural defects

introduce energetic barriers between localized states. If these barriers exceed the available thermal
7



energy, hopping becomes inefficient and carriers become trapped, leading to reduced mobility.[*+
461 Thus, both local structural disorder (within domains) and mesoscale disorder (grain boundaries,

disconnected crystallites, and poorly connected domains) play critical roles in determining the

g [46-51]
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Figure 1.4. Energetic schematic depicting charge carriers (blue circles) moving through a
disordered energy landscape by hopping between localized states. The right cartoon shows a
semicrystalline polymer film with both ordered domains (darker purple) and amorphous regions,
where chain bends, kinks, grain boundaries, and disrupted packing create structural and energetic
disorder. The zoomed-in circle shows polarons (blue ovals) experiencing Coulomb interactions
with dopant counterions (orange circles).

Energy

1.3.2 Energetic Disorder and Coulomb Trapping

In addition to structural disorder, a key source of energetic disorder arises directly from the
presence of dopant counterions. When a polymer is doped, each polaron is stabilized by a nearby
anion that remains in the film after the charge transfer is complete. Because the polaron and its
counterion carry opposite charge, they attract each other via Coulomb’s law, with an interaction
strength that is inversely proportional to the distance between them (Figure 1.4).3%3152.331 When
the counterion is small and closely associated with the polymer backbone, this attraction creates a

Coulomb trap that localizes the polaron and increases the energetic barrier for hopping to
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(30.31.52.53] Larger or more diffuse anions distribute

neighboring sites, hindering carrier mobility.
their charge over a larger volume, reducing the depth of the Coulomb well and allowing the polaron
to delocalize over additional repeat units. In this way, the identity, size, and spatial distribution of
the counterions directly control the energetic landscape that carriers experience.

Taken together, these considerations highlight the complexity of designing high-
performance thermoelectric devices based on conjugated polymers. Increasing the carrier density
through chemical doping is necessary to raise o, but the same dopants that create charge carriers
also introduce counterions and can modify the microstructure in ways that affect . The resulting
transport is governed by an intertwined set of factors: the strength of Coulomb interactions
between polarons and counterions, the degree and nature of structural disorder, the connectivity of
ordered domains, and the susceptibility of the doped film to environmental perturbations such as

humidity. Understanding how these factors work together to control hopping transport and the S—

o relationship is the central theme of this dissertation.

1.4 Dissertation Overview and Goals

The goal of this dissertation is to understand and deconvolute how the dielectric
environment, ambient humidity, dopant identity, and pristine polymer microstructure influence
charge transport in conjugated polymer films. Across four major projects, we use the workhorse
polymers  poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly[2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophene] (PBTTT-C14) (see Figure 1.3 for chemical structures) as our main
systems and chemically dope them using different molecular dopants and anion-exchange doping.
These studies are united by a common theme: decoupling the factors that determine carrier
delocalization and mobility, including electrostatic interactions with counterions, structural

connectivity across length scales, and environmental perturbations such as humidity. By
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combining spectroscopy, electrical measurements, and X-ray scattering, we build a comprehensive

framework linking microscopic disorder to macroscopic transport behavior.

1.4.1 Chapter 2: Dielectric Enhancement of Doping Ability in Semicrystalline Conjugated
Polymers

Chapter 2 examines the role of the dielectric environment in the enhanced carrier
generation observed during anion-exchange doping. Although anion-exchange doping has been
shown to increase carrier density and improve the performance of doped polymer films, the
physical origin of this enhancement remains under discussion. Previous explanations have
emphasized mass action, counterion exchange, and favorable ion-pairing effects, but less emphasis
has been placed on the role of the dielectric constant of the doping environment.

In this Chapter, we aim to understand the origin of this enhanced doping efficiency and the
role that the dielectric environment plays in it. To isolate the role of the dielectric environment,
this Chapter uses a two-step anion-exchange-doping process that separates the initial chemical
doping step from the subsequent electrolyte exposure step. By first doping PBTTT with the
dodecaborane-based dopant DDB-F¢o (see Figure 1.3 for chemical structure) and then exposing
the doped film to a LiTFSI solution, we show that the high-dielectric electrolyte environment
enables an already-reduced dopant anion to oxidize the polymer backbone a second time. We find
that in order for a second electron-transfer event to occur between the DDB-Fgo~ anion and PBTTT,
the effective oxidizing power of the dopant anion must be increased by ~200 mV. UV—vis—NIR
spectroscopy and Hall effect measurements confirm that this process nearly doubles the carrier
density, supporting the double-doping process. These results demonstrate that the dielectric
environment plays a central role in the enhanced doping efficiency observed in anion-exchange

doping.
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The work presented in this chapter was completed in collaboration with Dr. A. Leon Ruiz,
D. Garcia Vidales, X. Liu, Dr. A. F. Simafranca, H. A. Khunaizi, N. Akmansen-Kalayci, Dr. E.
Doud, Dr. E. C. Wu, Z. Mehmedovi¢, Professor A. M. Spokoyny, Professor S. H. Tolbert, and

Professor B. J. Schwartz.

1.4.2 Chapter 3: Humidity and Environmental Stability in Anion-Exchange-Doped P3HT

Chapter 3 builds on Chapter 2 by examining the environmental stability of anion-exchange-
doped samples in ambient air. Given that this doping method greatly enhances carrier generation
and allows control over counterion identity, it provides an important advance for thermoelectric
applications. However, most of these applications are carried out in ambient conditions and thus
require that the doped films remain stable in ambient environments.

This work finds that although anion-exchange doping enhances doping efficiency, the
electrolytes used during the doping process, such as LiTFSI, are highly hygroscopic. Despite this,
there had been no reports on the impact of humidity on semiconducting polymer films doped using
the anion-exchange method. We showed that the electrical conductivity of anion-exchange-doped
P3HT samples drops significantly with increasing relative humidity when the hygroscopic LiTFSI
salt is used. From Hall effect measurements, we saw that the drop in conductivity results from a
drop in carrier mobility and not from a dedoping process that lowers the carrier density. From UV—
vis—NIR spectroscopy, we showed that the humidity affects the carrier mobility by introducing
water-related traps, leading to more localized polarons in high-humidity environments.

This chapter was reprinted with permission from Duong, Q. M.; Garcia Vidales, D.;
Schwartz, B. J.; and AIP Publishing. “The Effects of Humidity on the Electrical Properties and
Carrier Mobility of Semiconducting Polymers Anion-Exchange Doped with Hygroscopic Salts,”

Appl. Phys. Lett. 123, 202101, 1-6 (2023); DOI: 10.1063/5.0169905.
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1.4.3 Chapter 4: Dopant ldentity, Coulomb Interactions, and the S—c Relationship

Chapter 4 aims to understand and deconvolute how dopant identity and counterion—polaron
interactions influence the transport characteristics and S—o relation in doped P3HT. We compare
four distinct doping systems designed to decouple the roles of redox strength, dopant size, and
dopant-induced structural changes. We use the SqP method to chemically dope P3HT with three
molecular dopants. First, we choose F4TCNQ, which serves as our control system since it is
commonly used as a dopant in the literature. Due to its lower redox strength, F;TCNQ is only able
to dope crystalline regions in P3HT. Furthermore, carriers are expected to have strong Coulomb
interactions with the smaller FAsTCNQ™ counterion.

Next, we chemically dope P3HT with two large dodecaborane-based dopants, DDB-F7,
and DDB-F3¢ (see Figure 1.3 for chemical structures of the dodecaborane-based dopants and other
materials used in this dissertation), which mitigate Coulomb interactions with the polaron. Due to
the stronger redox strength of DDB-F7,, it can dope both crystalline and amorphous regions in
P3HT, while DDB-F3¢ is only able to dope crystalline domains. Lastly, we compare these doped
P3HT systems to P3HT doped via the anion-exchange-doping method using F4sTCNQ as the
dopant and LiTFSI as the electrolyte. We examine the S—o relation curves for these four doped
P3HT systems across different doping levels and show that the FAsTCNQ-doped P3HT system has
the lowest thermoelectric performance and poorest charge transport. Using temperature-dependent
conductivity measurements, we extract the hopping barriers of these doped systems and find that
the carriers in the DDB-based doped P3HT systems experience lower hopping barriers due to
mitigated Coulomb interactions between the large counterions and polarons, thus enhancing the

S—o relation in these doped systems. In contrast, FsTCNQ and anion-exchange-doped P3HT
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samples show larger hopping barriers, suggesting stronger electrostatic interactions that localize
the polarons.

We also probe the macroscopic carrier mobility via Hall effect measurements and show
that the carriers in the DDB-based doped P3HT films have higher carrier mobilities than carriers
in the F4TCNQ-doped P3HT films at a given carrier density. Remarkably, the charge carriers in
the anion-exchange-doped P3HT films exhibit similarly high Hall carrier mobilities, comparable
to the DDB-based doped P3HT films, despite experiencing larger hopping barriers, indicating that
a distinct mechanism must be contributing to the high macroscopic carrier mobility.

To understand the enhanced macroscopic carrier mobility in anion-exchange-doped
samples, we employ grazing-incidence small-angle X-ray scattering (GISAXS). We find that the
enhanced carrier mobility originates from increased long-range structural ordering that improves
mesoscale connectivity between ordered domains, improving macroscopic transport.

To quantitatively connect microscopic disorder to macroscopic transport, we fit the
Seebeck and conductivity data using the Semi-Localized Transport (SLoT) model,**! which is
described in Section 4.2.6; the full SLoT fits and fitting parameters are presented below in Figure
4.4 and Table 4.1, respectively. These fits reveal that the intrinsic conductivity parameter, oo, is
significantly larger in anion-exchange-doped films, consistent with long-range structural
improvements, while DDB dopants reduce energetic disorder primarily through Coulombic
effects. Together, these findings demonstrate that dopant choice can influence transport through
two fundamentally different mechanisms: Coulomb-trapping mitigation and mesoscale structural
ordering.

This chapter was reprinted with permission from Q. M. Duong; D. Garcia Vidales; X. Liu;

C. Z. Salamat; A. Ready; H. A. Khunaizi; M. Matsumoto; A. M. Spokoyny; S. H. Tolbert; B. J.
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Schwartz; and Wiley-VCH. “How the Carrier Mobility and Seebeck Coefficient of Doped
Semiconducting Polymers Are Controlled by Counterion Interactions and Mesoscale Order,” Adv.

Funct. Mater. 2026, DOI: 10.1002/adfm.75510.

1.4.4 Chapter 5: Pristine Microstructure and Its Influence on Delocalization After Doping

Chapter 5 explores how the initial microstructure of the polymer influences carrier
delocalization, mobility, and thermoelectric performance after chemical doping. To tune the
microstructure of P3HT, we use P3HT samples with different regioregularities: regiorandom P3HT
(RRa), 93% regioregular P3HT (RR), 97% RR P3HT, and 99% RR P3HT. By varying the P3HT
regioregularity, we can systematically tune the degree of crystallinity and thus determine how the
microstructure affects charge transport using the anion-exchange-doping method.

First, we characterized the molecular packing and intradomain morphology in the four
P3HT polymers with different regioregularities via grazing-incidence wide-angle X-ray scattering
(GIWAXS). We find that the crystalline fraction increases substantially as the polymer
regioregularity is increased. UV—vis—NIR and transient absorption (TA) spectroscopy show that
more crystalline polymers yield more delocalized polarons after doping, consistent with longer
effective conjugation lengths and improved intradomain crystallinity.

We probe the macroscopic charge transport in these doped microstructures via Hall and
temperature-dependent conductivity measurements. Surprisingly, Hall effect measurements show
that at low doping levels, the 93% RR polymer exhibits the highest macroscopic mobility,
exceeding even the 97% RR and 99% RR P3HT samples. Temperature-dependent conductivity
show that this mobility inversion is accompanied by lower hopping barriers in the doped 93% RR
sample at low carrier densities. These behaviors appear to contradict the intradomain trends

observed via our spectroscopy and GIWAXS measurements.
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GISAXS measurements were able to resolve this apparent inconsistency. At low doping
levels, the 93% RR films exhibit the largest mesoscale correlation length, indicating that their
domains are better connected across longer distances. This enhanced mesoscale connectivity
allows carriers to traverse fewer grain boundaries early in the doping process, boosting the
macroscopic carrier mobility. As doping increases, the mesoscale connectivity between ordered
domains converges across all the different films, and the mobility hierarchy reverts to the expected
trend: more crystalline polymers (97% RR and 99% RR P3HT) dominate once mesoscale
limitations are lifted.

By applying SLoT model fitting, we find that the intrinsic conductivity, oo, correlates
strongly with crystallinity, highlighting that the pristine microstructure fundamentally sets the
transport ceiling, even though mesoscale effects dominate at low doping levels.

The work presented in this chapter was completed in collaboration with D. G. Vidales, Dr.
Q. M. Duong, X. Liu, Dr. E. C. Wu, Dr. C. Z. Salamat, J. Kelleher-Ferguson, K. Sung, R. Tagawa,

Professor S. H. Tolbert, and Professor B. J. Schwartz.
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CHAPTER 2
Double Doping of Conjugated Polymers Can Be Induced by the High-Dielectric

Environment Present During Anion-Exchange Doping

Chapter 2 examines how the dielectric environment influences chemical doping in conjugated
polymers. By separating the initial doping step from the electrolyte exposure step, this chapter
shows that high-dielectric electrolyte solutions can enhance the effective oxidizing power of
dopants and enable double doping, where an already-reduced dopant anion oxidizes the polymer
backbone a second time. These results highlight the dielectric environment as a key factor

controlling the enhanced doping efficiency observed during anion-exchange doping.

Supporting Information is given in Appendix A.
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Abstract

Anion-exchange doping (AED) enhances the efficiency of chemical doping in conjugated
polymers by incorporating an electrolyte into the dopant solution; however, the mechanism by
which this improvement occurs relative to conventional doping without an electrolyte remains
unclear. Here, we investigate the role of the electrolyte using a multistep variant of AED, denoted
“2-pot AED”, in which the polymer film is first conventionally doped and then exposed to an
electrolyte solution in a separate step. We compare conventional doping and 2-pot AED using
poly(3-hexylthiophene-2,5-diyl), poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]
(PBTTT), the dopant (2,3,4,5,6-pentafluoro)benzyloxy-substituted icosahedral dodecaborane
(DDB-F¢), and the electrolyte lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). Using UV—
vis—NIR spectroscopy and Hall effect measurements, we show that, when a sufficiently strong
dopant is used, exposure to the electrolyte enables the already-present dopant anions to oxidize the
polymer a second time, nearly doubling the carrier density. Through a series of control
experiments, we attribute these additional carriers to dielectric-enhanced double doping. By
decoupling the high-dielectric environment from the initial doping step, we show that the increased
dielectric constant of the electrolyte-swollen polymer film is the key contributor to the enhanced

carrier generation observed with AED.
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2.1 Introduction

Semiconducting polymers have garnered significant interest for use in electronic and
energy applications due to their solution-processability, mechanical flexibility, and chemical
tunability.l!] One of the primary challenges for using semiconducting polymers in different
applications is their intrinsically low electrical conductivity (o), which arises from their wide
bandgaps and low density of intrinsic charge carriers. Chemical doping has become a central
strategy for enhancing the charge carrier density of semiconducting polymers.[*8] In particular,
sequential processing (SqP) has emerged as a powerful and widely adopted doping method. In this
method, a dopant solution, made using a solvent chosen to swell but not dissolve the polymer, is
spin-coated onto a pre-cast polymer film; mass action then drives the dopant into the swollen film,
allowing for the preservation of the structure of the original undoped polymer matrix and the
production of high-performance doped polymer films.:1%]

In the case of p-type semiconducting polymers, doping occurs via electron transfer from
the polymer backbone to the dopant molecule, generating positively charged carriers (holes).!-13]
This means that efficient p-type doping requires a dopant with sufficient oxidizing power to
remove electrons from energy levels at and below the polymer’s highest occupied molecular orbital
(HOMO), or valence band. When an electron is removed from the HOMO of a conjugated polymer,
the polymer backbone undergoes a local structural change from an aromatic to a quinoidal
configuration.!®! This transformation gives rise to a polaron, which consists of the unpaired
electron, positive charge, and the accompanying distortion of the polymer chain. Polaron formation
on semiconducting polymers introduces two new electronic states within the polymer bandgap,
enabling two new optically allowed transitions in addition to the bandgap transition. The new

polaron absorption peaks can be observed through UV—vis—NIR spectroscopy and are usually
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denoted as P1, which occurs in the mid-infrared near ~0.5 eV, and P2, which is usually seen in the
near-infrared at ~1.5 eV. Since the P1 transition occurs in an otherwise spectrally quiet region, one
can use its oscillator-strength-weighted integrated area to roughly estimate the number of carriers
on a doped conjugated polymer.['’-1°]

Previous work by our groups demonstrated the use of a series of functionalized
dodecaborane (DDB) cluster-based dopants for the chemical doping of conjugated polymers like
poly(3-hexylthiophene-2,5-diyl) (P3HT) (see Figure 2.1a for chemical structure).l?*-2*l The DDB
dopants share a common dodecaborane cage core structure, and their periphery can be readily
functionalized to tune their redox potentials.?”) Due to their high doping efficiency and large
molecular size, typically ~2 nm in diameter,?!) DDB-based dopants are particularly effective in
minimizing Coulombic interactions between the generated polarons and the dopant counterions,
resulting in enhanced carrier delocalization as seen by high Hall carrier mobilities and a red-shift
of the P1 absorption band. As a result, chemical doping of conjugated polymers with DDB clusters
leads to significant improvements in o, attributable to both increased carrier density and
mobility.[20-22]

Recently, a new variation of sequential doping for conjugated polymers, the anion-
exchange method, has been introduced by Yamashita et al.?*! In this method, pre-cast polymer
films are immersed in a solution containing both a molecular dopant and a high concentration of
an electrolyte, such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). The doping occurs is
two steps where the dopant oxidizes the polymer, and then mass action causes the dopant's
counterion to be replaced by the electrolyte anion. This method allows for precise control over the

choice of counterion that remains in the doped polymer films. It can also achieve much higher

doping levels than conventional methods in which only molecular dopants are introduced by the
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SqP method, leading to much higher ¢ than achieved by the same dopant when no electrolyte is

present in solution.[24-26]
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Figure 2.1. (a) Structures of the polymers, dopant, and electrolyte used for investigating the extra
oxidizing power achieved by anion-exchange doping in this work. (b) Energy level diagram for
the conjugated polymers, PBTTT-C14, regioregular (RR) and regiorandom (RRa) P3HT, as well
as the dodecaborane cluster (DDB-Feo) in the presence and absence of electrolyte (LiTFSI). The
idea is that the electrolyte increases the dielectric constant of the dopant solution, which in turn
increases the dielectric constant of the solvent-swollen polymer film, allowing dopants to more
easily remove electrons from conjugated polymers. Here, we focus on the example where the
dielectric enhancement of anion exchange allows the DDB-Feo~ anion to dope PBTTT, something
that is not possible with conventional doping. The HOMO levels for PBTTT and RR P3HT were
obtained from Refs. [27-29] and Refs. [30,31], respectively. The energy level offset between RR
and RRa P3HT was obtained from Refs. [32-34].

Although anion exchange provides a significant enhancement in doping efficiency, there is
not a detailed mechanistic understanding of why this enhancement occurs. Murrey et al. developed
a thermodynamic model—termed the Generalized Anion Exchange Isotherm (GAEI)—in an
attempt to understand and predict the way anion-exchange doping enhances carrier creation in
semiconducting polymers.[?%! According to the model, which is based on the Langmuir adsorption
isotherm, anion-exchange doping is more thermodynamically favored than conventional doping
when the electrolyte counterion forms a weaker ion pair with the polymer cation (polaron) than

with the original dopant counterion. The model does predict an enhanced driving force for

24



exchange at higher salt concentrations, but is unable to explain experimental results showing that
anion-exchange doping still proceeds efficiently at relatively low salt concentrations.[?S] This
suggests that other factors must play a critical role in producing the effective extra oxidizing power
associated with anion-exchange doping.

Here, we propose an alternative mechanism to explain the enhanced doping observed in
the anion-exchange doping process. Our idea is based on the fact that the concentrated electrolyte
solutions used in anion-exchange doping have very high dielectric constants (¢), so that they also
raise the dielectric constant inside the swollen polymer film when doping via SqP. Given that the
typical ¢ of conjugated polymers is ~3 while that of a salt solution can easily exceed ~100,1%! the
elevated dielectric environment of an electrolyte-swollen conjugated polymer could reduce the
energetic cost of charge transfer from the polymer backbone to the dopant during chemical doping.

To test this idea that anion-exchange doping depends on the local dielectric environment,
in this work we make use of a two-step sequential doping process, which we refer to as “2-pot
anion-exchange doping (AED)”, where we first conventionally dope a polymer film and then spin-
coat a plain electrolyte solution without any redox-active chemicals onto the pre-doped film in a
second processing step. Our goal is to build on work from Kiefer et al.?®! and Jarsvall et al.,[*"]
who demonstrated that “double doping” of conjugated polymers can occur when both the neutral
dopant and its reduced anion possess sufficient redox strength to oxidize a polymer backbone; in
other words, with strong dopants and easily oxidized polymers, each dopant can create two charge
carriers. Here, we chose a dopant that is not able to double-dope a conjugated polymer film on its
own, but show that this dopant becomes able to double-dope when the pre-doped film is swollen
in the presence of a high-dielectric electrolyte solution during 2-pot AED. Since we have

decoupled the doping and exchange steps using 2-pot AED, we are thus able to show that it is the
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enhanced dielectric constant, not the entropy of counterion release as in the GAEI model,!¢! that
is the primary factor leading to the enhanced doping efficiency associated with anion-exchange
doping.

For our main experiments, we use poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophene) (PBTTT-C14; see Figure 2.1a for chemical structure), a well-characterized
semiconducting polymer known for its high crystallinity and elevated HOMO level (5.1 eV),[27:281
which facilitates efficient p-type doping. For our dopant, we choose a dodecaborane-based cluster
functionalized with sixty peripheral fluorine atoms (DDB-Fgo; also see Figure 2.1a for chemical
structure), which is easily capable of doping PBTTT but whose anion has a redox potential roughly
200 mV too low to dope this polymer a second time,[*3#!1 as summarized in Figure 2.1b. We show
that by immersing a DDB-Fgo-doped PBTTT film in an electrolyte solution containing LiTFSI
(also see Figure 2.1a for chemical structure), we can raise the dielectric of the swollen film enough
for the DDB-Fso~ anion to be able to oxidize the polymer again, leading to double doping of
PBTTT. We verify that double doping takes place using both UV—vis—NIR spectroscopy and Hall
effect measurements, which show that the 2-pot AED process indeed doubles the number of
carriers compared to the conventional single-doping process. Control experiments with different

polymers, dopants, and salt concentrations all help to verify that the increased dielectric constant

is what is responsible for the enhanced doping efficiency of anion-exchange doping.

2.2 Results and Discussion

To investigate the ability of the enhanced dielectric constant associated with 2-pot AED to
double dope conjugated polymers, we examine 2-pot AED not only with PBTTT but also with two
different regioregularities (RR, regioregular, and RRa, regiorandom) of poly(3-hexylthiophene-

2,5-dyil) (P3HT). Figure 2.1b shows an energy level diagram depicting the PSHT HOMO levels
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(5.2 eV RRBE%3 and —5.3 to —5.4 eV RRal*?34) as well as the doping ability for the first and
second reduction of DDB-Fso, as measured by cyclic voltammetry (CV) (see Appendix A Figure
A14). As is well documented in the literature, PBTTT is ~100 mV easier to oxidize than RR-P3HT
and ~300 mV easier to oxidize than RRa-P3HT. Thus, we can make use of the energy level
differences between these polymers to evaluate when the anion-exchange process can induce
double doping via the 2-pot AED method. The energy level diagram in Figure 2.1b shows that the
DDB-Fso~ anion must effectively gain ~200 mV of oxidizing power to double dope PBTTT, as
confirmed by the CV scans in Appendix A Figure A14, but would need to become ~300 mV more
oxidizing to undergo efficient second-charge transfer with RR-P3HT and ~400-500 mV more
oxidizing to double-dope RRa-P3HT.

We prepared our PBTTT thin films by spin-casting a hot (120 °C) 1% w/v solution in a 1:1
mixture of o-dichlorobenzene (0o-DCB) and chlorobenzene (CB) followed by a thermal annealing
step at 180 °C for 10 minutes under an inert atmosphere.[*”] The annealed films were then
sequentially doped by soaking them in a solution of 1 mM DDB-Fgo in dichloromethane (DCM)
followed by a solvent washing step with pure acetonitrile (ACN) to remove any unreacted neutral
dopants, as described further below. P3HT films were spin-cast from a 2% w/v (20 mg/mL) o-
DCB solution and left to rest under an inert atmosphere before the doping and washing steps
mentioned above. Finally, the doped and washed polymer films were soaked in an n-butyl acetate
(n-BA) solution containing 3.5, 17, or 104 mM LiTFSI to perform the 2-pot AED process, followed
by a final ACN washing step to remove any extra electrolyte (see Appendix A Figures A2 and A3
for solvent washing comparisons between ACN and n-BA washes). For additional sample and

device fabrication details, please see Appendix A.
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To confirm that 2-pot AED causes double doping from the DDB-Fgo~ anions in the film
rather than any conventional doping from leftover neutral DDB-F¢ molecules that might have
remained on the film’s surface, we conducted rigorous solvent-washing experiments using ACN,
a solvent that dissolves the neutral DDB-F¢o dopant but not the polymer. We note that it is
challenging to use UV—vis spectroscopy to determine the relative amounts of DDB-Feso~ anion and
any potential neutral DDB-Fso dopant in conjugated polymer films because they have their primary
electronic absorptions at ~2.3 eV and ~2.7 eV, respectively, which directly overlap the polymer
bandgap absorption.’®#! Thus, to verify that washing with ACN does effectively remove any
remaining neutral DDB-Feo from the doped polymer films, we tested the washing process on films
of the neutral DDB-F¢ dopant in polystyrene (PS), as shown in Appendix A Figure Al. The PS
films were spin-coated and subsequently soaked in a 1 mM DDB-Fgo solution, after which an
absorption peak at ~2.7 eV showed significant uptake of the neutral dopant. When we then washed
these DDB-Fgo-infiltrated PS films with ACN, we found that the DDB-F¢ absorption vanished,
verifying that the solvent wash was effective at removing the neutral dopant (see Appendix A
Figure Al).

We used this same ACN washing procedure on DDB-Fso-doped conjugated polymer films
to ensure that there was no unreacted neutral dopant in the films that could become activated in
the presence of the 2-pot AED electrolyte solution and thus cause additional doping. We found that
the washing step did not change the UV—vis absorption spectrum of the doped polymer films (see
Appendix A Figure A2), verifying that washing did not affect the initial doping process. We also
found that the washing step made almost no difference in the subsequent 2-pot AED step, verifying
that any additional charge carriers produced must have come from double doping by the DDB-Fgo~

anion and not from unreacted neutral dopant in the film.
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2.2.1 Anion Exchange Enables Double Doping in a High-Dielectric Environment

We first investigate how the introduction of an electrolyte increases the dielectric constant
of the environment in a doped polymer film by demonstrating that 2-pot AED results in the double
doping of PBTTT. To evaluate the 2-pot AED doping enhancement, we start with UV—vis—NIR
spectroscopy; as mentioned above, this technique provides a method for assessing the degree of
doping of conjugated polymers by probing the amount of polaronic absorption. We proceeded by
doping PBTTT with 1 mM DDB-Fg¢ in DCM and then performing 2-pot AED with LiTFSI
solutions of different concentrations (3.5, 17, and 104 mM) in n-BA; the results are shown in
Figure 2.2a.

The data in Figure 2.2a show that undoped PBTTT (purple curve) has its characteristic
bandgap (BG) absorption peaking near 2.3 eV. Upon SqP doping with DDB-Fgo (red curve), we
see a small depletion of the BG absorption plus creation of the characteristic P2 and P1 polaronic
absorption peaks near ~1.5 eV and <0.5 eV, respectively, which indicate the formation of charge
carriers. Interestingly, similar to what was observed in our control experiments using PS films (see
Appendix A Figure A1), the lack of any observable absorption shoulder near 2.7 eV provides a
strong indication that there is no neutral DDB-F¢o present in the doped PBTTT film, demonstrating
that the solvent wash step (ACN) before the 2-pot AED step effectively removed any residual
neutral DDB-Fso from this film (see Appendix A Figure A2). We note that the BG bleach of the
doped PBTTT films appears smaller than that observed with other dopants because the DDB-Feo~

anion absorbs near 2.3 eV, overlapping the polymer BG absorption.3841]
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Figure 2.2. UV—-vis—NIR absorption spectra for (a) PBTTT doped conventionally with 1 mM
DDB-Fso and PBTTT doped with 1 mM DDB-Fs and then subjected to 2-pot AED with different
LiTFSI concentrations. The intensities of the P1 and P2 polaronic bands increase with increasing
electrolyte concentration, as denoted by the gray arrows, indicating that the high-dielectric
environment with 2-pot AED can achieve double doping of PBTTT. (b) Absorption spectra of
PBTTT films doped with both 1 mM (solid curves) and 2 mM (dashed curves) DDB-Fgo solutions
using both the conventional (red curves) and 2-pot AED (blue curves) methods, where the LiTFSI
concentration was fixed at 104 mM. Panel (c) displays a zoomed-in view of the P1 polaron
absorption peak for PBTTT doped with 1 mM DDB-F¢o and the same sample following 2-pot AED
with 104 mM LiTFSI. The shaded areas indicate the spectral regions used to calculate the
oscillator-strength-weighted integrated P1 areas in panel (d). Panel (d) compares the normalized
oscillator-strength-weighted P1 areas (solid bars) and Hall carrier densities (striped bars) for the
doped PBTTT samples shown in panel (c). Both the P1 areas and Hall carrier densities increase
by ~2x following 2-pot AED at high electrolyte concentrations, verifying double doping.
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The blue curves in Figure 2.2a show that the P1 and P2 absorption bands increase in
intensity with increasing electrolyte concentration following 2-pot AED (as indicated by the gray
arrows); the absorption in the BG region also decreases, both due to additional doping and to
exchange of the DDB-F¢o~ anion for the TFSI™ anion, which does not absorb at 2.3 eV (we verify
that the anion-exchange process indeed goes to completion below using grazing-incidence wide-
angle X-ray scattering (GIWAXS)). These data directly show that the amount of salt in the 2-pot
AED solution influences the number of carriers in the doped film. Since the only way new carriers
could be created is via doping from the DDB-Fgo~ anion, this means that higher electrolyte content
facilitates double doping through electron transfer from the polymer backbone to DDB-Feo~ anions.
We believe that this observation points to a key role played by the dielectric environment: as
LiTFSI is added to the 2-pot AED solution, the dielectric constant (¢) of the swollen doped polymer
film increases, effectively increasing the oxidizing power of the already-present DDB-Fgo~ anions.

One of the key advantages of using DDB-F¢ to understand how anion exchange increases
doping efficiency is that this dopant minimizes ion pairing effects. This is because the polarons
formed by doping with DDB-F¢ are highly delocalized, as seen by the red-shifted P1 peak location
in Figure 2.2¢, due to the large size of the counterion that minimizes Coulombic interactions with

2122401 Tn contrast, TFSI~ anions form more Coulombically trapped polarons, as

the polaron.!
indicated by the blue shift of the P1 peak location after the 2-pot AED step.[!”-1%-21:22:40] The fact
that increased doping occurs even in the presence of stronger polaron—counterion pairing following
2-pot AED further underscores that dielectric enhancement, rather than entropic effects like ion

pairing or mass action alone, is primarily responsible for facilitating the second charge transfer

and counterion exchange in the double doping process.
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We also note that in solution, highly polarizable anions tend to form weak ion pairs with
smaller cations, like Li". The TFSI™ anion is known to form relatively weak ion pairs with Li* due
to its poor affinity for Li*,[?**] and we expect the DDB-Fgo~ anion to form even weaker ion pairs
with Li" because of its larger size and delocalized negative charge. This implies that the observed
anion exchange from DDB-Fso~ to TFSI™ is not primarily driven by the dissociation or formation
of strong Li*—anion pairs but rather is facilitated by the dielectric increase in the swollen polymer
matrix, which screens electrostatic interactions and allows anions to exchange more freely. This
supports the idea that dielectric screening, rather than ion-pairing enthalpy or entropic
considerations alone, is the dominant factor enabling continued charge transfer and counterion
exchange during the double doping process.[2426:44]

The largest increase in the P1 absorption intensity observed in Figure 2.2a occurred for
the PBTTT sample doped with I mM DDB-Fg followed by 2-pot AED with 104 mM LiTFSI. We
can quantify the extent of 2-pot AED-induced double doping in two ways, first by using the
intensity of the P1 band of the polarons created by doping. Although there are changes in peak
position and shape following 2-pot AED, the integrated oscillator strength in the P1 band should
be proportional to the number of carriers that are present.[2%-2526:4346] Thus, one way we can
determine the relative amount of additional doping induced by 2-pot AED is by examining the
changes in the integrated P1 oscillator strength.

Figure 2.2¢ shows the NIR P1 spectra of PBTTT doped with 1 mM DDB-Feso and the
corresponding 2-pot AED sample (1 mM DDB-Fg followed by 104 mM LiTFSI). The shaded
regions, chosen as 80% of the peak height on the low-energy side and 50% of the peak height on
the high-energy side, represent the energy range over which we chose to integrate the peak areas.

More information about the P1 area integrations is given in Appendix A. The oscillator-strength-
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weighted integrated P1 peak areas are compared in Figure 2.2d, where we normalize the integrated
area for the conventionally doped sample to 1 and express the integrated areas of the 2-pot AED
samples relative to this value. Interestingly, we observe the P1 area increase as the salt
concentration increases until the area exactly doubles, within error, following the 2-pot processing
step at a 104 mM salt concentration. This suggests that the use of the 1:104 dopant-to-electrolyte
ratio achieves ~100% double doping efficiency.

Even at low dopant-to-electrolyte ratios (1:3.5 and 1:17), we observe both an increase in
integrated P1 area (Figure 2.2d) and a blue shift in P1 peak location (Figure 2.2a; see Appendix
A Figure A4 for normalized P1 peaks). These spectral changes indicate that double doping and
efficient anion exchange, respectively, occur even in low dopant-to-electrolyte ratios where
entropic effects like mass action and ion pairing are expected to be minimal. This observation is
further supported by the structural measurements (described further below in conjunction with
Figure 2.3) shown in Appendix A Figure A13, which show that high and low dopant-to-electrolyte
ratio 2-pot AED-doped samples have similar structures, indicating that anion exchange of the large
DDB-F¢o~ anion with the smaller TFSI™ anion was successful in both cases. The fact that anion
exchange takes place fully at different 2-pot AED electrolyte concentrations shows clearly that the
extra driving force for doping is not coming from mass action or changes in ion pairing.

As another route to verify the extent of double doping induced by 2-pot AED, we
performed Hall effect measurements, details of which are provided in Appendix A, on our DDB-
Feo-doped PBTTT films both before and after 2-pot AED using 104 mM LiTFSI. The results are
summarized by the dashed bars in Figure 2.2d. In agreement with the oscillator-strength-weighted

P1 peak area integration, we find that the carrier density doubles from 1.3 x 10?° cm™ for the 1

mM DDB-Fe-doped PBTTT film to 2.7 x 10?° ¢cm™ for the same film after 2-pot AED with
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104 mM LiTFSI. This agreement confirms that the high-dielectric environment created by swelling
with the salt solution allows for high-efficiency double doping of PBTTT by DDB-Féo.

This idea of dielectric-induced double doping is depicted in the energy level diagram in
Figure 2.1b: the second electron affinity (EA) of DDB-F¢ at —4.9 eV effectively drops when the
doped film is swollen with a high-dielectric solution; the amount of the effective EA drop depends
on the local dielectric constant, which in turn varies with the amount of LiTFSI in the swelling
solution. At the highest salt concentration (104 mM), the fact that we observe complete double
doping of PBTTT with DDB-Fg~ anions suggests that the enhanced dielectric environment in the
swollen polymer film is equivalent to ~200 mV of additional oxidizing power for the dopant anion
to fully dope PBTTT based on its reported HOMO level.

To further understand the role that the dielectric effect plays in enabling double doping, we
varied the concentration of DDB-F¢o used in the initial doping step prior to the 2-pot anion-
exchange step, as shown in Figure 2.2b. By keeping the LiTFSI concentration constant while
changing the dopant concentration, we fixed the dielectric environment of the swollen film while
varying the electrolyte-to-dopant ratio. Similar to the results in panel (a), we observe increases in
the P1 and P2 polaron absorption bands when PBTTT is doped with both 1 mM and 2 mM DDB-
Feo solutions and then subsequently subjected to 2-pot AED with a 104 mM LiTFSI solution. Hall
carrier densities, shown in Appendix A Table A1, and UV—vis—NIR spectra, shown in Figure A6,
confirm that double doping takes place even at higher dopant concentrations where the electrolyte-

to-dopant ratios are lower.
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2.2.2 Structural Changes in Double-Doped PBTTT Films

To verify that the 2-pot AED method allows for full exchange of the DDB-Fgo~ anions for
TFSI™ anions from the electrolyte, we performed grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements (see Appendix A Figure A8 for the full 2D diffractograms) on pristine
PBTTT films (purple curves), films conventionally doped with DDB-Fso (red curves), and the
same films subjected to 2-pot AED with a LiTFSI solution (blue curves), all of which are shown
in Figure 2.3. Due to the preferential edge-on orientation of PBTTT, the out-of-plane integration
(panel (a)) shows the scattering from the lamellar (400) structure of PBTTT, while the in-plane
integration (panel (b)) emphasizes scattering from the polymer z-stacking (040). For the undoped
polymer (purple curves), the lamellar (£00) peaks appear at g-spacing values of multiples of ~0.29
A~!, corresponding to a lamellar spacing of ~21.6 A, which agrees with other reports for PBTTT
in the literature.[*"-30]

Previous work by our groups has demonstrated that bulky dodecaborane-based dopants
like DDB-Fé intercalate into the lamellar region of conjugated polymer crystallites between the
side chains;[21224% given the very large size of these dopants (~2 nm diameter),l?!! this forces a
significant expansion of the lattice in the lamellar direction.!?’! Similarly, for our samples of
PBTTT doped with DDB-Fgo, the red curve in Figure 2.3a shows an expansion in the lamellar

spacing of the polymer (peaks labeled by (400)") to ~28.8 A, verifying the intercalation of this

large dopant’s counterions.
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Figure 2.3. Integrated GIWAXS diffractograms of pristine PBTTT (purple curves), PBTTT doped
conventionally with DDB-Fgo (red curves), PBTTT doped by the traditional 1-pot anion-exchange
method with DDB-Feo and LiTFSI (green curves), and PBTTT doped via 2-pot AED (blue curves).
(a) The out-of-plane integrations show that doping PBTTT with DDB-Feo results in a PBTTT
structure with a highly expanded lamellar spacing, with scattering peaks denoted by the red (£00)’
labels. As the large DDB-Feso~ anion is exchanged with the smaller TFSI™ anion via 2-pot AED, a
shift of the lamellar scattering peaks back to higher g-spacing values is observed, indicating that
the 2-pot exchange was successful. The lamellar peak positions are at identical g-spacing values
following both 1-pot and 2-pot anion exchange, indicating that the same doped final structure is
reached independent of how the anion exchange was accomplished. Panel (b) shows the in-plane
integrated diffractograms, which again verify that the two anion-exchange processes lead to the
same final PBTTT structure.

Figure 2.3a also shows that following the 2-pot AED step (blue curve), there is a shift of
the lamellar scattering peaks back to higher g-spacing values, corresponding to a lamellar spacing

of ~23.0 A, indicating a significant contraction in the lamellar spacing. The g-spacing values
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obtained after the 2-pot step match those seen with the traditional 1-pot AED method®* using 0.3
mM DDB-Fso and 104 mM LiTFSI (green curve), a doping condition that produces a similar
overall doping level as our 2-pot AED samples (see Appendix A Figure A7 for details). The fact
that both the traditional and 2-pot anion-exchange processes produce the same final doped and
exchanged structures provides additional verification that the 2-pot AED method used here
successfully exchanges DDB-Feo~ anions for TFSI™ anions. Moreover, it shows that the enhanced
dielectric environment during 2-pot AED not only enables DDB-Fgo to double dope the polymer,
but that each DDB-F¢ dianion is then exchanged for two TFSI™ anions that maintain charge
neutrality.

Figure 2.3b displays the in-plane GIWAXS integrations for the same set of samples,
showing the doping-induced changes in the polymer z-stacking peak, indexed as (010). Although
the changes are more subtle than with the lamellar peaks, we see again that the 2-pot and 1-pot
AED doping methods lead to a similar final structure, one that is consistent with previous reports
for PBTTT doped via conventional anion exchange with the TFSI™ anion.[?>#748] A more detailed

GIWAXS analysis is provided in Appendix A.

2.2.3 Estimating the Magnitude of the High-Dielectric Doping Boost

The fact that our 2-pot AED experiments were able to induce double doping in PBTTT by
DDB-Fso suggests that the enhanced dielectric environment provided by the electrolyte solution
raises the effective doping power by at least ~200 mV. To better understand the magnitude of the
dielectric boost to anion-exchange doping efficiency, we also studied 2-pot AED with both
regioregular (RR) and regiorandom (RRa) P3HT, polymers that have HOMO levels that are ~100

and ~200-300 mV deeper than PBTTT, respectively (see Figure 2.1b).
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Figure 2.4a,b shows the absorption spectra of RR and RRa P3HT films (green and yellow
curves, respectively). As in our previous experiments, we doped our two different P3HT materials
with 1 mM DDB-Fg (red curves), followed by 2-pot anion exchange with a 104 mM LiTFSI
solution (blue curves). The UV—vis—NIR spectra show that, for these two materials, 2-pot AED
does not produce an additional increase in the P1 or P2 transition peaks, but only a blue shift in
the P1 peak position. This indicates that exposure of the DDB-Feo-doped P3HT films to the
electrolyte solution does not generate additional carriers but only exchanges the counterions; this
exchange is supported by GIWAXS results in Appendix A Figures A10 and A12. To quantify the
lack of additional doping, we calculate oscillator-strength-weighted P1 peak areas using the same
approach applied for PBTTT. Figure 2.4¢ shows that the weighted P1 areas for both P3HT
polymers do not increase once the DDB-Fgo-doped P3HT films are subjected to 2-pot AED with
the LiTFSI solution. The integration regions used to calculate the P1 areas are shown in Figure
AS. Based on the energy level schematic shown in Figure 2.1b, the enhanced dielectric
environment during 2-pot AED would need to provide ~300 mV of additional oxidizing power for
RR-P3HT and ~400-500 mV for RRa-P3HT to enable double doping. This indicates that the
additional doping power provided by exposure to the ~104 mM LiTFSI solution is at least 200 but
less than 300 mV. As a result, the 2-pot AED double-doping effect is only readily observed when
using very strong dopants, such as DDB-Fe, and easily oxidized conjugated polymers, such as

PBTTT.
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Figure 2.4. UV—-vis—NIR spectroscopy of (a) regioregular (RR) P3HT (green curve) and (b)
regiorandom (RRa) P3HT (yellow curve), demonstrating that double doping using 2-pot AED with
DDB-Fso followed by LiTFSI (blue curves) does not occur for polymers with deeper HOMO levels
than PBTTT. The spectra show a blue shift of the P1 band as the counterion is exchanged from the
DDB-Fgo~ anion to the TFSI™ anion, as expected for the smaller counterion size.!?!-2%1 (¢) Oscillator-
strength-weighted P1 peak areas of the conventionally doped and 2-pot AED-doped samples,
showing that for the P3HT polymers with their deeper HOMOs, the 2-pot AED process leads to
no change in overall doping levels.
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2.3 Conclusions

In summary, we have shown that the presence of an electrolyte in the dopant solutions used
for anion-exchange doping increases the ability of a dopant to oxidize the conjugated polymer
backbone by increasing the dielectric constant in the solvent-swollen polymer film. Interactions
between the anions and cations of the electrolyte and the counterions and polarons in the doped
polymer, as suggested by the GAEI model,'*®! do not play a significant role in the doping
enhancement provided by AED, a conclusion we reached by choosing ions with weak ion-pairing
interactions (DDB-Fso and LiTFSI) and by demonstrating that 2-pot anion exchange could induce
double doping in PBTTT films doped with DDB-Fgo. We verified that double doping took place
using both UV—vis—NIR spectroscopy and Hall effect measurements, and we showed that 2-pot
AED goes to completion using GIWAXS.

In addition, using two types of P3HT with different regioregularities, we showed that the
effective increase in oxidation potential provided by swelling a conjugated polymer film with a
high-dielectric salt solution is between ~200 and ~300 mV. This value is consistent with the
original AED work of Yamashita et al.,*¥) which showed that the redox potential of molecular
dopants can be significantly enhanced by adding an electrolyte to the dopant solution.[>'-33] In
particular, our work also explains Yamashita’s observation that different salts produce different

(241 the dielectric constant of a salt solution depends on the

degrees of oxidative enhancement:
identity of the electrolyte and the degree of ion pairing in the solution, so that the use of different
salts results in different extents of dielectric stabilization and thus different effective shifts in
oxidation potential.

Fundamentally, double doping through 2-pot AED highlights the role of the dielectric effect

as the key factor behind the increase in doping efficiency and doping ability observed in AED.[2423]
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Understanding the effects that comprise molecular doping techniques, such as AED, can help us
improve our control over the dopant—polymer interactions and thus enhance high-efficiency
polaron creation. Finally, our work shows that anion exchange has the potential to allow for double
doping by changing the dielectric environment of the system, an observation similar to that of
Kiefer et al.,’®! who enabled double doping by increasing the polymer’s dielectric constant through
the incorporation of glycol side chains. With a deeper understanding of these mechanisms, it
should be possible to further advance molecular doping strategies and enhance the performance of

conjugated polymers in applications, including thermoelectric and other electronic devices.

2.4 Experimental Section

2.4.1 Materials

Poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT-C14)  was
purchased from Sigma-Aldrich. Poly(3-hexylthiophene-2,5-diyl) (P3HT), including a 93%
regioregularity and a regiorandom (RRa) version, was obtained from Rieke Metals, Inc.
Polystyrene (PS) was purchased from Sigma-Aldrich. Chlorobenzene (CB, anhydrous, 99%), 1,2-
dichlorobenzene (0-DCB, anhydrous, 99%), n-butyl acetate (n-BA, anhydrous, >99%), acetonitrile
(ACN, anhydrous, >99%), dichloromethane (DCM, anhydrous, >99%), and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) were purchased from Sigma-Aldrich. All chemicals
and reagents were used as received. The DDB-based dopant, DDB-F¢o, was synthesized in-house

following previously reported procedures.3%>4

2.4.2 Film Preparation
Sample fabrication was carried out on different substrates depending on the application:

pre-cleaned sapphire substrates for UV—vis—NIR measurements, glass substrates for electrical
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measurements, and pre-cleaned silicon wafers for GIWAXS measurements. Glass substrates were
cut into 1.1 x 1.1 cm pieces. Si substrates were cut into 1.5 x 1.5 cm pieces. Sapphire substrates
were used as purchased/received. All substrates were cleaned sequentially with Alconox detergent,
deionized water, and acetone. After drying under nitrogen gas, they were plasma-etched for
approximately 15 minutes, then transferred to a nitrogen glovebox for spin coating of polymers
and/or dopants. All casting and doping procedures were conducted inside the N> glovebox.

A 1 wt% (10 mg/mL) solution of PBTTT in a 1:1 CB:0-DCB mixture was stirred at 80 °C
until fully dissolved. PBTTT films were spin-coated from this solution at 120 °C, first at 1000 rpm
for 60 seconds, followed by a spinning step at 4000 rpm for 5 seconds. The films were subsequently
annealed at 180 °C*>>%] for 10 minutes and allowed to cool to room temperature overnight in the
nitrogen glovebox.

For P3HT, 2% w/v (20 mg/mL) solutions of both 93% regioregular (RR) and regiorandom
(RRa) P3HT in 0-DCB were stirred at room temperature for approximately 6 hours until fully
dissolved. These solutions were spin-coated onto substrates at 1000 rpm for 60 seconds, followed
by 4000 rpm for 5 seconds. The films were stored in the glovebox overnight prior to doping.

Sequential doping was carried out by exposing the pre-cast pristine polymer films to a
DDB-Fso dopant solution for 10 seconds, followed by spin coating at 4000 rpm for 10 seconds to
remove residual dopant and dry the films. DDB-Fso solutions were prepared by dissolving the
dopant in DCM at the specified concentrations.

All doped films were subsequently solvent-washed with 0.5 mL ACN by spin-coating at
4000 rpm for 10 seconds. For 2-pot AED samples, the doped and washed films were further
exposed to different concentrations of LiTFSI solutions in n-BA by soaking for 80 seconds,

followed by a spin coating step at 4000 rpm.

42



2.4.3 Optical and Electrical Characterization

UV-vis—NIR spectroscopy was performed on films cast on sapphire substrates using a
JASCO V-770 spectrometer. Fourier transform infrared (FTIR) measurements were performed on
the same sapphire samples using an Agilent Cary 600 series FTIR spectrometer.

Four-point probe conductivity and Hall effect measurements were performed on films
deposited on glass substrates. Measurements were carried out using a Lake Shore MeasureReady
MO1 FastHall instrument in the van der Pauw configuration with square sample geometry. For
conductivity and Hall effect measurements, 45-nm-thick gold electrodes were thermally
evaporated through a shadow mask onto the doped films using an Angstrom Engineering Nexdep
evaporator at pressures below 1 x 107 torr and a deposition rate of 0.5 A/s. Film thicknesses were
measured using a Dektak 150 stylus profilometer. At least three independently prepared samples

were measured for each condition to ensure reproducibility.

2.4.4 Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) Measurements

GIWAXS measurements were performed on silicon substrates at the Stanford Synchrotron
Radiation Lightsource (SSRL) on beamline 11-3 using an incident X-ray energy of 12.7 keV and
an incidence angle of 0.12°. The 2D GIWAXS patterns were calibrated in Igor Pro using the Nika
and Irena packages, and the data were reduced using Nika, Irena, and WAXStools. Measurements
were carried out on triplicate samples to ensure reproducibility. Additional experimental and

analysis details are provided in Appendix A.

2.4.5 Cyclic Voltammetry (CV) Measurements
All cyclic voltammetry (CV) experiments were performed in an Ar glovebox with O2 and
H>O levels below 0.2 ppm using a BioLogic VMP3 potentiostat. Measurements were carried out

in a three-electrode configuration with a Pt sheet counter electrode, a nonaqueous Ag/Ag"
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reference electrode (Ag wire in I mM AgNO3/100 mM TBAPFs in ACN, separated by a glass frit),
and 100 mM TBAPFs in ACN as the electrolyte. PBTTT films spin-coated onto indium tin oxide
(ITO) substrates were used as the working electrode for the polymer measurements, while a glassy
carbon electrode (GCE) was used as the working electrode for the DDB-Fso measurements. 1 mM
DDB-F¢o was dissolved in the electrolyte prior to collecting the CV scans. All scans were collected
at a scan rate of 10 mV s, and all potentials were referenced internally to the

ferrocene/ferrocenium (Fc/Fc*) redox couple.
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CHAPTER 3
The Effects of Humidity on the Electrical Properties and Carrier Mobility of

Semiconducting Polymers Anion-Exchange Doped with Hygroscopic Salts

Chapter 3 explores the effects of humidity on the electrical properties of anion-exchange-doped
conjugated polymers. Given that the anion-exchange-doping method requires hygroscopic salts,
this study shows that water absorption into the doped film significantly decreases the electrical
conductivity. Using UV—vis—NIR spectroscopy and Hall effect measurements, we show that the

drop in conductivity is due to a drop in carrier mobility.
Chapter 3 was reprinted with permission from Duong, Q. M.; Garcia Vidales, D.; Schwartz, B. J.;
and AIP Publishing. “The Effects of Humidity on the Electrical Properties and Carrier Mobility
of Semiconducting Polymers Anion-Exchange Doped with Hygroscopic Salts,” Appl. Phys. Lett.

123, 202101, 1-6 (2023); DOI: 10.1063/5.0169905.

A reprint of the Supporting Information is given in Appendix B.
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Abstract

To improve their electrical conductivity for various applications, semiconducting polymer
films are often chemically doped to increase their equilibrium charge carrier density. Recently, a
novel doping method involving anion exchange has provided control over the identity of the
counterions that reside in such films, leading to increased stability under ambient conditions. In
this work, however, we show that by ion-exchanging 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4sTCNQ)-doped poly(3-hexylthiophene-2,5-diyl) (P3HT) films with
hygroscopic salts like lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium
hexafluorophosphate (LiPFg), the doped film's electrical conductivity drops significantly when
exposed to ambient humidity. The change in electrical conductivity depends directly on the degree
of hygroscopicity of the counterion and can be over 50% with relatively modest changes in relative
humidity (RH), and up to a factor of four between ambient and completely dry conditions. The
film's humidity response is entirely reversible when adsorbed water is removed, potentially
allowing the doped semiconducting polymer films to function as humidity sensors. Hall effect
measurements show that the cause of the drop in conductivity with increasing RH is due to a
decrease in carrier mobility and not due to dedoping. Our results emphasize that it is important to
control the sample environment when making electrical measurements on doped semiconducting

polymer films.
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3.1 Introduction

Thanks to their ease of processing, structural tunability, low intrinsic thermal conductivity,
and biocompatibility, interest in using semiconducting polymers for applications such as
biosensors or thermoelectric generators has grown steadily.[!] Due to their intrinsically low
carrier density, conjugated polymers need to be electrically doped to meet the performance
standards demanded by many applications. The most common way to do this is through chemical
doping, a process that introduces a small molecule that can undergo a charge transfer reaction with
the semiconducting polymer; since most conjugated polymers are p-type materials, oxidizing
agents are chosen to create mobile hole charge carriers.[*-¢1 The extent of chemical doping depends
mainly on the polymer's ionization energy and the dopant's electron affinity,”l as well as the
concentration of the dopant that is used.!®

Recently, Yamashita et al. introduced a novel method referred to as anion-exchange
doping,®! which provides several advantages over conventional chemical doping. The method
involves exposing a conjugated polymer film to a solution containing both a chemical dopant and
a high concentration of electrolyte. The dopant oxidizes the polymer, and the dopant counterion
is then exchanged out by mass action for the electrolyte anion from solution. This method not only
provides control over the choice of counterion in doped semiconducting polymer films, but it also
can achieve doping levels much higher than those reached via conventional doping: for example,
Yamashita ef al. were able to obtain nearly one carrier per monomer unit for the polymer poly(2,5-
bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) and the dopant 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane  (F4sTCNQ) in the presence of different
electrolytes.”] The ability to choose the counterion inside the doped film can make doped films

more stable under ambient conditions,”! and also can help tune the effect of Coulomb interaction
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between the free carriers on the polymer backbone and its compensating charge, which is important
for controlling carrier mobility.[*-101

Because of all its advantages, multiple groups are now employing anion-exchange doping
when using semiconducting polymers in different applications. In the course of our exploration
of anion-exchange doping, however, we have discovered one potentially serious drawback: the
typical  electrolyte salts wused in anion-exchange doping, such as lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), are generally highly hygroscopic, which means that
the electrical behavior of anion-exchange-doped polymer films can be highly sensitive to the
ambient humidity. In this work, we show that exposure of anion-exchange-doped polymer films
to even moderate humidity can decrease the carrier mobility by over a factor of 3. This means that
workers who study the properties of such films need to make sure they do so in a humidity-
controlled environment.

There are of course previous studies on the influence of moisture on trap formation in
semiconducting polymers.!''"!7 Zuo et al. reported that the dielectric effect of water in nanovoids
of semiconducting polymer thin films can create carrier traps that can be ~0.3-0.5 eV deep.!'¥!
These traps can be mitigated by solvent annealing to reduce the number of nanovoids!!'* or by
filling the nanovoids with dopants that displace the water.[!!!3:18] Another approach to mitigate the
effects of water inhabiting nanovoids is to use conjugated polymers with denser side chain
placement, such as regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT),!!”) which is a workhorse
material in the field.

The aforementioned moisture studies were done on pristine or very lightly-doped

semiconducting polymer films used in either organic field-effect transistors or solar cells, and none

of these studies examined the film’s electrical conductivity or the effects of different doping
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methods. Here, we investigate the effect of humidity on the electrical conductivity, carrier density,
and carrier mobility of both conventionally-doped and anion-exchange-doped P3HT films. In
particular, we study the effects of moisture on P3HT films doped via the anion-exchange method
using LiTFSI, and find a dramatic drop in electrical conductivity with increasing ambient humidity.
We then use Hall effect measurements to show that the drop in conductivity with increasing
humidity is primarily due to changes in carrier mobility and not due to dedoping. We also show
that the effect of humidity on charge transport is quasi-reversible, and that the electrical
conductivity changes almost linearly with humidity. Thus, not only is care needed to control the
humidity when studying these materials, but anion-exchange-doped conjugated polymer films also
could possibly serve a role as resistance-based humidity sensors.

In addition to exploring the effects of humidity on anion-exchange-doped P3HT films, we
also demonstrate that the salt’s hygroscopicity is key to the drop in electrical conductivity by
comparing the properties of anion-exchange-doped P3HT films with LiTFSI to those exchanged
with a less hygroscopic salt, lithium hexafluorophosphate (LiPFs).['2%] It is worth noting that
determining which of the anions is more hygroscopic depends on the conditions being explored.
For example, under conditions close to vacuum dry, the distinction of which ion is more
hygroscopic may not be clear, as seen in the ionic liquid literature.[>*2* But under typical ambient
relative humidity conditions such as those studied here, it is generally well accepted that TFSI™ is

19-22

more hygroscopic than PFq~,1°22] and indeed, we will show below that there are stronger humidity

effects on the electrical properties of doped P3HT films with TFSI™ than PFs .
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3.2 Results and Discussion

3.2.1 Device Fabrication for Doped Semiconducting Polymer Thin Films

The overall goal of this study is to investigate the impact of humidity on conjugated
polymer films doped both conventionally and with anion-exchange doping. To conduct this
comparison, we start with 112-nm-thick P3HT films spin-cast from a 2% w/v solution in o-
dichlorobenzene (0-DCB). For the conventional doping method, we sequentially dope the P3HT
films using different concentrations of F4TCNQ dissolved in n-butyl acetate (n-BA). For the
anion-exchange doping process, we follow the same procedure as for the conventional doping
method, but with the addition of a high concentration of LiTFSI (30 mg/mL) or LiPFs (5 mg/mL)
dissolved in the same solution as the FsTCNQ. All of the processing steps were carried out in the
inert atmosphere of a glovebox with effectively 0% relative humidity (RH). Details of the

materials we use and the casting and doping conditions are given in Appendix B.

3.2.2 Methods for Measuring Electrical Conductivity and Hall Effect

To investigate the effect that humidity plays on the electrical properties of doped
conjugated polymer films, we chose dopant concentrations that resulted in similar electrical
conductivity values with the two different doping methods (and thus with counterions with
different degrees of hygroscopicity). The concentrations we focus on for anion-exchange (AE)
and conventional (Conv) doping were 0.1 mg/mL F4sTCNQ + 30 mg/mL LiTFSI, 0.1 mg/mL
F4sTCNQ + 5 mg/mL LiPFg, and 0.5 mg/mL FsTCNQ, respectively; results with additional doping
concentrations are given in Appendix B. We note that the FA TCNQ concentrations we use are low
enough that there is no neutral F4sTCNQ present in the doped films, as confirmed by UV—vis—NIR

spectroscopy in Figure B3 in Appendix B.
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After preparing doped P3HT films with these different processing conditions, we measured
the films’ electrical conductivities in three different environments with different RH levels. First,
the conductivity was measured in the inert atmosphere of an Ar-filled glovebox (labeled as Ar
Glovebox) with effectively 0% humidity. The samples were then transferred out of the Ar glovebox
and exposed to ambient air for roughly 5 minutes before the conductivity was re-measured (labeled
as Ambient Air). The air-exposed samples were then purged with Ar for 5 minutes prior to
measuring the conductivity for a third time (labeled as Ar Purged). We chose a 5-minute purge

because the electrical conductivity of the samples no longer changed past that time.

3.2.3 Electrical Conductivity and Hall Effect Results

Table 3.1 shows the electrical conductivities, measured via the van der Pauw 4-point-probe
method with electrodes placed at the corners of our 1.5 x 1.5 cm samples, of 97% regioregular
P3HT films doped using the conventional and anion-exchange methods in environments with
different RHs. The conventionally-doped samples have the same electrical conductivity in all three
different environments within error. The anion-exchange-doped samples with both salts, however,
show a significant drop in conductivity when taken from the inert, 0% RH environment of the Ar
Glovebox and introduced to the ambient environment (~36% and ~40% RH for LiTFSI and LiPF,
respectively). The drop in conductivity upon exposure to ambient humidity is quite significant,
with the LiTFSI anion-exchanged sample showing a conductivity loss of nearly a factor of four.
The samples anion-exchanged using LiPFs also exhibit a considerable reduction in conductivity,
but the decrease is only about a factor of 2. This difference in the humidity-induced conductivity
drop between LiPFs and LiTFSI makes sense in light of the fact that LiPFs is less hygroscopic,!!-
22] indicating that the hygroscopicity of the anion plays a key role in the humidity-dependent

electrical behavior. We also saw very similar results for P3HT samples created using different
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dopant concentrations and P3HT regioregularities, as demonstrated in Figure B1 and elsewhere
in Appendix B, indicating that the humidity effect is not system specific.

The fact that the drop in conductivity is seen only with the anion-exchange doping method
and not with conventional doping also lends support to our conclusion that the humidity effect
involves the hygroscopic anions that were exchanged into the doped films. The hygroscopic nature
of LiTFSI and its effect on electronic transport is well-documented in the mixed organic/inorganic
perovskite solar cell community, where LiTFSI is often employed as an additive to enhance the p-
doping of  2,2',7,7-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9'-spirobifluorene  (spiro-
MeOTAD).[225-281 However, in the case of perovskite materials, the consequence of using LiTFSI
is more severe than just the introduction of carrier traps, as adsorbed water can actually dissolve
the material.[>]

To verify that it is water in the ambient environment that causes the large drop in
conductivity for the anion-exchange-doped P3HT films, we attempted to restore the conductivity
by flowing either dry air or argon gas into our ambient conductivity measurement setup; Table 3.1
shows that doing so yielded partial recovery of the conductivity. However, we were able to fully
recover the original conductivity measured in the Ar glovebox by subjecting the films to a
vacuum/purging process. This process involved 4 cycles where the films were placed under rough-
pump vacuum for 5 minutes, followed by an Ar-gas refill (the green X in Figure B2 in Appendix
B shows the fully-recovered conductivity value for the 0.1 mg/mL LiTFSI-anion-exchanged
sample after undergoing this process). All of this is consistent with the idea that an initially “dry”
anion-exchange-doped sample readily absorbs water due to hygroscopic counterions upon
exposure to moist air. Surface-level adsorbed water can easily be removed simply by purging with

dry gas, resulting in partial restoration of the electrical conductivity. However, exposing the
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samples to the vacuum/purging process enables the complete removal of water from deeper within

the films, leading to full recovery of the electrical conductivity.

Table 3.1. Electrical conductivities of anion-exchange- (AE) and conventionally- (Conv) doped
P3HT films measured under different environmental conditions. The dopant concentrations for AE
were 0.1 mg/mL F4TCNQ + 30 mg/mL LiTFSI and 0.1 mg/mL F4sTCNQ + 5 mg/mL LiPFs, while
the conventionally-doped samples used 0.5 mg/mL F4sTCNQ. Exposure to humidity dramatically
lowers the conductivity of anion-exchange-doped samples, whereas conventionally-doped
samples show no conductivity change within error. Hall mobility and carrier densities were all
obtained on the same set of samples. Unfortunately, due to logistical constraints, we are unable to
perform Hall measurements inside the Ar glovebox.

. Conductivity Hall Mobility (cm? Hall Carrier Density
Environment

(S cm™) Vst (x10%° cm3)
Ambient 3.03+0.20 0.029 + 0.006 6.4+ 0.94
0.5 mg/mL Ar Purged 2,98 +0.20 0.029 + 0.005 6.3+ 0.84
Conventional
Ar Glovebox 3.18+0.16 N/A N/A
Ambient 0.75+0.15 0.014 +0.0004 3.3+0.74
0.1 mg/mL AE
(LiTFSI) Ar Purged 1.65+0.14 0.042 +0.005 2.5+0.51
Ar Glovebox 2.88 £0.55 N/A N/A
Ambient 3.66 £0.28 0.037 +£0.003 6.1 +0.63
0.1 mg/mL AE
(LiPFs) Ar Purged 3.89+0.24 0.040 + 0.004 6.1 +0.65
Ar Glovebox 6.74 £ 0.59 N/A N/A

It may not be surprising that for conventionally-doped P3HT films, the non-hygroscopic
F4TCNQ dopants are not affected by humidity, but we were still intrigued to observe no moisture-
related trap effects induced by water adsorption into nanovoids in these films.!!'”) We believe that
this could be due to a combination of our use of 97% regioregular P3HT, which has densely-packed
side-chains, combined with the space-filling properties of the non-hygroscopic FsTCNQ
dopants,''7) which together mitigate water-related traps and their influence on electrical
conductivity. Another possibility for the insensitivity of the conventionally-doped samples to

humidity could be due to leftover neutral FsTCNQ in the polymer films, as previous studies have
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indicated that neutral additives with strong electron-withdrawing nitrile groups can bind with water
molecules and thus hinder the formation of water-induced traps.l*°! As mentioned above, however,
the relatively low doping concentration used in our experiments, along with the UV—vis—NIR
spectrum shown in Appendix B (Figure B3), confirm that our films do not contain neutral
F4sTCNQ. As a result, we believe that the humidity-independent behavior of our conventionally-
doped films is most likely due to void-filling repulsion of water by the counterions.

To understand the molecular-level causes of the conductivity decrease of anion-exchange-
doped P3HT samples upon exposure to humidity, we also conducted Hall effect measurements on
the same set of samples. Table 3.1 shows the Hall carrier mobilities and densities obtained both
in ambient air and after argon purging; unfortunately, logistical constraints prevented us from
placing our Hall effect setup in the Ar glovebox where the samples were fabricated. The results
indicate that the mobile carrier density remains unaffected within error by ambient humidity for
both the anion-exchange- and conventionally-doped samples; in other words, humidity does not
cause dedoping. Indeed, the TFSI™ and PF¢ anions are quite stable and thus not expected to react
chemically or undergo any redox reactions in the presence of moisture.[®*1-34 Instead, the drop in
electrical conductivity observed in the anion-exchange-doped samples upon exposure to humid
environments primarily stems from a decline in carrier mobility. This agrees with previous studies

suggesting that water can act as shallow traps in semiconducting polymer films.[!1-17]

3.2.4 Near-IR Spectroscopy of the Polaronic P1 Peak

To further investigate the idea that the primary effect of humidity on anion-exchange-doped
films is to reduce the carrier mobility, we utilized near-IR spectroscopy to investigate the trapping
of carriers that results from humidity exposure. It is well-established in the literature that the

degree of carrier delocalization and thus carrier mobility is reflected in the position of the so-called
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P1 polaron absorption band in the near-IR: less trapped or more delocalized polarons show a red-
shifted P1 band, while trapped polarons that are more localized and have lower mobilities are
associated with more blue-shifted P1 bands.['%3-37 Thus, we took the 0.1 mg/mL anion-exchange-
doped (LiTFSI) and 0.5 mg/mL conventionally-doped samples that had been exposed to ambient
conditions and monitored their near-IR absorption as a function of time as the samples were purged
with dry N> gas.

Figure 3.1a shows the results of this experiment, plotting the evolution of the blue side of
the P1 absorption as the N purging time increases for the humidity-exposed anion-exchange-
doped P3HT sample; we chose to focus on the blue side because it better reflects the presence of
more highly trapped polarons in the films,[!%33-37] and because the red side of the P1 band overlaps
with the water O—H stretch near 2700 nm (see inset), making it hard to disentangle competing
effects. The data show that with longer N> purging times, the intensity of the blue side of the P1
absorption diminishes, indicating a drop in the number of trapped polarons in the film. Moreover,
despite the complication arising from the water O—H stretch, there is an observable isobestic point
near 2900 nm (see inset) where the redder side of the P1 band increases with purging time. This
shows that purging with dry gas causes the conversion of trapped polarons into more mobile
polarons via the removal of moisture.

In contrast, for the conventionally-doped P3HT sample, shown in Figure 3.1b, there are
no changes in the intensity of the P1 band with purging time, indicating that changing the humidity
does not alter the trapping of polarons in conventionally-doped P3HT films; both results are
consistent with the way the carrier mobility changes in response to humidity, as shown in Table
3.1. We note that because of the way we performed the baseline (either under ambient conditions

for the anion-exchange-doped sample or after N> purging for the conventionally-doped sample),
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the water absorption feature near 2700 nm appears to go in opposite directions in the two panels

of Figure 3.1.
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Figure 3.1. Near-IR spectra of 0.1 mg/mL F4sTCNQ + 30 mg/mL LiTFSI (AE) and 0.5 mg/mL
F4TCNQ (Conv) samples. The blue side of the P1 polaron absorption, which is associated with
trapped carriers, for (a) an anion-exchange-doped P3HT film and (b) a conventionally-doped
P3HT film that had been exposed to ambient conditions as a function of time after purging with
dry N. Purging clearly decreases the blue P1 absorption for the anion-exchange-doped sample
while having no effect on the conventionally-doped sample, consistent with the idea that humidity
lowers the mobility of carriers in the anion-exchange-doped films. The inset in Figure 3.1a,b
shows the same spectra extended deeper into the IR region, including the absorption of the water
O-H stretch near 2700 nm (this absorption appears to go in opposite directions in the two panels
because of the way the spectra were base-lined; see text).
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3.2.5 Probing Electrical Conductivity as a Function of Controlled Relative Humidity

Finally, to verify that the decrease in conductivity in anion-exchange-doped P3HT samples
is specifically caused by humidity rather than other ambient gases such as O,, we performed a set
of measurements in ambient conditions under controlled RH. This was accomplished by placing
0.1 mg/mL anion-exchange-doped samples using both LiTFSI and LiPFs inside an air-filled
desiccator containing Drierite to control the humidity, and then measuring the electrical
conductivity as a function of RH. The results are presented in Figure 3.2, which shows a
remarkably linear relationship between the change in electrical conductivity (relative to that
measured at 15% RH, the lowest we could achieve with this setup) and relative humidity for the
air-exposed anion-exchange-doped films. We note that for RH lower than ~20%, the linear
relationship between conductivity and RH appears to lessen relative to what is observed at higher
RH. This is because, as with the purging experiments described above, Drierite is not capable of
removing water from deep within the film. However, even with some trapped water, the nearly
linear relationship between RH and conductivity depicted in Figure 3.2 suggests that anion-
exchange-doped films employing hygroscopic salts can possibly serve as viable materials for
resistance-based humidity-sensing applications.

It is worth mentioning that the trend observed in Figure 3.2 is similar to that seen in
humidity sensors based on organic field-effect transistors (OFETs).l*¥*°1 Even though OFET-based
humidity sensors typically utilize pristine conjugated polymers rather than doped ones, the
underlying sensing mechanism is basically the same in that adsorbed water acts as a trap leading
to a decrease in charge carrier mobility. We note that although our doped films may be slightly
less sensitive to humidity than OFETs, our resistance-based humidity-sensing approach offers a

significant advantage in terms of simplicity of production.
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The data in Figure 3.2 also show that the slope of the relative change in conductivity versus
RH for LiTFSI-exchanged samples (green squares) is considerably higher than that of LiPFs-
exchanged samples (purple triangles), consistent with the idea that TFSI™ is a more hygroscopic

[19-221 The conventionally-doped samples (red circles) show no response to changes

anion than PF¢".
in humidity within error, as discussed above, consistent with the idea that hydrophobic F4sTCNQ
prevents water from interacting with the charge carriers in doped P3HT.[2!2%] These observations
further confirm our hypothesis that exposure of the anions to water vapor is what is responsible
for the observed decline in conductivity, rather than the infiltration of water into the void spaces
of the film.

Although ions like TFSI™ and PFs™ are generally chosen for their electrochemical stability,
the fact that they are hygroscopic is often overlooked. The hygroscopicity of these ions depends
on how water molecules bind around them, a factor defined as water sorption capacity per ion
pair.*’ Several studies have demonstrated that under ambient temperature and humidity
conditions, TFSI™ possesses a higher capacity to absorb water than the PF¢~ anion.['”-?2 The extent
of water absorption by different ions also is connected to both the relative basicity of the anions
and the ratio of hydrophobic F atoms to the total number of atoms within the anions.['*-2!:22] In
combination, doped P3HT films with TFSI™ not only have a stronger affinity for water but also

tend to accommodate more water, explaining why these films show a more significant humidity-

induced drop in conductivity than films containing PFe".
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Figure 3.2. Electrical conductivity of conventionally- (0.5 mg/mL F4sTCNQ, red circles) and
anion-exchange-doped (0.1 mg/mL F4sTCNQ with 30 mg/mL LiTFSI, green squares, and 0.1
mg/mL F4sTCNQ with 5 mg/mL LiPFs, purple triangles) P3HT films as a function of percent
relative humidity in air. The ordinate plots the relative change in conductivity compared to that
measured at 15% RH, the lowest we could obtain with this setup. The conductivity change is
highly linear down to ~20% RH, suggesting that the doped polymer films anion-exchanged with
LiTFSI could possibly be used as resistance-based humidity sensors.

3.3 Conclusion

In summary, our study has demonstrated a high sensitivity of the electrical properties of
conjugated polymer films anion-exchange-doped with hygroscopic salts, such as LiTFSI, to
humidity. Given that one of the advantages of anion-exchange doping is that it creates more air-
stable samples, our results show that it is crucial to consider the impact of the environment, and
particularly RH, to make accurate measurements and interpretations. We verified that it is the
hygroscopic nature of anions like TFSI™ that is responsible for the change in electrical behavior
with RH by showing that less hygroscopic anions like PFs~ show a smaller conductivity change
with RH, and that non-hygroscopic dopants like F4sTCNQ show no changes with RH at all.
Through Hall effect measurements and near-IR spectroscopy, we established that the decrease in
electrical conductivity caused by humidity is a result of water-induced trapping affecting the

transport of charge carriers; exposure to moisture does not appear to affect the doped carrier
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density. The effects of humidity on the conductivity of anion-exchange-doped films are reversible,
as long as sufficient efforts are made to remove deeply trapped water from within the doped films
by using a combination of vacuum and humidity-free gas purging. Finally, it appears that the
decrease in electrical conductivity shows a roughly linear relationship with relative humidity,
suggesting that anion-exchange-doped conjugated polymers hold potential for humidity-sensing

applications.
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CHAPTER 4
How the Carrier Mobility and Seebeck Coefficient of Doped Semiconducting Polymers Are

Controlled by Counterion Interactions and Mesoscale Order

Chapter 4 explores how counterion interactions and mesoscale order control carrier mobility and
the Seebeck coefficient in doped semiconducting polymers. By comparing conventional
molecular dopants, large dodecaborane-based dopants, and anion-exchange doping, this chapter
shows that charge transport can be improved either by weakening Coulomb interactions between
polarons and counterions or by increasing mesoscale ordering within the doped film. Together,
these results demonstrate that both energetic interactions and doping-induced structural changes
must be considered when designing doped conjugated polymers with improved thermoelectric

performance.

Chapter 4 was reprinted with permission from Q. M. Duong; D. Garcia Vidales; X. Liu; C. Z.
Salamat; A. Ready; H. A. Khunaizi; M. Matsumoto; A. M. Spokoyny; S. H. Tolbert; B. J.
Schwartz; and Wiley-VCH. “How the Carrier Mobility and Seebeck Coefficient of Doped

Semiconducting Polymers Are Controlled by Counterion Interactions and Mesoscale Order,”

Adv. Funct. Mater. 2026, DOI: 10.1002/adfm.75510.

A reprint of the Supporting Information is given in Appendix C.
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Abstract

Charge transport—structure relationships in chemically-doped poly(3-hexylthiophene-2,5-diyl)
(P3HT) films are explored using four different dopants: the classic 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4sTCNQ) as well as two large dodecaborane (DDB) cluster-based
dopants that minimize counterion Coulomb interactions with carriers on the polymer backbone.
Anion-exchange doping with F4sTCNQ and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
was also used to put TFSI- counterions into the doped polymer. The Seebeck coefficient (S) and
conductivity (o) were measured as a function of doping level, along with temperature-dependent
conductivity, wide- and small-angle X-ray scattering, optical spectroscopy, and Hall effect
mobility. The results indicate that large DDB-based counterions produce lower carrier transport
activation energies and thus more favorable S—o relationships than FATCNQ. Anion-exchange
doping leads to higher activation energies but still produces a favorable S—o relationship. Analysis
using the semi-localized transport (SLoT) model indicates that anion exchange doping produces
films with the highest intrinsic conductivities, which results from doping-induced crystallization
of originally amorphous regions of the film. Such crystallization leads to increased mesoscale
domain sizes, as observed by small-angle X-ray scattering. Together, the results indicate that
transport in doped conjugated polymers can be equivalently improved either by reducing the
Coulomb interaction of carriers with counterions or by structurally improving mesoscale

conductivity pathways.
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4.1 Introduction

Doped semiconducting polymers have great promise for thermoelectric applications due to
their ease of processing, chemical tunability, and inherently low thermal conductivity.l!'#* Interest
in these materials has increased in recent years with the development of new polymers, dopants,
and doping methods.~!% Most of the work in this field focuses on improving the electrical
conductivity of semiconducting polymers by overcoming their intrinsically low carrier mobility
and density via doping, which creates mobile carriers on the polymer backbone. For thermoelectric
devices, it is also crucial to consider the Seebeck coefficient, which is the voltage difference
generated in response to a temperature gradient across a material. This voltage facilitates the flow
of charge carriers, enabling the direct conversion of waste heat into electrical energy.

The efficiency of the thermoelectric conversion process is described by the figure of merit,

ZT:

ZT = —T, 4.1)
K

which depends on the electrical conductivity (o), Seebeck coefficient (S), and thermal conductivity
(). The temperature (7) is included to make the quantity dimensionless. Although it is desirable
to maximize both the electrical conductivity and the Seebeck coefficient to achieve higher Z7,
increasing the electrical conductivity through doping generally results in a decrease in the Seebeck
coefficient. This leads to a sweet spot in choosing the doping level to maximize the numerator of
Equation (4.1), which is also referred to as the power factor.

The inverse relationship between ¢ and S can be understood using the Boltzmann transport
formalism. In the version developed by Kang et al., these factors are described in terms of a

transport function, ox, which is related to the carrier mobility:!'!]
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o= fO'E(— g) dE (4.2)

0E
[ 2D

where ks is the Boltzmann constant, £ is the energy of the charge carrier, ¢ is the fundamental
charge, Er is the Fermi level, and f(E) is the Fermi—Dirac distribution. Although not explicit in
these equations, increasing the conductivity by increasing the carrier density shifts the Fermi level
into the band, thereby reducing the asymmetry in or about Er and lowering the average value of
(E — EF) for the carriers that contribute to the Seebeck coefficient.['! This explains why the Seebeck
coefficient decreases when the electrical conductivity increases at higher doping levels.!'2-16]

The electrical conductivity of a doped conjugated polymer depends not only on the number
density of carriers but also on the carrier mobility: higher carrier mobility results in higher
conductivity at the same carrier density. Equations (4.2 and 4.3) indicate that doped
semiconducting polymers that have higher carrier mobilities also will have higher Seebeck
coefficients relative to their electrical conductivity,!!”-1¥] thus leading to an improved power factor
and ZT.

Charge transport in doped semiconducting polymer films is typically understood as a
hopping process, where carriers must thermally surmount a barrier in order to move. This process
is influenced by several factors, including structural disorder and the Coulomb interactions
between polarons and their counterions, both of which create barriers that trap charge carriers at

specific locations. Temperature also plays a key role in this transport: at higher temperatures,

polarons gain enough thermal energy to surmount these energy barriers. In order to improve the
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carrier mobility in doped semiconducting polymers, it is necessary to understand how the interplay

of all of these factors contributes to charge transport.[®%:12:16.19-22]

17,18

Recently, Gregory et al.l'”-!¥! expanded on the transport model developed by Kang et al.l!!]

by proposing that the charge transport function takes the following form:

W, E —E,
0x(E,T,¢) = gpexp (— k‘j?) X ( T ) (4.4)

This expression for the transport function is termed the semi-localized transport (SLoT)
model, which introduces three components: oo, the prefactor or intrinsic conductivity in the
absence of localization effects; Wr(c), a localization energy that depends on the carrier density (c),

which represents the energy that carriers must overcome to hop between sites; and an energy-

dependent term, (%). By assuming that the material is homogeneous throughout its volume,
B

Whu(c) can further be broken down into a maximum localization energy (Wi max) and the (presumed
linear) rate at which the localization energy decreases with increasing carrier density (W;siope).
Thus, by using temperature-dependent conductivity measurements to extract the activation energy,
in combination with Equation (4.4), one can determine whether charge transport is primarily
influenced by a9 or by Wu(c) upon doping. Our goal in this work is to determine how these factors
depend on both the microscopic and mesoscopic morphology of the doped polymer films.
Different dopants and doping methods are well known to significantly influence the

8,9,12,16,19-30

morphology of doped polymer films.! I These morphological changes can occur on

microscopic length scales, such as changes in crystallite structure, as well as on mesoscopic scales,

8.9.12,16,19-25.27.30] Quch structural variations can lead to

leading to variations in domain length.!
significant differences in the charge transport properties of doped semiconducting polymer films.

In this study, we explore how different dopants and doping methods affect morphology and thus
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charge transport in doped semiconducting polymers. Specifically, we measure the electrical
conductivity, Seebeck coefficient, and activation energy (Wu) and then use the SLoT model to
analyze charge transport in terms of parameters such as oo and Wu(c). We then interpret the results
using both small- and wide-angle X-ray scattering experiments to reveal how the morphology
induced by different doping methods affects the S—o relationship.

To investigate how different dopants and doping methods influence charge transport and
the S—o relationship, we focus on the workhorse semiconducting polymer poly(3-hexylthiophene-
2,5-diyl) (P3HT).[2031-3%1 P3HT is a semicrystalline polymer containing both crystalline and
amorphous regions. The lack of order in the amorphous regions leads to shorter average
conjugation lengths and thus higher oxidation potentials; in other words, amorphous regions can
be up to a few hundred meV harder to dope than crystalline regions.[*’l We then choose dopants
and doping methods that have different effects on film morphology, including: where the
counterion sits in the polymer crystal structure, whether or not the method enhances or destroys
overall crystallinity, and whether or not the dopant can create carriers only in the crystalline regions
or in both the crystalline and amorphous regions. Figure 4.1 shows the chemical structures of the

semiconducting polymer and dopants used in this study.
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Figure 4.1. Chemical structures of P3HT and the various dopants used in this study. Two doping
methods are used in this study: conventional and anion-exchange. For the conventional doping
method, we utilize three dopants: FsTCNQ, DDB-F36, and DDB-F72, which vary in oxidizing
power from weakest to strongest, respectively. The weakest dopant, FAsTCNQ, is primarily able to
dope only crystalline regions of P3HT. The two boron cluster dopants are stronger oxidants, and
although the oxidation power difference between the DDB-F36 and DDB-F7, dopants is ~200 mV,
their equally large counterions reside in the lamellae in the polymer lattice upon doping. For the
anion-exchange method, the dopant is F4TCNQ and the electrolyte is LiTFSI. The anion-exchange
doping method allows for control over the nature of the dopant’s counterion, and the presence of
the electrolyte provides an extra oxidative boost allowing doping of both amorphous and
crystalline regions in the polymer matrix.

For our initial dopant, we chose 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FsTCNQ) because it is widely used in studies of doped semiconducting polymers.[®:1641-43] The
doping efficiency and the regions of polymer films that can be doped by F4ATCNQ depend strongly

on the doping procedure, the choice of solvent used for doping, and the dopant
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concentration.[$-21:22:43:46-48] Under sequential doping conditions at high-doping concentrations in
relatively high-swelling solvents like dichloromethane (DCM), which is what we will use in this
work, FsTCNQ has sufficient oxidizing power to dope the crystalline regions of P3HT without
significantly doping the amorphous regions.[-21:22:4348]

When doping P3HT with FATCNQ, which occurs via integer charge transfer (ICT), the
F4sTCNQ™ counterions typically reside in the lamellar regions of the P3HT crystallites, nestled
among the hexyl side chains. With some processing conditions, the addition of F4aTCNQ to P3HT
can produce charge-transfer complexes (CTCs), where the FATCNQ™ anion z-stacks with the P3HT
backbone; CTCs have only partial charge transfer and thus are not associated with mobile carrier

formation.[4849]

Even when creating carriers via ICT, however, the relatively strong Coulomb
interactions between polarons and the F4 TCNQ™ counterions in the crystalline lamellae promote
carrier localization,!?’] resulting in a substantial population of trapped charge carriers.-20->"]

In addition to F4TCNQ, we also explore using dodecaborane (DDB) cluster-based dopants,
whose large ~2-nm-diameter size leads to reduced Coulomb interactions, resulting in more mobile
charge carriers.[®%>!1 DDBs can be modified with different substituents to change their oxidation
power.3%>1 The two dopants we use in this work, DDB-F7, and DDB-F3¢, are named based on the
total number of fluorine atoms on each cluster. Although both DDB-based dopants help minimize
Coulomb trapping, DDB-F7, can dope amorphous regions of P3HT films more effectively than
DDB-F36 due to its ~200 mV stronger oxidizing power. The large size and strong oxidizing power
of DDB-F7,, however, play a direct role in the P3HT film’s morphology: our previous work has
shown that the intercalation of DDB-F7; dopant in the P3HT film disrupts the film’s crystallinity

at high doping concentrations. This is not the case when DDB-F36 is used to dope P3HT, where

we have shown that doped films retain their degree of crystallinity but with a crystal structure that
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has a significantly expanded lamellar distance.!) By employing both dopants, we are thus able
to keep local counterion-polaron Coulomb interactions constant, giving us a direct handle to
understand the trade-off between doping-induced structural disorder and dopant accessibility to
different regions of the film, and how these factors influence charge transport characteristics.

Recently, Yamashita ef al. developed a new technique called anion-exchange (AE) doping,
which offers several benefits over traditional chemical doping methods.) The AE approach
involves immersing a conjugated polymer film into a solution containing both a chemical dopant
and a high concentration of an electrolyte in a semi-orthogonal solvent, which swells the polymer
film without dissolving it, thereby facilitating intercalation of the dopant and electrolyte ions into
the polymer. Anion-exchange doping proceeds through a two-step process: first, the dopant
oxidizes the polymer, and second, the dopant counterion is replaced by the electrolyte anion
through mass action. This method not only allows for control over the choice of counterion in
doped polymer films, but it also boosts the doping power by ~200 mV, thereby enabling higher
doping levels than conventional methods.!! In this study, we take advantage of this oxidative boost
by using F4TCNQ, which predominantly dopes crystalline regions, together with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) as the electrolyte salt, to dope both the crystalline
and amorphous regions in P3HT films. Since doping the amorphous regions can lead to significant
structural changes, we can then investigate how these structural changes relate to charge transport
and the S—o relationship.

Thus, in this study, we examine how different dopants (F4sTCNQ, DDB-F7,, and DDB-F3¢)
and different doping methods (conventional and anion exchange) affect the morphology, charge
transport, Seebeck coefficient, and electrical conductivity of doped P3HT. Our findings show that

charge transport, and thus the Seebeck coefficient—electrical conductivity (S—o) relationship, can
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be improved either by reducing Coulomb trapping or by increasing mesoscale ordering through
the crystallization of formerly amorphous regions. Using a combination of temperature-dependent
conductivity and Hall effect measurements, along with UV—vis—NIR spectroscopy, we
demonstrate that P3HT films doped with DDB-based dopants exhibit much less carrier localization
compared to those doped with F4sTCNQ or via the anion-exchange method due to the reduced
counterion-polaron interaction. Additionally, using the SLoT model, we find that doping by anion
exchange produces a significantly higher oo than conventional doping, allowing charge carriers to
overcome their increased localization and achieve charge transport and Seebeck coefficient—
electrical conductivity relationships that are similar to those of DDB-doped films, where the
carriers have much lower activation energy. Furthermore, grazing-incidence wide- and small-angle
X-ray scattering (GIWAXS and GISAXS) analyses reveal that the high oo observed in anion-
exchange-doped films is due to an increase in mesoscale domain length that results from doping
and ordering of the amorphous regions. Overall, our work emphasizes the key role that dopants
and doping methods play in the thermoelectric efficiency of doped conjugated polymers: by
controlling key factors such as dopant size and oxidizing power, we can deconvolute the different
doping-induced structural and energetic disorder governing the charge transport characteristics of

doped conjugated polymers.

4.2 Results and Discussion

As mentioned above, the goal of this study is to examine dopant-induced structural changes
in P3HT to better understand the relationship between morphology and charge transport
characteristics in doped semiconducting polymer systems. To deconvolute the role of morphology
in the charge transport characteristics of doped P3HT, we control not only the dopant size and

shape, but also the oxidizing power that determines which regions of the polymer film can be

76



doped. To fabricate the doped semiconducting polymer P3HT films for this study, we used the
sequential processing (SqP) method.’>31 First, P3HT films were spin-coated onto glass
substrates. After the films dried, this was followed by a second spin-coating step with solutions of
different dopants, including FsTCNQ, DDB-F7,, and DDB-F3c. For anion-exchange doping, we
used a dopant solution containing F4sTCNQ as well as 104.5 mM LiTFSI. Additional details on the
materials used, film fabrication techniques, and doping processes can be found in the Experimental

Section.

4.2.1 UV-Vis—NIR Spectroscopy

We start our investigation by performing UV—vis—NIR spectroscopy on P3HT films doped
using DDB-F7;, DDB-Fzs, F4TCNQ, and via anion exchange (AE) at various doping
concentrations (Figure 4.2). For all of the doped samples, we observe an absorption increase at
~1.5 eV and ~0.5 eV, the so-called P2 and P1 peaks, respectively, which are associated with the
presence of polaronic charge carriers. All of the doped films also show a depletion of the bandgap
transition of the neutral polymer near ~2.3 eV. Both the DDB-F7;- and DDB-F3¢-doped films
exhibit a third polaron transition (P3) at ~1.6 €V that disappears at higher doping levels.!®1 The
P2 region in F4TCNQ-doped samples and the bandgap region in the DDB-doped samples also have

843.51.55-57] Despite the peak overlaps, we see that

overlapping absorptions from the dopant anions.!
with increasing dopant concentration, both the P1 and P2 intensities rise, indicating the creation

of more polarons. In the case of the anion exchange doping method, we also see no absorption

signatures of F4TCNQ™ in the P2 region, indicating that anion exchange occurred.
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Figure 4.2. UV—vis—NIR spectra of doped P3HT films using different dopants/methods: (a) DDB-
F72, (b) DDB-F3q, (c) F4sTCNQ, and (d) anion exchange (AE) at various doping levels. All four
doping methods produce the P1 and P2 absorption bands characteristic of polarons, as well as
decrease the absorption intensity of the P3HT bandgap. The bandgap bleach is less apparent for
the two DDB dopants because the DDB anions absorb near 2.4 eV, overlapping the P3HT bandgap
transition. The vibronic structure near 1.5 eV and the peak near 3.0 eV in panel (¢) come from the
F4sTCNQ anion. The legend in the anion exchange samples shows the final F4TCNQ
concentrations. The LiTFSI concentration was kept constant at 104.5 mM.

Based on their similar P1 absorption intensities, which are in a region free of spectral
overlap, the F4;TCNQ, DDB-F7,, and anion-exchange (F4sTCNQ with LiTFSI)-doped P3HT films
have similar doping levels at dopant concentrations of 3.62 mM, 0.5 mM, and 3.62 mM with 104.5
mM LiTFSI, respectively. DDB-F7, is clearly more efficient at doping, as it reaches the same level

of doping at a solution concentration ~7 times lower than that of the other dopants. In contrast,
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DDB-F3s is less effective at doping P3HT than DDB-F7,, showing a much lower P1 intensity even
at twice the doping concentration; it also appears slightly less effective at doping P3HT than
F4TCNQ.

Based on cyclic voltammetry, DDB-Fjs is slightly more oxidizing than FsTCNQ,!® which
would typically suggest a higher doping efficiency. However, solution-phase redox potentials may
not necessarily translate directly to doping efficiency, where ion pairing effects, the local dielectric
environment of the solvent-swollen film, and dopant intercalation can strongly influence charge
transfer and stabilization of the resulting ionized species and thus the doping levels achieved. In
the case of DDB-Fzg, its large size likely makes it more difficult to intercalate into the polymer
lattice during SqP, even in high-swelling solvents like DCM, leading to a lower doping level.

In addition to providing qualitative insights into doping level, the spectral position of the
P1 absorption also reveals important details about charge carrier delocalization. Although a
detailed assignment of the P1 transition is still the subject of discussion in the literature, recent
experimental and theoretical work from our group and others supports a description in which the
P1 transition corresponds to excitation from the valence band into a partially-filled polaronic
intragap state in doped P3HT.[!*58-63] Theoretical work by Spano and co-workers has argued that
a red-shifted P1 transition is associated with greater carrier delocalization, whereas a blue-shifted

8.9.21.641 We have argued previously that there is a correlation

P1 indicates stronger localization.!
between the molecular-level degree of localization and the macroscopic carrier mobility,[®°! but
others have pointed out that this correlation is not perfect,?®*° and one of the purposes of this
paper is to explore carrier transport on length scales between the molecular and macroscopic.

The observation that the position of the P1 absorption band reflects localization of the

polaron due to Coulomb interactions with the dopant counterion explains why P3HT films doped
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with DDB-F7 and DDB-F36 exhibit a significant P1 redshift compared to those doped with
F4TCNQ or via AE. This is because the larger size of the DDB dopants forces the charge of the
counterion to be positioned further from the polymer backbone than is the case for smaller
counterions, such as TFSI- or FsTCNQ~.[®! This increased distance weakens the Coulomb
interaction, leading to more delocalized carriers and thus a red-shifted P1 band.*®! In contrast, the
P1 transition for films doped with the anion-exchange method is at a similar position to that of
F4TCNQ-doped films, with both showing a bluer P1 transition. This similarity in P1 peak position
suggests that the counterion Coulomb interactions, and thus the degree of carrier localization, in

anion-exchange-doped P3HT films are comparable to those in F4TCNQ-doped films.

4.2.2 Probing Film Morphology Using Grazing-Incidence Wide- and Small-Angle X-ray
Scattering

To investigate the different morphologies that result from the various dopants and doping
methods used in this study, we structurally characterized the doped semiconducting P3HT polymer
films using grazing-incidence wide- and small-angle X-ray scattering (GIWAXS and GISAXS).
All films retain their crystallinity upon doping and show the expected edge-on orientation with
respect to the substrate, as seen in the raw 2D scattering data (Figure C1). Figure 4.3a,b displays
integrations of the GIWAXS diffraction patterns for the most highly-doped samples shown in
Figure 4.2, with integrations in the out-of-plane and in-plane directions plotted separately. The
one exception is the DDB-F7;-doped film, which is shown for the second-highest doping level, 0.3
mM, because of increased disorder that occurs at the highest doping level. Out-of-plane and in-
plane integrations can be found for P3HT doped with all four dopants at all doping levels in

Figures C2 and C3.
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Figure 4.3. Out-of-plane (panel a) and in-plane (panel b) integrated GIWAXS data for pristine
P3HT (black curve) and for the most highly-doped P3HT samples for each dopant shown in Figure
4.2. Specific dopant concentrations were | mM DDB-F3¢, 3.62 mM F4TCNQ, and 3.62 mM
F4TCNQ combined with 104.5 mM LiTFSI for the anion exchange sample. For P3HT doped using
DDB-F7,, the data shown correspond to the second-highest concentration (0.3 mM), because there
is a drop in the electrical conductivity and Hall carrier mobility due to amorphization of the film
at the highest doping concentration.

For the case of F4sTCNQ (red curve, Figure 4.3a), the data show a shift of the (100) peak,
which corresponds to the lamellar spacing of the P3HT crystallites, from approximately 0.39 A~!
to a lower g-spacing of about 0.35 A~! upon doping. This shift, which has been noted in several
studies, indicates that the lamellar region of P3HT is expanding to accommodate the FsTCNQ

anion within the polymer crystal structure.?>21:511 Figure 4.3b shows that FATCNQ doping also
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causes a shift of the (020) 7-stacking peak: this peak moves from approximately 1.65 A~! to a
higher g around 1.70 A-!, indicating a reduction in the z-stacking distance. This shift has been
attributed to a reorientation of the z-stacking direction with respect to the unit cell axis, a change
that modifies the tilt-angle of the hexyl side chains to make more room for intercalation of
counterions into the lamellar region.[2%-2151]

In the out-of-plane GIWAXS integration in Figure 4.3a, the anion-exchange-doped (green
curve) films show a shift in the (100) lamellar peak to approximately 0.35 A~',[?") resulting in a
lamellar spacing similar to that of the F4sTCNQ-doped samples. In the in-plane integration in
Figure 4.3b, the (020) 7-stacking peak shifts to a g-spacing of ~1.75 A~!, a value that is only
slightly larger than that observed for the F4s TCNQ-doped materials. The similarity in changes to
both the (100) and (020) peaks between anion-exchange-doped films and F4sTCNQ-doped films
suggests that these similarly-sized counterions distort the P3HT crystal lattice in a comparable
fashion and that both sit within the lamellar region. Therefore, the hypothesis of roughly similar
Coulomb interactions between polarons and each of these anions is consistent with the similar P1
peak positions seen in Figure 4.2.

Additionally, Figure 4.3b shows that the anion-exchange-doped P3HT samples have a
broad scattering peak centered around ~1.4-1.5 A-!. Scattering in this region has been previously
attributed to partly-ordered z-stacking associated with semi-amorphous regions of doped polymer

8511 When amorphous polymer regions are doped, they become more ordered, but they are

films.!
not always able to fully crystallize. Therefore, the presence of this peak suggests that anion-
exchange doping is affecting the amorphous regions of the P3HT film and increasing their degree

of order to the point where they contribute to the scattering pattern. We note that the AE films were

doped using n-butyl acetate (n-BA) as the solvent while the other films were doped using
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dichloromethane (DCM) as the solvent. Thus, to test whether this disordered z-stacking peak was
related to the AE doping method or the use of n-BA, we performed a series of control experiments
where we doped P3HT films with F4sTCNQ from both n-BA and DCM. The results are shown in
Figure C4, and they make clear that FsTCNQ-doped P3HT films do not show significant scattering
in the disordered z-stacking region upon doping from either solvent (see Appendix C), indicating
that the ~1.4-1.5 A~ feature observed in the anion-exchange-doped samples is not caused by the
solvent alone.

Unlike the F4sTCNQ- and anion-exchange-doped samples, the out-of-plane integrations for
the DDB-doped samples in Figure 4.3a (brown and blue curves) show a significant shift of the
(h00) peaks to a much lower g-spacing, so low that only the (200) lamellar peak of the doped
structure [labeled (200)'] can be observed outside of the beamstop used in the experiment.[®! This
expansion is driven by the large size (~2 nm diameter) of the DDB-based counterions, which
greatly expand the lattice in the lamellar direction in order to create a larger space into which they
can fit. This expansion is what causes the DDB anions to have weaker Coulomb interactions with
polarons due to their increased distance from the polymer backbone.!

In contrast to the significant expansion of the lamellae, the in-plane integration in Figure
4.3b reveals that the (020) z-stacking peaks for both DDB-F7;- and DDB-F3s-doped P3HT films
show minimal change from the pristine value, suggesting that the original z-stacking morphology
is largely preserved; the DDB clusters are so large that they cannot intercalate within the hexyl
side chains, as with the F4TCNQ- and anion-exchange-doped samples, so they instead sit as an
independent layer between the hexyl moieties.®) Although the two DDB-based dopants have

largely similar molecular structures, a broad shoulder centered near 1.4-1.5 A~ appears below the

(020) z-stacking peak in DDB-F7,-doped films, which is much less pronounced in the DDB-F3¢-
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doped films. This broad shoulder could be either a signature of partial doping-induced
crystallization of amorphous regions, as mentioned above, or it could correspond to a loss of some
of the originally crystalline regions of the film.[3!! Since DDB-F7; is highly oxidizing, it should
dope the amorphous regions, making them more ordered, and heavily dope the crystalline regions
to the point where the crystal structure could be partly disrupted due to the large number of DDB

clusters that must be inserted into the crystalline lattice. The smaller shoulder at 1.4-1.5 A~! in the

DDB-F36-doped films indicates that this less oxidizing dopant does not dope strongly enough to

disrupt the crystallites or significantly re-order amorphous regions.

Table 4.1. Radius of gyration (R,) obtained from GISAXS for P3HT samples doped at similar Hall
carrier densities of ~5 x 10?° c¢m™ with different dopants (cf. Figure 4.5b). The dopant
concentrations needed to achieve carrier densities around this level are 0.3 mM DDB-F7,, 1 mM
DDB-F36, 0.18 mM F4TCNQ, and 1.81 mM/104.5 mM anion exchange (F4sTCNQ/LiTFSI). The
R, values for all four dopants at all the dopant concentrations studied are presented in Table C1.
The R, values were obtained using the Unified Fit model (see Appendix C for fitting details). Also
presented are the oo and W siope parameters from the SLoT model fits to the Seebeck coefficient—
conductivity data in Figure 4.4.

P3HT AE
Pristine FaTENQ (LiTFSI) DDB-F7  DDB-Fss
R:(R) 80 57 99 39 58
Hall Carrier Density

- 52 4.8 5.1 3.6

(x10%°cm3)
oo (Scm™) - 10 125 25 35

Wh siope (MeV) — 310 350 1000 1550

In addition to changes in the local crystal structure, doping also causes changes on larger
length scales, which we probe using GISAXS.[%>-71 Table 4.1 provides the domain size, or radius
of gyration (R;) correlation length, extracted from GISAXS for P3HT thin films doped at a Hall
carrier density of ~5 x 10?° cm for all four dopants (see Figures C6 and C7 for the GISAXS

integrations and fits used to obtain R, for each dopant). A larger R, is associated with doped
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domains that persist over a greater distance, likely indicating greater continuity of the conductive
pathways within those films.!”27]

Our GISAXS results reveal that the initial pristine P3HT film has R, = 80 A, a value that
likely corresponds to the crystalline domain sizes within the film. Upon doping with F4sTCNQ, R,
decreases to 57 A, indicating that the doped domains may be smaller than the original polymer
crystallites.['22%74) Interestingly, both DDB-F7,- and DDB-F3s-doped films exhibit still lower R
values, 39 A and 58 A, respectively. The decrease in R, in the DDB-based P3HT samples can be
attributed to the dopant’s large size, which should cause significant strain within the polymer
network, causing single polymer domains to break up into multiple smaller domains upon doping.
Doping-induced crystallization may also result in the formation of new, small, doped polymer
domains. The much lower R, value observed in the DDB-F7;-doped P3HT films is likely caused
by this latter effect. The less oxidizing DDB-F36 dopant has only enough oxidizing power to dope
P3HT but not to crystallize the amorphous regions, leading to a smaller change in domain size
from the pristine P3HT. In contrast to both the F4sTCNQ- and DDB-doped P3HT films, the
GISAXS data show two different correlation lengths for the anion-exchange-doped samples at the
highest concentration, with R, values of 51 A and 107 A; additionally, all anion-exchange-doped
samples show an increase in R,. The higher R, value of 107 A, which exceeds that of the pristine
film, likely corresponds to growth of the original domains through the same process of doping-
induced crystallization. The smaller Ry signal may arise from new crystalline domains formed
through doping-induced crystallization of amorphous regions where the new domains were not
able to grow epitaxially onto existing domains and instead nucleated independently.

Finally, to fully understand the doping-induced structural changes, we also evaluated the

paracrystallinity, gwo0), of these samples, shown in Figure CS of Appendix C. We found little
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overall change in g00) upon doping, a result that indicates that gg00) values do not follow the same
trend as R,. This is because paracrystallinity reflects lattice disorder within the crystallites,!”>77]
whereas R, reflects the larger-scale domain size within the doped films.">7*) As domains grow or
fracture upon doping, they may do so with retention of crystalline order, or with increased disorder,
but grain growth and disorder are not intrinsically coupled.

With this understanding of the P3HT structural changes induced by different dopants, we
turn next to address the question: how do these doping-induced morphological changes influence

the charge transport characteristics in doped P3HT systems?

4.2.3 Seebeck Coefficient—Electrical Conductivity Relationship

Having investigated the local and mesoscopic structure of P3HT doped with DDB-F72,
DDB-F36, F4sTCNQ, and via anion exchange, we now turn to investigating how the different doped
polymer morphologies affect macroscopic thermoelectric properties such as the Seebeck
coefficient and electrical conductivity. To measure the Seebeck coefficient, we deposited two
parallel line electrodes onto the film and created a temperature gradient to measure the resulting
voltage; the corresponding AV versus AT data used to extract the Seebeck coefficients are shown
in Figure C9. Electrical conductivity was assessed using the van der Pauw method, with electrodes
placed at the four corners of square film samples. More details of how the Seebeck coefficient and
electrical conductivity are measured can be found in the Experimental Section, and the full
conductivity and Seebeck coefficient data as a function of dopant concentration are shown in
Figure C8. Figure 4.4 shows the measured Seebeck coefficient and the electrical conductivity of
P3HT doped with all four dopants across various doping levels (the same samples whose

absorption spectra are presented in Figure 4.2). We note that some of the lowest-concentration-
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doped samples, even though they showed evidence of doping via UV—vis—NIR spectroscopy, had

electrical conductivities too low to be accurately measured.
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Figure 4.4. Seebeck coefficient—conductivity (S—o) relationship for P3HT doped at different levels
with various dopants/counterions. The dashed curves are fits to the SLoT model (Equations (4.2—
4.4)), with parameters summarized in Table 4.1 and in Appendix C. Both the DDB-based dopants
and anion-exchange doping show significantly higher Seebeck coefficients for the same electrical
conductivity compared to F4sTCNQ-doped P3HT samples.

For all of the doped P3HT samples, increased doping improves the conductivity but also
shifts the Fermi level deeper into the band, reducing the asymmetry of the transport distribution
around Er and lowering the average excess energy of the carriers contributing to the transport. As
a result, the Seebeck coefficient decreases with increasing doping level, as described by Equation
(4.3). P3HT films doped with FsTCNQ exhibit the lowest Seebeck coefficient for a given
conductivity compared to films doped with the other oxidants. The films doped with DDB-F7,
DDB-F36, and via anion exchange all show a similar (and more favorable) S—o trend over the
measured conductivity range. This indicates that the charge transport efficiency of P3HT films

doped with DDBs and via anion exchange is better than that doped using F4ATCNQ.
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Figure 4.4 also displays fits of the S—o results to the SLoT model (Equations (4.2—4.4));
a detailed discussion of these fits and the model is given in Appendix C as well as further below.
We reiterate that this model assigns charge transport as resulting from an intrinsic conductivity (o)
and a carrier-density-dependent localization energy (Wu(c)). Although Equation (4.4) doesn’t
specify whether oo or Wu(c) has a greater impact on the Seebeck coefficient—conductivity
relationship, it is clear that having a higher Seebeck coefficient for a given conductivity level

indicates a more favorable doping method.

4.2.4 Hall Effect Measurements

To further understand the factors contributing to the S—o relationship in P3HT doped in
different ways, including the carrier mobility, we conducted Hall effect measurements on the same
set of samples used for the SLoT fits in Figure 4.4. A more detailed discussion of the Hall
measurements can be found in Appendix C; the Hall carrier density and mobility as a function of
dopant concentration are shown in Figure C10, and an additional comparison supporting the
consistency of the Hall-derived carrier densities is shown in Figure C11. Figure 4.5a shows the
measured Hall mobility as a function of the measured Hall carrier density for P3HT films doped
with the four different methods. As expected, the Hall carrier mobility generally increases with
increasing carrier density due to trap filling and screening effects.['”-!878-801 However, for P3HT
films doped with DDB-F7 at very high concentrations, the loss of crystallinity leads to a decrease

in carrier mobility, as we have noted above and in previous work.[®]
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Figure 4.5. (a) Hall effect measurements for P3HT films doped at different levels with various
dopants. The x-axis is the Hall carrier density (rather than dopant concentration) since the different
dopants and methods have different doping efficiencies. The DDB-based dopants and anion-
exchange method show significantly higher Hall mobility at a given carrier density than the
samples doped using FsTCNQ. Panel (b) shows how the R, obtained from GISAXS changes as a
function of the Hall carrier density when P3HT (pristine, black circle) is doped using DDB-F7,
DDB-F36, F4TCNQ, and via anion exchange. Table 4.1 summarizes the R, values for samples
doped at a carrier density of ~5 x 10%* cm=. Most dopants produced smaller domains upon doping,
but anion-exchanged samples show larger domains because of doping-induced crystallization of
the amorphous parts of the film.

Figure 4.5a also shows that the DDB-F7,-, DDB-F36-, and anion-exchange-doped P3HT
samples have similar carrier mobilities at the same carrier density. In contrast, the FaTCNQ-doped
samples exhibit significantly lower mobility at equivalent carrier densities. This fits with the S—o
relationships seen in Figure 4.4, which indicate that the DDB- and anion-exchange-doped films

have better charge transport compared to F4TCNQ-doped samples. However, this finding poses an
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interesting question: given that the DDB-based dopants experience reduced Coulomb interactions
with the carriers, as indicated by their red-shifted P1 absorption, and high Hall carrier mobility,
why do the anion-exchange-doped P3HT films also exhibit high Hall carrier mobility despite
having a bluer P1 peak and thus more localized carriers? Although we previously have argued that
a dopant’s size, the location of the P1 absorption, and Hall carrier mobility are directly
correlated,’® it appears that this is not the case for anion-exchange-doped P3HT.!?%3% This
suggests that other factors, presumably related to the local crystalline and mesoscale morphology,
are important for determining the carrier mobility in anion-exchange-doped systems.

One factor that could explain this observation is how different the R, values are for each
dopant, as summarized in Figure 4.5b. As mentioned above, the larger R, values for anion
exchange likely result from the ability of this method to dope amorphous regions without the large
strains associated with DDB insertion into the lattice, leading to the formation of larger, more
connected domains. Thus, Figure 4.5 suggests that the macroscopic charge transport
characteristics of P3HT doped with different dopants may be related to the long-range structural

ordering in these films, an idea that we explore further below.

4.2.5 Probing the Activation Energy, W, via Temperature-Dependent Conductivity

Having established the role of dopant-dependent morphology and its impact on Hall carrier
mobility, we now turn to temperature-dependent conductivity measurements to examine the
energetic landscape of charge transport. Charge transport in semiconducting polymers is often
described as hopping between localized states, which requires thermal energy to overcome the
barriers between them.[!38185] By measuring the electrical conductivity as a function of
temperature (o(7)) and fitting the data to the Arrhenius equation, we extract the activation energy,

Wh, from the slope of the linear In(a(7)) versus (ksT)! plot to determine how this energy changes
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with carrier density.[®?] Details of the measurement methods and Arrhenius fits are given in the
Experimental Section (see also Figure C12). The results are shown in Figure 4.6a,b.

Figure 4.6a shows that both DDB-F7- and DDB-Fss-doped P3HT films initially
experience a sharp decrease in Wy as the Hall carrier density increases. This sharp drop suggests
that DDB-doped films have highly delocalized carriers, consistent with the large counterion having
reduced Coulomb interaction with the carriers, as evidenced by the red-shifted P1 absorption
transition seen in Figure 4.2. One of the key advantages of using DDB-F7, as a dopant, in
comparison to DDB-Fzg, is its strong oxidizing power and higher doping efficiency, which allows
us to study the barrier height at very low doping levels. The data suggest that at low doping levels,
carriers in DDB-F72-doped P3HT films still experience significant localization despite the weaker
Coulomb interactions between the polaron and the dopant counterion. This localization can be
understood by the increased distance between doping sites at low doping levels, leading to poorer
overlap between potential wells and thus a higher W3.['8] Given that the Coulomb interaction with
charge carriers is already low in DDB-doped samples, this explains why the decrease in Wy with
increasing carrier density is more rapid than with F4sTCNQ doping and anion-exchange doping,
where the local Coulomb attraction between carriers and counterions is stronger.

Perhaps the most striking result in Figure 4.6a, however, is that although the anion-
exchange-doped samples have relatively high Hall carrier mobilities (Figure 4.5a) and a favorable
Seebeck coefficient—conductivity relationship (Figure 4.4), they show similar activation energy to
the F4TCNQ-doped samples at the same carrier density. This relatively large Wy, along with the
blue-shifted P1 peaks for the AE-doped samples, indicates that the polarons still experience
relatively strong Coulomb interactions with the TFSI™ counterions. This again raises the question:

why do these samples have high carrier mobilities despite having high activation energies?
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Normally, a large activation energy would suggest poor carrier mobility, so the better mobility and

charge transport must be due to another factor that compensates for the large activation energy.
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Figure 4.6. (a) The experimentally measured activation energy, Wy, for P3HT films doped with
different dopants as a function of Hall carrier density. The Wu values are obtained using
temperature-dependent conductivity measurements and fitting to the Arrhenius equation. The
DDB-based dopants show the fastest drop in W upon doping (largest slope) compared to anion-
exchange doping or doping with F4TCNQ. (b) The (general lack of) relation between Wx and R,
from GISAXS.

As mentioned above, we believe that this other factor is related to the mesoscale domain
ordering, as quantified by R;. Figure 4.6b shows that DDB-F7- and DDB-F3s-doped P3HT
experience similar Wy barriers, despite having much smaller R, values compared to FsTCNQ- and
anion-exchange-doped P3HT. This suggests that, for the DDB-doped systems, favorable charge
transport is driven primarily by the reduced Coulomb trapping rather than by favorable longer-
range morphological effects. The one exception to this trend is the most highly-doped DDB-F7,
sample, which shows a very large domain size and a slightly increased Wy barrier. As discussed
above, this overdoped sample is starting to amorphize due to an excess of DDB clusters in the

lattice, resulting in reduced domain contrast and thus a larger Ry. In contrast, the anion-exchange-
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doped P3HT samples exhibit larger R, values across doping levels, indicating that improved
mesoscale connectivity contributes importantly to their favorable long-range transport. These
observations therefore suggest that activation energy alone does not fully determine macroscopic
transport. This motivates an analysis of oo, the intrinsic conductivity, in Equation (4.4), which we

discuss below.

4.2.6 Semi-Localized Transport (SLoT) Model

To better understand the enhanced carrier mobilities and S—o relation in the AE-doped
samples, we next examine the SLoT fits, focusing particularly on the extracted oo values. Within
the SLoT framework, oy is the transport prefactor in the absence of localization effects and thus
sets the intrinsic conductivity scale of a system. As a result, larger oo values correspond to systems
that can achieve higher conductivities with a given Seebeck coefficient, even if localization effects
are present. The parameters used to fit the SLoT model (Equations (4.2—4.4)) to the S—o
relationship for the P3HT samples doped at different concentrations with different dopants, shown
by the dashed curves in Figure 4.4, are summarized in Table 4.1 (see also Table C2).

From these SLoT parameters, we see that P3HT samples doped with DDB-F7, and DDB-
F36 have similar oo values (25 S cm™ and 35 S cm™!, respectively) and similar rates of change of
the localization energy with carrier density (W siope = 1000 meV and 1550 meV, respectively). In
contrast, the SLoT model fits for the F4TCNQ- and anion-exchange-doped P3HT samples have
much smaller Wygiope values (310 meV and 350 meV, respectively), as seen in Figure 4.6.
Additionally, oo increases substantially from 10 S cm™! for the F4sTCNQ-doped samples to 125 S
cm! for the AE-doped samples; the latter value is 3—4 times higher than the oy values for P3HT
doped with the DDB clusters. This suggests that the enhanced charge transport characteristics in

the DDB-based doped samples result from both a moderately high oo and a reduced localization
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energy, while the favorable charge transport characteristics of the anion-exchange-doped samples
result from a oo that is so high that it can overcome fairly high localization effects and high

activation energies from strong Coulomb interactions.
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Figure 4.7. Relationship between oo, obtained from SLoT fitting of electrical and thermal
measurements, and R, values, obtained from GISAXS, at all measured carrier densities. The trend
indicates that as the domain length increases, the intrinsic conductivity improves proportionally,
regardless of the doping level for each dopant. The orange curve is to help guide the eye.

Given that all the samples we studied in this work are based on the same semiconducting
polymer, P3HT, this leads to the question: how can the same doped polymer have such dramatically
different intrinsic conductivities simply by changing the dopant or doping method? We find that
there is a correlation between the oo parameter obtained from fitting the SLoT model and the
mesoscopic degree of order, R, obtained from GISAXS, as highlighted in Table 4.1 and Figure
4.7. This suggests that the dopant’s identity, which determines its ability to dope and crystallize
certain regions within the P3HT films, thus determining the mesoscale morphology of the doped
films, directly influences the charge transport characteristics.

Table 4.1 and Figure 4.7 show that although the DDB-based dopants have moderately

large values of oo, they have smaller R, values compared to anion-exchange-doped samples. These
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very small R, values can be attributed to these dopants’ large size, which disrupts the polymer
lattice, as seen in Figure 4.3, leading to shorter long-range structural connectivity between
domains. The differences in the oo and R, values between DDB-F7,-doped and DDB-F3s-doped
P3HT can be explained by the difference in these dopants’ oxidizing power. Although DDB-F7,
can readily dope both crystalline and amorphous regions, its high oxidizing power and large size
cause it to overdope the crystalline domains, disrupting the periodicity and resulting in a lower Ry
and go. On the other hand, DDB-F36, which is less oxidizing but has an equally large counterion,
breaks up the domains less, resulting in better connectivity between crystalline domains and
slightly improved long-range charge transport.

In the case of F4TCNQ-doped P3HT samples, we attribute the low values of oo and R, seen
in Figures 4.5b and 4.7 to the fact that under these conditions, FsTCNQ predominantly dopes the
crystalline regions of P3HT films, creating smaller isolated doped crystalline domains with poorer
interdomain transport. In contrast, the anion-exchange-doped P3HT samples exhibit a larger R,
value due to doping-induced crystallization of the amorphous regions without the large lattice
strain seen with the DDB clusters, which expands the connectivity between doped domains and
provides improved long-range charge transport pathways. The large increase in oy observed for the
AE-doped samples occurs together with a substantial increase in R, suggesting that improved
mesoscale ordering and connectivity contribute to the enhanced intrinsic transport scale captured
by oo. This correlation indicates that the structural reorganization induced by anion exchange
favorably modifies the transport landscape of the doped film.

This interpretation is consistent with prior work from both Yamashita et al., who observed
enhanced doping levels together with reduced lattice/structural disorder,!®3¢! and also Chen et al.,

who similarly linked charge-transport enhancement with doping-induced ordering of previously
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less-ordered regions.[*% It is important to note that the SLoT model parameters, including oo, are
determined entirely from electrical and thermal measurements, while the GISAXS parameters are
entirely structurally based, so our results provide perhaps the strongest link to date between the
mesoscale morphology of doped conjugated polymers and thermoelectric properties. From Figure
4.7, we see that the dopant size, redox potential, and propensity to drive doping-induced
crystallization of the amorphous polymer regions are all important for controlling electrical
conductivity, since the local and mesoscale structures both directly influence the charge transport

characteristics of doped organic semiconducting polymers.

4.3 Conclusions

In summary, we explored using four different dopants/doping methods to create doped
P3HT films with different morphologies and thus different charge transport characteristics. Hall
effect measurements demonstrate that DDB-based dopants and anion-exchange doping provide
better charge transport compared to F4aTCNQ, resulting in a better S—o relationship. The enhanced
charge transport observed with DDB-based dopants is attributed to reduced Coulomb interactions
and lower activation energy, while anion-exchange-doped films and those doped with FsTCNQ
experience strong localization effects and higher activation energy. Hall effect, temperature-
dependent conductivity, and UV—-vis—NIR spectroscopy measurements all show that Coulomb
interactions between the dopant counterions and the charge carriers are the dominant factor
influencing carrier localization and activation energy in these samples.

Further analysis using the SLoT model indicates that the improvement in charge transport
for anion-exchange doping is primarily due to a much higher intrinsic conductivity oo that can
compensate for the accompanying higher carrier localization energy (Wu(c)). Our structural

measurements show that this improvement in the intrinsic conductivity is linked to the doping and
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ordering of the amorphous regions, improving the R, and thus the mesoscale charge transport
connectivity. All of the results indicate that it is a combination of the local molecular Coulomb
interaction, the degree of doping-induced crystallization, and ordering on the mesoscale that
controls overall charge transport in doped conjugated polymer films. Clearly, it is possible to use
mesoscale ordering to achieve similar charge transport characteristics even in the presence of
strong localization effects, indicating that further research on how to enhance ordering on this
length scale is warranted for improving the thermoelectric properties of doped conjugated

polymers.

4.4 Experimental

4.4.1 Device Preparation

Device fabrication was performed on pre-cleaned glass substrates for thermoelectric,
electrical, and spectroscopy samples, and on pre-cleaned silicon wafer substrates for GIWAXS and
GISAXS samples. The cleaning process involved cutting the substrates into 1.2 x 1.2 cm pieces,
followed by sequential washes with Alconox detergent, deionized water, and acetone. After drying
with nitrogen gas, the substrates were plasma-etched for approximately 10 minutes. Substrates
were transferred to a nitrogen glovebox for spin coating and doping.

P3HT was dissolved in o-dichlorobenzene (0-DCB, 20 mg/mL) and stirred until fully
dissolved. Pristine polymer films were deposited by spin coating at 1000 rpm, followed by a brief
high-speed spin step to remove residual solvent. Before doping, films were allowed to crystallize
overnight under an inert nitrogen atmosphere. For the sequential doping procedure, the pristine
P3HT polymer films were exposed to a dopant solution for a set time period before spin coating at
4000 rpm for 10 seconds to remove any residual dopant solution. For F4TCNQ, DDB-F7,, and

DDB-F3¢, the dopants were dissolved in dichloromethane (DCM) at the specified concentrations,
97



and the polymer films were then exposed to the corresponding solution for 10 seconds before spin
coating. For anion-exchange-doped samples, various concentrations of F4sTCNQ were dissolved
in n-butyl acetate (n-BA) and mixed with an equal volume of 209.0 mM LiTFSI solution (in n-
BA) to obtain anion-exchange solutions with varying F4TCNQ concentrations while keeping the
LiTFSI concentration constant (104.5 mM). The polymer films were exposed to the dopant

solution for 80 seconds before spin coating.

4.4.2 Film Characterization

GIWAXS measurements were performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beamline 11-3 using an X-ray energy of 12.7 keV at an incidence angle of
0.12°. Diffraction patterns were collected in a helium chamber to increase signal-to-noise ratio
with a sample-to-detector distance of 250 mm and a spot size of ~150 um on the image plate. The
Igor macro Nika was used to calibrate the 2D spectra. WAXStools and Nika were used to reduce
the raw data. To ensure reproducibility, all samples were made and measured in triplicate.

GISAXS was collected at the Stanford Synchrotron Radiation Lightsource using beamline
1-5. The scattering X-rays with an incident energy set at 12 keV were collected using a 2D detector
at a sample-to-detector distance of 3 meters. The incident angle was set to 0.12°. The 1D
integrations were obtained by horizontally integrating near the Yoneda band and were fit using the
Unified Fit method from the Irena and Nika package in Igor software. To ensure reproducibility,
all samples were made and measured in triplicate.

Conductivity, Hall effect, temperature-dependent conductivity, and UV-vis—NIR
spectroscopy measurements were all performed on the same samples. Conductivity was measured
by determining the sheet resistance using a Lake Shore MeasureReady M91 FastHall instrument.

Film thicknesses were measured with a Dektak 150 stylus profilometer. The samples had 1 x 1
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mm square Au electrodes, 50 nm thick, thermally evaporated onto the corners using a 3D-printed
shadow mask in an Angstrom Engineering Nexdep thermal evaporator. To ensure reproducibility,
all conductivity measurements were conducted on three independent samples.

Hall effect measurements were performed using the same Lakeshore instrument, with a
source current of 10 pA and a magnetic field of 1.0236 T; these measurements were conducted on
at least three independent samples for reproducibility. Temperature-dependent conductivity was
determined by measuring the sample sheet resistance as a function of temperature in a custom-
built van der Pauw setup using a Keithley 2400 Sourcemeter controlled by LabVIEW software. A
Peltier plate controlled the sample temperature, which was measured by an RTD sensor. UV—vis—
NIR spectra were obtained using a JASCO V-770 spectrophotometer.

The Seebeck coefficient was measured on a separate device with a different electrode
geometry, consisting of electrodes made from two parallel gold rectangles (10 x 1 mm, 45 nm
thick) spaced 10 mm apart. Measurements were performed using a custom-built setup with two
Peltier plates to generate a temperature gradient, and the films’ temperature gradient was monitored
with two RTD sensors. Samples for Seebeck measurements were prepared with the same solutions
and at the same time as those used for sheet resistance/Hall/temperature-dependent
conductivity/UV-vis—NIR measurements to ensure that all samples were as identical as possible.
All Seebeck measurements were conducted on at least three separate samples to ensure

reproducibility.
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CHAPTER 5
The Role of Microstructural Disorder in the Charge Transport Characteristics of Doped

Semiconducting Polymers

Chapter 5 examines how the pristine microstructure of conjugated polymer films influences
charge transport after chemical doping. Using P3HT as a model system, this chapter explores
how differences in polymer regioregularity, crystallinity, and mesoscale ordering affect carrier
mobility and thermoelectric performance. By combining spectroscopic, electrical, and X-ray
scattering measurements, this work shows that charge transport in doped semiconducting
polymers is governed not only by local molecular order, but also by how ordered domains are

connected across longer length scales.

Supporting Information is given in Appendix D.
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Abstract

We investigate how the microstructure of poly(3-hexylthiophene-2,5-diyl) (P3HT) governs charge
transport and thermoelectric performance following anion-exchange doping. We systematically
vary the P3HT regioregularity (RR) from 99% to 97% to 93% to regiorandom (RRa) to tune both
the local crystallinity and mesoscale ordering. Grazing-incidence wide-angle X-ray scattering
shows that the relative degree of crystallinity of the pristine P3HT materials is largely maintained
after doping. Using UV—vis—NIR and ultrafast transient absorption spectroscopies, we show that
the more crystalline 99% RR and 97% RR P3HT films have more delocalized polarons and better
intradomain charge transport. However, Hall effect and temperature-dependent conductivity
measurements show that these materials exhibit lower macroscopic mobility at low doping levels.
Small-angle X-ray scattering reveals that this limitation arises from reduced mesoscale
connectivity between ordered domains. At higher doping levels, doping-induced changes in
domain size in the higher-RR P3HT films lower the activation energy for transport and increase
carrier mobility. Despite their reduced mobility at low doping levels, these polymers exhibit more
favorable Seebeck coefficient—conductivity relationships and higher power factors across the full
doping range. Using the semi-localized transport (SLoT) model, we attribute this enhanced
thermoelectric performance to a higher intrinsic conductivity, o, and a more efficient suppression

of localization barriers, Wi slope, With doping.

107



5.1 Introduction

Organic semiconducting polymers have emerged as promising candidates for
thermoelectric (TE) energy conversion due to their solution processability, mechanical flexibility,
chemical tunability, and potential for low-cost, large-area device fabrication.['>! In addition to

these processing advantages, organic semiconducting polymers exhibit inherently low thermal

[6-11 [8,12,13

conductivities (x)!® ! and relatively high Seebeck coefficients (S), I making them attractive
for TE applications.[%!417] TE device performance can be quantified by the dimensionless figure

of merit, Z7:[2:3-57]

ZT = —T, (5.1)

where ¢ is the electrical conductivity, S is the Seebeck coefficient, « is the thermal conductivity,
and T is the absolute temperature. Because the low x of organic semiconducting polymers is
challenging to measure, their TE performance is often described by the power factor (PF), o5,
which is the numerator of Equation (5.1).

Despite their relatively low x and high S values, a persistent challenge for organic
semiconducting polymers in thermoelectric applications is their low o, which is given by o = nep,
where 7 is the “free” charge carrier density, u is the carrier mobility, and e is the elementary charge.
As intrinsic wide-bandgap semiconductors, 7 is near zero in pristine polymer films, and the most
widely used strategy to increase  is through chemical doping of organic semiconducting polymers,
a process in which a small-molecule dopant removes (for p-type doping) an electron from the
polymer backbone via a charge transfer reaction.[!®-23] This charge transfer induces an aromatic-
to-quinoidal structural distortion of the polymer backbone, and the positively charged carrier and

1. [26-28

structural distortion are together known as a polaro 1 Although chemical doping enhances the
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electrical conductivity of conjugated polymers, there is an inverse relationship between n and the
Seebeck coefficient S;l-1417-29-341 therefore, thermoelectric performance is maximized by tuning n
and u to balance the increase in ¢ with the accompanying decrease in S.

More specifically, increasing i allows higher electrical conductivity to be achieved at lower
n, which helps maintain a larger S and thereby improves the PF. Unfortunately, achieving high u
in doped conjugated polymers remains challenging because charge transport generally relies on

6.35-381 This hopping process is

hopping, where carriers must overcome energetic barriers to move.!
influenced by both energetic disorder, involving Coulomb interactions between the polarons and
dopant counterions,?°#*?1 as well as structural disorder, caused by the semicrystalline morphology
of most conjugated polymers.[’#>#4 In semicrystalline polymers, ordered domains generally
support efficient charge transport.l**] However, macroscopic transport also requires carriers to
move between ordered regions through more disordered amorphous domains, where structural
defects and greater energetic disorder can localize carriers and hinder transport. As a result, both
short-range intradomain transport and longer-range interdomain connectivity must be considered
to optimize the charge transport and thus the TE performance of doped conjugated polymers.
Prior studies have shown that both local crystallinity and longer-range connectivity can

[44.46-48] In particular, increased

strongly influence charge transport in doped conjugated polymers.
P3HT crystallinity and structural order have often been correlated with higher charge-carrier
mobility or conductivity, including in field-effect transistors and doped thermoelectric
devices.[434449-321 Byilding on this framework, Scholes et al.1**! found that carriers in more doped

crystalline, regioregular polymers have larger macroscopic carrier mobilities than those in less

crystalline, regiorandom materials. Their work, however, only investigated carrier properties at
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moderate doping levels, so the question of how polymer regioregularity, crystallinity and longer-
range structural ordering affect carrier transport across doping levels is still less explored.

In previous work, we systematically investigated how different dopants and doping
methods influence charge transport in semicrystalline poly(3-hexylthiophene-2,5-diyl) (P3HT)

224041531 We found that there are two distinct approaches for enhancing carrier transport.

films.!
First, we showed that the use of large dopants that have weakly interacting counterions can reduce
the Coulomb trapping of polarons and lower the activation energy for hopping, thus improving
polaron delocalization.[?24041-33] Second, we used anion exchange,?®! a doping method that can
strongly dope the amorphous regions of semicrystalline polymer films, and found that extended
mesoscale domain connectivity facilitates longer-range charge delocalization, even with a stronger
Coulombic interaction between the polarons and their counterions. Our findings thus showed that
the carrier mobility of doped conjugated polymers can be improved both by minimizing local
electrostatic interactions and by structurally enhancing the doped polymer’s mesoscale
connectivity.

One question that has not yet been explored in detail is the role of the initial polymer degree
of crystallinity and how crystallinity changes with doping. In this paper, we ask specifically: how
do the degree of crystallinity and longer-range connectivity of the pristine polymer structure
determine the efficiency with which doping generates mobile carriers and forms mesoscale
conductive networks? We address this question using P3HT as a model system, since its initial
morphology can be systematically tuned through regioregularity via synthetic approaches.!>#

In particular, we study four P3HT samples that are 99% regioregular (RR), 97% RR, 93%
RR, and regiorandom (RRa), doping all of them to different extents via the anion-exchange

method?®!  using the widely used p-type dopant  2,3,5,6-tetrafluoro-7,7,8,8-
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tetracyanoquinodimethane (F4sTCNQ) and the commonly used electrolyte lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). Because anion exchange is a sequential doping
approach, it largely preserves the relative degree of the polymer crystallinity while enabling high

20551 By combining grazing-incidence wide- and small-angle X-ray scattering

doping levels.!
(GIWAXS and GISAXS) with UV-visible—near IR (NIR), ultrafast transient absorption, Hall
effect, temperature-dependent conductivity, and thermoelectric measurements, we separately
probe crystal structure, mesoscale ordering, local charge delocalization, macroscopic charge
transport, and the S—o relation across doping levels. We find that the more crystalline 99% RR and
97% RR P3HT samples exhibit more delocalized polarons and more efficient local transport than
93% RR P3HT, but unexpectedly lower macroscopic carrier mobilities at low doping than 93%
RR P3HT because of limited longer-range mesoscale connectivity. At intermediate and high
doping levels, however, domain connectivity improves in these high-RR polymers, leading to
higher macroscopic mobility. Despite their lower low-doping carrier mobility, the more crystalline
polymers exhibit more favorable S—o relations and higher power factors across the full doping

6] shows that these behaviors arise

range. Analysis with the semi-localized transport (SLoT) model!
from both higher intrinsic conductivity and more efficient suppression of localization effects with

doping.

5.2 Results and Discussion

5.2.1 Macroscopic Conductivity and Seebeck Coefficient Measurements in Different
Semicrystalline P3HT Films Doped via Anion Exchange

To examine how both microstructure and macrostructure influence charge transport and
the S—o relation in doped conjugated polymers, we doped P3HT films of varying regioregularity

using the anion-exchange method.”” Films of 99% RR, 97% RR, 93% RR, and regiorandom
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(RRa) P3HT were spin-coated from 2% w/v (20 mg/mL) solutions in o-dichlorobenzene (0-DCB)
and subsequently doped by the sequential-processing (SqP) method using FAsTCNQP7-% ag the
dopant and LiTFSI as the electrolyte co-dissolved in n-butyl acetate (n-BA). The F4sTCNQ
concentration was systematically varied while the LiTFSI concentration was held fixed at 30
mg/mL, allowing us to study transport behavior as a function of doping level (see the Experimental
Section for additional sample fabrication details).

Figure 5.1 plots the electrical conductivity (circles, solid lines) and Seebeck coefficient
(triangles, dashed lines) versus the concentration of F4TCNQ in the anion-exchange doping
solution with 30 mg/mL LiTFSI for doped 99% RR, 97% RR, 93% RR, and RRa P3HT films
(Figure 5.1a—d, respectively); the arrows in each panel point to the corresponding y-axis. We chose
the dopant concentrations to roughly match the range of electrical conductivities across all four
polymers. The most crystalline 99% RR and 97% RR P3HT polymers reached conductivities of
~16 S em™! with only 1 mg/mL F4sTCNQ (along with 30 mg/mL LiTFSI), whereas the 93% RR
P3HT polymer needed a dopant concentration that was three times higher (3 mg/mL F4sTCNQ
along with 30 mg/mL LiTFSI), while amorphous RRa P3HT needed nine times more dopant (9

mg/mL F4sTCNQ with 30 mg/mL LiTFSI) to achieve comparable conductivity values.
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Figure 5.1. Electrical conductivity (left axes) and Seebeck coefficient (right axes) for (a) 99% RR
P3HT, (b) 97% RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT samples doped via anion
exchange with different concentrations of F4sTCNQ along with a constant LiTFSI electrolyte
concentration of 30 mg/mL. For all four P3HT polymers, the typical inverse relationship between
electrical conductivity and Seebeck coefficient was observed with increasing doping levels. The
arrows point toward the appropriate y-axis for each data set. Note that the x-axes have different
values as the dopant concentrations were chosen to give a similar range of conductivity values for
each material.

Figure 5.1 shows the typical inverse relationship between the electrical conductivity and
the Seebeck coefficient with increasing doping level for all four P3HT polymers. The 99% RR and
97% RR P3HT polymers (Figure 5.1a,b) show a more pronounced drop in S with increasing
doping compared to the less semicrystalline, 93% RR and regiorandom P3HT materials (Figure

5.1¢,d). This behavior is consistent with a more ordered microstructure in the higher-RR polymers
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that enhances interchain electronic coupling and reduces energetic disorder, leading to a narrower
density of states near the Fermi level.l3761-64] Tn organic semiconductor systems with a narrower
density of states near the Fermi level due to stronger 7—r coupling, the mobility edge is sharper,
making S more sensitive to shifts in the Fermi level and causing it to more rapidly decrease as

62,641 Tmportantly, despite this stronger decline with
p Y p g

doping increases for higher-RR P3HT.
increased doping, the more crystalline P3HT polymers maintain higher Seebeck coefficients across
the entire doping range. Although these trends in conductivity and Seebeck coefficient indicate
that varying the P3HT regioregularity directly impacts thermoelectric performance, they do not

directly provide information on how morphology influences charge transport in these different

P3HT polymers, which we turn to in the next section.

5.2.2 Probing Film Morphology of Semicrystalline P3HT Films

5.2.2.1 Investigating the Microstructure of Different P3HT Films Using Grazing-Incidence Wide-

Angle X-ray Scattering (GIWAXS)

To understand how microstructure—i.e., intradomain order within crystallites—influences
charge transport across different P3HT regioregularities, we performed grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements on both pristine and anion-exchange-doped
P3HT films. Figure 5.2 shows out-of-plane and in-plane integrated GIWAXS patterns for the four
different pristine P3HT films with varying regioregularity (Figure 5.2a,b) and their corresponding
most-doped samples: 99% RR P3HT (1 mg/mL FsTCNQ + 30 mg/mL LiTFSI), 97% RR P3HT (1
mg/mL F4TCNQ + 30 mg/mL LiTFSI), 93% RR P3HT (3 mg/mL F4sTCNQ + 30 mg/mL LiTFSI),
and RRa P3HT (9 mg/mL F4sTCNQ + 30 mg/mL LiTFSI) (Figure 5.2¢,d).

As expected, the pristine, semicrystalline regioregular polymers (99% RR, 97% RR, and

93% RR P3HT) exhibit a pronounced edge-on texture, evidenced by sharp lamellar (100) peaks at
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a g-spacing of ~0.39 A-! in the out-of-plane direction and 7z stacking (020) peaks at a g-spacing

of ~1.65 A~!in the in-plane direction.[>*] Higher-order (400) overtones, shown in the inset,

65-681 The nearly identical

appear at positions consistent with the known lamellar spacing of P3HT.!
(100) and (020) g-spacing values across the regioregular pristine P3HT polymers indicate that the
unit-cell geometry of RR P3HT is conserved independent of the degree of regioregularity. In
contrast, amorphous RRa P3HT lacks distinct lamellar features and displays only a broad scattering
peak at a g-spacing of ~1.4 A~!, which has been previously associated with scattering of poorly
ordered, partially z-stacked regions. 4061

Although the crystal-packing motif of the regioregular P3HT polymers is the same, their
relative degrees of crystallinity and texture differ significantly. The relative crystallinity can be
quantified by integration of the thickness-normalized (100) peak area, which shows that the higher
the %RR, the greater the degree of crystallinity, with RRa P3HT being essentially completely
amorphous. Table 5.1 reports the integrated (100) areas for the different pristine and most-doped
P3HT films normalized to the area of the corresponding 99% RR sample. Similarly, the fraction
of edge-on-oriented crystallites (texture), quantified by the ratio of the out-of-plane (100) intensity
relative to that in the in-plane direction, follows the same order with %RR (see Appendix D Figure

).[44:65-68] Because charge transport in conjugated polymer films benefits

D3 for texture analysis
from ordered domains and is morphology-dependent, differences in crystallinity and texture are
expected to influence how efficiently carriers move through the film and, ultimately, their

thermoelectric performance.!#446.70]
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Figure 5.2. Out-of-plane (a) and in-plane (b) GIWAXS integrations for pristine P3HT samples
(dashed curves): 99% RR P3HT (red), 97% RR P3HT (blue), 93% RR P3HT (green), and RRa
P3HT (yellow). Out-of-plane (c) and in-plane (d) GIWAXS integrations for the highest anion-
exchange-doped samples for each P3HT regioregularity are shown as solid curves, with the same
colors as in (a) and (b). Insets in the out-of-plane panels show the lamellar overtones normalized
to the height of the (200) peak for pristine samples and the (300) peak for doped samples. Peaks
labeled with an asterisk (*) in the doped P3HT films are due to scattering from excess LiTFSI.

Upon anion-exchange doping, the (£00) peaks of the regioregular P3HT polymers shift to
lower g-spacing values, reflecting an expansion of the lamellar spacing consistent with the
intercalation of the TFSI™ counterions into the lamellar region of the crystallites (Figure
5.2¢).12033:4748.33.55] Simultaneously, the m—r stacking (020) peaks shift to higher g¢-spacing,
indicating a change in tilt of the unit cell (Figure 5.2d).[20-33:47:48:55.68] Thege shifts in ¢g-spacing in

the (100) and (020) are observed across all the different doping levels for all P3HT polymers (see

Figures D1 and D2 in Appendix D). In the RRa P3HT film, doping creates distinct (100) and
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(020) peaks from the originally amorphous pristine material, signifying doping-induced
crystallization.[*1 All of the doped films have nearly identical (100) and (020) peak positions,
confirming that all four of the doped P3HT polymers share the same crystal packing after the
anion-exchange doping process. However, we note that similar d-spacings do not necessarily imply
identical microstructural order, as variations in crystallinity, edge-on fraction, and other local
disorder may still be present. For example, the relative trends of crystallinity (Table 5.1) and
texture (Figure D3) observed in the pristine polymers persist in the doped structures, with doped
99% RR P3HT being the most crystalline and having the largest edge-on crystallite fraction,
followed by doped 97% RR and 93% RR P3HT, and finally doped RRa P3HT.

The inset in Figure 5.2¢ shows the (£00) lamellar scattering overtones of the doped RR
polymers normalized to the intensity of the (300) peak. Previous studies have shown that the
introduction of counterions modifies the electron-density distribution within the lamellae and alters
the envelope function governing the lamellar scattering, leading to suppression of some of the

4755711 Thus, such suppression provides information about the

higher-order lamellar overtones.!
positions of the counterions within the polymer lattice. Here, we observe that the most-doped RR
P3HT films all show a similar suppression of the (200) peak relative to the (300) overtone. This
similarity suggests that the TFSI™ counterions occupy comparable positions within the crystalline
lamellae of all four P3HT polymers. This suggests that the Coulomb interactions between polarons
and their counterions should be comparable across the samples, so that using different P3HT
regioregularities allows us to isolate the effects of polymer crystallinity on charge transport. We

note that the (200)-to-(300) peak ratio is hard to discern in the highest-doped RRa sample (and

also the 99% RR sample) because of overlapping scattering from excess LiTFSI, labeled with an
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asterisk (*). However, a similar suppression of the (200) peak is evident in lower-doped samples,

as shown in Appendix D Figure D1.

5.2.2.2 Probing Longer-Range Structural Differences of Pristine and Anion-Exchange-Doped

P3HT Polymers via Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)

Although GIWAXS allows us to study the local structure within the crystallites of the
different pristine and doped P3HT polymers, it does not capture how these ordered domains are
organized on longer (mesoscale) length scales. Here, we argue that this type of information is
critical for understanding how both micro- and mesoscale structure collectively determine charge

47.53.111 To probe longer-range morphology in our samples,

transport in doped conjugated polymers.!
we performed grazing-incidence small-angle X-ray scattering (GISAXS).5372-76] We then fit the
radial integrations to the Unified fit model7”-7®! to extract the radius of gyration, R (see Figures
D4 and DS in Appendix D for GISAXS integrations and Unified fits). Because features in
GISAXS data arise from electron-density differences between different domains in the film (e.g.,
crystalline and amorphous regions), R, can be interpreted as an effective domain size.””-78]

In previous work, we demonstrated that for anion-exchange-doped P3HT films, the change
in a pristine film’s Rg upon doping, denoted as ARy, correlates with the thermoelectric properties
of doped P3HT films: positive values of AR,, which indicate the doping-induced formation of
larger, more connected domains, were associated with higher carrier mobilities and improved

Seebeck coefficient—conductivity relationships and vice versa.l>3! Here, we examine the role of the

initial polymer crystallinity in anion-exchange-doping-induced long-range ordering effects.
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Table 5.1. Relative integrated GIWAXS (100) peak areas representing the relative crystallinity of
pristine and most-doped 99% RR, 97% RR, 93% RR, and RRa P3HT samples, normalized to the
corresponding 99% RR P3HT sample. The most-doped samples were prepared using 1, 1, 3, and
9 mg/mL F4TCNQ, respectively, with 30 mg/mL LiTFSI. Also shown are the effective domain
sizes, Ry, from GISAXS measurements for these same samples, as well as key SLoT parameters
(00 and W siope), obtained from the fits shown in Figure 5.5.

99% RR 97% RR 93% RR RRa
P3HT P3HT P3HT P3HT
Pristine Relative Crystallinity 1 0.93 0.44 0.04
Doped Relative Crystallinity 1 0.81 0.46 0.12
Pristine R, (A) 75 80 137 342
Most-Doped R (A) 104 101 105 58
oo (Scm™) 140 120 70 10
Wh siope (MeV) 425 350 265 125

Table 5.1 summarizes the Ry values of the different pristine and most-doped P3HT
samples. In the pristine state, the more crystalline 99% and 97% RR P3HT films exhibit smaller
R; values than the less-ordered 93% RR and amorphous RRa P3HT samples. The smaller R, values
observed in the more crystalline polymers reflect an electron-density contrast between well-
defined crystallites and their more amorphous surroundings (see Figure D4 in Appendix D). In
contrast, 93% RR P3HT exhibits weaker electron-density contrast between its more crystalline and
more amorphous regions. This suggests that structural defects and reduced crystallinity lead to less
well-defined domains, allowing partially ordered regions to blend more gradually into the
surrounding amorphous matrix, resulting in larger effective domain sizes (larger Rg). In the case
of RRa P3HT, the lack of any distinctive electron-density contrast due to the isotropic, amorphous
morphology results in a very large R, value.

Table 5.1 also shows that R, values of the different P3HT polymers change upon doping.
For the two most crystalline polymers, 99% RR and 97% RR P3HT, R, increases upon doping and

plateaus near ~100 A. In contrast, the less semicrystalline 93% RR P3HT exhibits a decrease in R,
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upon doping, also converging to ~100 A, while the initially amorphous RRa P3HT shows a
significant decrease from ~340 to ~60 A. These distinct R, responses can be understood in terms
of the fact that anion-exchange doping provides sufficient oxidative strength to dope originally

amorphous domains and induce crystallization,[40-33:6.71]

as evidenced here by the appearance of
new crystalline scattering peaks in doped RRa P3HT in Figure 5.2¢,d. In the more crystalline 99%
RR and 97% RR P3HT samples, this doping-induced crystallization of amorphous regions creates
new ordered connections between previously separated crystallites, thus increasing Rg. In contrast,
the Rg 0f 93% RR P3HT decreases gradually with increasing dopant concentration, suggesting that
crystallization of the amorphous surroundings proceeds slowly until it reaches a domain size
similar to that of the 99% and 97% RR P3HT samples. Finally, in originally amorphous RRa P3HT,
doping induces crystallization, generating numerous small, isolated doped crystallites.[**%] These
domains produce strong local electron-density contrast with limited spatial correlation, leading to
a pronounced reduction of Ry.

In Section 5.2.4 below, we tie this evolution of the mesoscale organization directly to

macroscopic charge transport characteristics of the doped polymer films measured via the Hall

effect and temperature-dependent conductivity.

5.2.3 Probing the Microscale Charge-Transport Characteristics of Anion-Exchange-Doped

P3HT with Different Regioregularities

5.2.3.1 Optical Properties of Pristine P3HT Films via UV—Vis—NIR Spectroscopy

Having established the structural differences among the four polymers using GIWAXS and
GISAXS, we next examine their optical properties using UV—vis—NIR spectroscopy. Figure 5.3a
shows the normalized absorption spectra of the pristine P3HT films. The more regioregular

polymers exhibit increasingly pronounced vibronic structure in the bandgap (BG) absorption
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(black arrow in Figure 5.3a inset). This makes sense within the theoretical framework developed
by Spano and co-workers,[””3% who showed that P3HT films with greater structural order exhibit
stronger H—J aggregate coupling and thus sharper vibronic features, whereas disordered films

4481831 Tn addition, the main 7—n*

display broadened spectra with diminished vibronic structure.!
absorption band shifts progressively to lower energy with increasing regioregularity, with 99% RR
and 97% RR P3HT exhibiting the most red-shifted bandgap transitions, followed by 93% RR and
RRa P3HT. This observation is consistent with the idea that more-ordered polymers have more

delocalized excitons. Both the spectral shifts and vibronic structure are consistent with the

crystallinity differences identified by GIWAXS above.

5.2.3.2 P1 Peak Position of Doped P3HT Films Probes Local Polaron Localization Effects

In addition to changes in the excitonic absorption of pristine P3HT with polymer structure,
it is well established that polarons on doped polymers become increasingly delocalized as the

44841 To probe how polymer crystallinity influences electronic

degree of crystallinity increases.!
structure, we measured the UV—vis—NIR spectra of the four P3HT polymers across a range of
doping concentrations (full spectra are shown in Figure D6 in Appendix D).

All four doped P3HT films exhibit the characteristic spectroscopic signatures of polaron
formation, including the growth of the P1 (~0.4—0.5 eV) and P2 (~1.2-1.6 eV) absorption bands
and the bleaching of the neutral polymer bandgap transition (~2.3-3.3 eV) as the dopant
concentration increases (see Figure D6 in Appendix D). These features arise from optical
transitions involving the partially occupied polaronic mid-gap state, as illustrated in the energy-
level diagram in Figure 5.3a inset (blue arrow for Pl and red arrow for P2).[2228:41.44.85.86]
Furthermore, the absence of absorption features from the F4ATCNQ anion that would appear near

~1.5 eV and ~3.0 eV confirms that anion exchange was successful in all doped films.[2%-33-87-8]
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Figure 5.3. (a) UV—vis—NIR spectra of pristine P3HT films with different regioregularities (99%
RR, 97% RR, 93% RR, and RRa P3HT). Inset: Energy-level diagram showing the bandgap (BG)
and polaronic transitions of doped conjugated polymers. Exciting the P1 transition leads to an
increase in P2 absorption. (b) Normalized P1 absorption region of anion-exchange-doped P3HT
films for representative samples (99% RR Low, 97% RR High, 93% RR High, and RRa Low)
doped using different F4TCNQ concentrations (0.05, 0.5, 1, and 1 mg/mL, respectively) while
maintaining a constant LiTFSI electrolyte concentration of 30 mg/mL. These doping conditions
were chosen to match carrier densities in the different samples (see Figure D6). (c) P1 peak energy
versus maximum P1 absorption intensity, obtained by Gaussian fitting (see Figure D8 in Appendix
D), for all four P3HT polymers for different doping concentrations (see Figure D6). Circles
indicate the samples selected for ultrafast transient (TA) absorption measurements. Colored blocks
are used as visual guides for polymers with different regioregularities. (d) Slower induced P2 decay
times extracted from TA measurements for the circled samples in Figure 5.3c (dashed bars),
plotted alongside their corresponding steady-state P1 peak positions (solid bars). The TA decay
times, which are a measure of the local carrier mobility, follow the same trend as the P1 peak
positions, with doped 99% RR and 97% RR P3HT samples exhibiting faster decay dynamics than
93% RR and RRa P3HT.
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Figure 5.3b shows the normalized P1 absorption spectra for four representative doped
P3HT samples, labeled as 99% Low (0.05 mg/mL F4sTCNQ with 30 mg/mL LiTFSI), 97% High
(0.5 mg/mL F4sTCNQ with 30 mg/mL LiTFSI), 93% High (I mg/mL F4TCNQ with 30 mg/mL
LiTFSI), and RRa Low (1 mg/mL F4sTCNQ with 30 mg/mL LiTFSI). We selected these samples
because of their similar doping levels, as indicated by their comparable P1 absorption intensities
and confirmed by Hall effect measurements, discussed below. These spectra thus allow differences
in the P1 peak position to be compared without complications arising from variations in carrier
concentration. A clear systematic red shift of the P1 transition is observed with increasing polymer

83901 the energetic

regioregularity. Within the framework developed by Spano and co-workers,!
position of the P1 transition directly reflects the spatial extent of the polaron wavefunction: more
delocalized polarons exhibit red-shifted P1 transitions, whereas localized polarons display blue-
shifted P1 peaks. This indicates that the doped samples with higher regioregularity have a higher
degree of carrier delocalization at this doping level.

To quantify the trends in the P1 peak positions across doping levels, we fit the P1 peaks
with Gaussian functions to extract both their maximum optical densities and peak positions (see
Figures D6 and D8 in Appendix D). The extracted optical densities are plotted against the peak
energies in Figure 5.3c. Across the entire doping range investigated here, the more crystalline 99%
RR and 97% RR P3HT films consistently exhibit lower-energy (red-shifted) P1 transitions than
the less ordered 93% RR and RRa P3HT polymers. This indicates that polarons are more
delocalized in the more crystalline materials regardless of the doping level. The similarity in P1
energies between the 99% RR and 97% RR samples suggests that increasing regioregularity

beyond ~97% RR provides little additional enhancement in local polaron delocalization, whereas

the increase from 93% RR to 97% RR produces a much larger change.
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Because our GIWAXS analysis showed that all four doped P3HT samples possess similar
crystalline packing and counterion positions (Section 5.2.2.1), the Coulomb interactions between
polarons and counterions are expected to be comparable across the regioregularity series. The
observed P1 shifts, therefore, reflect differences in polymer microstructure rather than variations
in dopant—polymer electrostatic interactions governing polaron localization. Thus, Figure 5.3c
demonstrates that increasing polymer regioregularity, and the associated increase in crystallinity,
directly enhances local polaron delocalization.

Interestingly, the evolution of the P1 peak with increasing doping level differs between the
polymers. The more crystalline 99% RR and 97% RR P3HT samples exhibit a slight blue shift of
the P1 transition at higher optical densities, whereas the less ordered 93% RR and RRa P3HT
polymers show a gradual red shift (see Figure D7 for the normalized P1 peaks). Because the P1

28.41.44.85.86] these trends indicate

energy reflects the spatial extent of the polaron delocalization,!*?
that increasing the doping level modifies the local polaron environment differently in initially
ordered and disordered films. In the more crystalline polymers, the slight blue shift in P1 suggests
that increasing the doping level does not further increase local polaron delocalization and may
instead modestly perturb the local electronic environment of the polarons. In contrast, in the more
disordered polymers, the gradual red shift suggests that increasing doping produces a modest
increase in the local polaron delocalization, potentially through doping-induced ordering within
initially disordered regions.[**®°1 Notably, as the doping level increases, the P1 energies of the

different regioregular polymers begin to converge, suggesting that the local electronic

environments of the polarons become increasingly similar at higher doping levels.
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5.2.3.3 Probing Local Carrier Delocalization via Transient Absorption (TA) Spectroscopy

Although P1 peak position reveals insights about the localization effects hindering polaron
delocalization, it is not clear how precisely to correlate polaron delocalization with the local carrier
mobility. The local mobility of polarons, however, can be indirectly revealed using ultrafast
transient absorption (TA) spectroscopy.l?627-21-941 Excitation of the P1 transition creates a transient

),591 and the kinetics of the induced P2 decay are

absorption feature of P2 (Figure 5.3a inset
different for free and more trapped carriers.[2627211 We pumped different doped polymer samples
at multiple wavelengths spanning the P1 transition and then recorded the dynamics of the resulting
induced P2 TA; details are given in the Transient Absorption Spectroscopy section in the
Supporting Information. Singular value decomposition (SVD) allows deconvolution of the
induced P2 TA signals into a fast (< 1 ps) component, which results from the rapid relaxation of
newly created “hot” polarons, and a slower (1-10 ps) component, which arises due to the migration
of trapped polarons back to their original equilibrium positions.[2627!1 It is worth noting that this
slower TA process probes carrier dynamics over short length scales within local domains (i.e.,
within or between neighboring chains inside a crystallite),?%27-°!1 similar to short-range transport

7981 rather than macroscopic longer-range

probed by terahertz conductivity measurements,
transport across multiple domains. Thus, the relaxation rate of the slow component in the TA
signals provides direct information about the polarons’ local delocalization.227-21]

We chose to focus our TA measurements on the four representative samples shown in
Figure 5.3b, plus an additional 97% RR sample doped at a lower carrier density (97% Low; 0.1
mg/mL F4TCNQ with 30 mg/mL LiTFSI) than the 97% High sample, as labeled in Figure 5.3c.

The matched-carrier-density samples from Figure 5.3b allow us to explore the role of crystallinity
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from samples that all have the same carrier concentration, while the additional 97% RR Low
sample provides a way to explore the effects of carrier density at fixed crystallinity.

The SVD-extracted slow-component decay times for the different doped P3HT samples
are plotted in Figure 5.3d, while the corresponding TA traces are shown in Figure D9. The
extracted decay times reveal a clear dependence on polymer regioregularity. The 99% Low sample
exhibits the fastest decay, followed by 97% High and then 97% Low; 93% High and RRa Low
show the slowest decay dynamics. Faster decay times reflect more rapid carrier transport,
indicating that increased local crystallinity leads to improved local carrier mobility.[26-27-21-941 The
more doped 97% High sample also exhibits a faster decay than 97% Low, indicating that the local
carrier mobility and delocalization increase with doping level at fixed crystallinity.*®) Notably, the
trends in TA decay time seen in Figure 5.3d closely follow the P1 peak positions shown in Figure
5.3c¢: the more crystalline samples exhibit red-shifted P1 absorption and faster decay dynamics,
whereas the less ordered samples show blue-shifted P1 and slower decays regardless of doping
level. Because the TA slow-component decay directly reflects the local carrier mobility, this
correlation demonstrates that the P1 peak position probes both the degree of local polaron
delocalization and the associated short-range carrier mobility.

This correlation between TA decay time and P1 peak position in Figure 5.3d serves to
clarify previous reports in which the P1 peak position did not appear to directly correlate with
counterion size or macroscopic carrier mobilities measured via the Hall effect or other
methods.[?2477191 OQur TA measurements thus indicate that there is an important distinction
between local and more macroscopic mobilities in doped conjugated polymers: P1 (and ultrafast

TA) probes the local carrier delocalization and mobility but does not see barriers on longer length
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scales, such as grain boundaries, that can affect Hall measurements where the electrodes are a

macroscopic distance apart. We elaborate on this idea in the following sections.

5.2.4 Macroscopic Length-Scale Charge Transport — Hall and Activation Energy of Anion-

Exchange-Doped P3HT

5.2.4.1 Probing Macroscopic Mobility via Hall Effect Measurements

Having established how polymer crystallinity influences local carrier delocalization and
mobility within crystallites using GIWAXS, UV-vis—NIR, and TA spectroscopy (Figures 5.2 and
5.3), we next examine macroscopic charge transport in our doped P3HT films. In contrast to the
spectroscopic probes discussed above, electrical conductivity and Seebeck measurements (Figure
5.1) reflect carrier motion on macroscopic length scales across many crystallites and grain
boundaries. To understand how the polymer structure influences macroscopic transport, we obtain
the carrier mobility, x, and carrier density, n, of the doped P3HT films via Hall effect
measurements.

We were able to obtain reliable Hall signals for all of the doped regioregular P3HT samples.
In contrast, the doped RRa P3HT films exhibited unphysical Hall responses, consistent with doped
semiconducting polymer systems in which a substantial hopping transport contribution can
partially compensate the measured Hall voltages.l'®! For these samples, we estimated the carrier
density by integrating the oscillator-strength-weighted P1 absorption!!?1:192] and calibrating this
value against the Hall-measured carrier densities of the regioregular polymers (see Figures D10—
D13 in the Hall Effect Measurements and P1-Correlated Carrier Density section of Appendix D
for a detailed discussion). Once the carrier density was measured by Hall or determined by
integrating the P1 peak area, the carrier mobility in our doped P3HT samples was then obtained

from the measured four-point-probe conductivity using o = neu.
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Figure 5.4a shows u as a function of n for the four different doped P3HT polymers. As
expected, carrier mobility increases with carrier density for all doped samples.!>®! Similar trends
are observed with increasing dopant concentration in Figure D10. The RR P3HT polymers exhibit
higher mobilities than RRa P3HT, consistent with the stronger polaron localization and slower TA
decay dynamics observed for the initially more amorphous polymer. Interestingly, however, the
order of the macroscopic carrier mobility for the doped RR polymers depends on carrier density.
In the low-doping regime (blue shaded region), 93% RR P3HT exhibits the highest carrier
mobility. At intermediate carrier densities (~4.2 x 10?° cm™), this ordering reverses, and the carrier
mobilities of the doped 99% RR and 97% RR P3HT samples surpass that of the 93% RR polymer.

This inversion of the macroscopic mobility contrasts with the microscopic trends revealed
by the spectroscopic probes in Figure 5.3. Both the P1 peak positions and TA decay dynamics
showed that the more crystalline 99% RR and 97% RR P3HT samples have greater local carrier
mobility than the 93% RR polymer across all doping levels. Thus, the origin of the macroscopic
mobility reversal must arise from structural effects occurring on larger length scales than those
probed spectroscopically and locally, such as transport across the grain boundaries separating
neighboring domains.

To understand the structural origin of the macroscopic mobility trends observed in Figure
5.4a, we return to the mesoscale structural information obtained from GISAXS. As discussed
above in Section 5.2.2.2, the different P3HT polymers exhibit different mesoscale domain
correlations characterized by the radius of gyration (R,). Figure 5.4b plots the extracted R, values
as a function of carrier density for the doped P3HT films. Interestingly, the evolution of mesoscale
ordering follows a similar trend as the macroscopic carrier mobility. At low doping levels, the 93%

RR P3HT films exhibit larger mesoscale correlation lengths (Rg), suggesting more extended
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structural organization. Such morphology may facilitate carrier transport between neighboring
domains, enabling higher macroscopic mobility despite the lower overall crystallinity of this
polymer. In contrast, the more crystalline 99% RR and 97% RR P3HT polymers initially exhibit
smaller mesoscale correlation lengths, which indicates the presence of additional barriers in
interdomain transport. The strong correlation between R and macroscopic carrier mobility
suggests that mesoscale connectivity has an important influence on long-range charge transport.

As the carrier density increases, anion-exchange doping promotes crystallization of the
surrounding amorphous regions, increasing the mesoscale connectivity of the more crystalline
polymers. As a result, the Ry values of the three RR polymers converge at higher carrier densities.
Once the mesoscale connectivity becomes comparable across the polymers, the intrinsic
microscopic advantage of higher crystallinity and greater polaron delocalization in the 99% and
97% RR samples dominates the carrier mobility, leading to the observed mobility inversion. In
contrast, doped RRa P3HT exhibits both weak microscopic ordering and poor mesoscale
connectivity, resulting in consistently low carrier mobilities.

The mobility inversion, therefore, highlights the importance of mesoscale connectivity in
determining macroscopic charge transport in doped conjugated polymers. Although microscopic
crystallinity governs the intrinsic carrier mobility within individual domains, the mesoscale
arrangement and connectivity of these domains ultimately determine the efficiency of long-range

macroscopic charge transport across the film.

5.2.4.2 Probing Macroscopic Activation Energy in Anion-Exchange-Doped P3HT Polymers

To further understand the doping-level-dependent trends in the macroscopic carrier
mobility for the different P3HT samples, we extracted the activation energy (E.) for carrier

transport from temperature-dependent conductivity measurements. In doped semiconducting
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polymers, charge transport proceeds via thermally activated hopping over barriers between

localized sites;%-3>-38

I thus, E, is determined from the slope of a In(a(7)) versus (ksT)! plot (see
Figure D15 in Appendix D). Figure 5.4c shows the extracted E. values as a function of » for the
different doped P3HT films. As expected, E. decreases with increasing » for all samples, reflecting
enhanced overlap between dopant-induced potential wells as the doping level increases.®]

More importantly, the E, trends follow behavior similar to the mesoscale ordering and
macroscopic mobility results discussed above. At low doping levels (blue-shaded region), the 93%
RR P3HT samples exhibit lower E. values than the 99% RR and 97% RR P3HT films. This
observation suggests that the more extended mesoscale correlations in the 93% RR polymer,
reflected in its larger R values, facilitate carrier transport between neighboring domains and thus
lower activation energies when the carrier density is low. In contrast, the smaller R, values
observed in the more crystalline 99% RR and 97% RR P3HT polymers indicate more sharply
defined structural boundaries between ordered regions, which likely increase the activation energy
for carriers moving between domains.

As the carrier density increases to ~4.2 x 10%° cm=, the E, values of the three regioregular
polymers converge, consistent with the mobility inversion observed in Figure 5.4a and the
convergence of R, in Figure 5.4b. These converging trends suggest that the activation energies
associated with transport between crystalline domains become comparable across the RR polymers
at higher carrier densities. Once these mesoscale barriers no longer limit transport in the more

crystalline samples, the intrinsic advantage of greater polaron delocalization in the 99% RR and

97% RR P3HT polymers becomes apparent, resulting in higher macroscopic mobility.
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Figure 5.4. (a) Relation between carrier mobility and carrier density for the four different doped
P3HT samples. Carrier mobility and density values for the 99% RR P3HT (red), 97% RR P3HT
(blue), and 93% RR P3HT (green) samples were measured via Hall effect measurements. For RRa
P3HT (yellow), carrier density was estimated from the oscillator-strength-weighted P1 peak area
(calibrated using the 97% RR and 93% RR P3HT samples; see Figure D12 in Appendix D). The
circled data points correspond to the same samples whose P1 peaks and TA dynamics are
highlighted in Figure 5.3¢,d. (b) Radius of gyration, R,, obtained from GISAXS (see Appendix
D), as a function of carrier density for pristine and doped P3HT films with different
regioregularities. The fact that the RR samples’ mobility inverts between the blue and white regions
corresponds directly to when the R, values of the different samples become similar. (c) Activation
energy (Ea.) as a function of carrier density for the different doped P3HT samples. E, values were

131



obtained as the slope of Arrhenius fits to the temperature-dependent conductivity versus (ks7)™",
shown in Figure D15 in Appendix D.

Interestingly, the RRa P3HT samples exhibit the lowest E, values across all doping levels
despite also having the lowest macroscopic carrier mobility. This indicates that the activation
energy does not directly track the overall mobility in these highly amorphous films. We attribute
this behavior to the absence of semicrystalline grain boundaries in RRa P3HT: because transport
occurs through a more uniformly disordered morphology, there may be fewer distinct high-barrier
interdomain hopping events contributing to £, in the doped RRa samples. Concurrently, the strong
local energetic and structural disorder of amorphous RRa P3HT films severely limits carrier
delocalization and suppresses transport, resulting in low overall mobility despite the relatively
small E; values.

Together, these results suggest that the activation energies extracted from temperature-
dependent conductivity measurements are associated with transport across mesoscale structural
boundaries that are probed by GISAXS. Although the microscopic degree of crystallinity governs
carrier delocalization and local mobility within individual domains, the mesoscale connectivity
between domains ultimately determines the activation energy associated with longer-range charge

transport in doped P3HT films.

5.2.5 Thermoelectric Performance of Different Anion-Exchange-Doped P3HT Polymers

5.2.5.1 Linking Local and Mesoscale Transport to the S—o Relation

Having established how microscopic (intradomain) and macroscopic (interdomain) charge
transport evolve in different anion-exchange-doped P3HT polymers, we now evaluate how these
structure—transport relationships affect thermoelectric performance. Figure 5.5 shows the Seebeck

coefficient—conductivity (S—o) relation and power factor (PF) for the four anion-exchange-doped
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P3HT polymers. The dashed curves represent fits to the SLoT model,*® which is discussed in
more detail in the next section. Across the measured conductivity range, the doped 99% RR and
97% RR P3HT samples exhibit higher Seebeck coefficients and PF values at a given conductivity
than the doped 93% RR and RRa P3HT samples, indicating superior thermoelectric performance.
These improved thermoelectric properties indicate that local crystallinity plays an important role
in enhancing the macroscopic S—o relation, as the 99% RR and 97% RR P3HT samples also show
more favorable local transport characteristics, including their red-shifted P1 peaks, faster TA decay
times, and higher long-range carrier mobilities at high doping levels (Figures 5.3¢,d and 5.4a).
The PF versus conductivity relation (Figure 5.5b) further shows that the PF maximum for
the doped RR P3HT polymers occurs at a similar conductivity, ~15 S cm™!. Because conductivity
depends on both x and n, a similar ¢ can be achieved either by increasing mobility or by increasing
carrier density. In the 99% RR and 97% RR P3HT polymers, this conductivity is reached at
comparatively lower carrier densities because the higher local crystallinity supports greater carrier

37641 As a result, these polymers maintain relatively large

delocalization and higher mobility.
Seebeck coefficients while still achieving high ¢ values, resulting in enhanced PF values.!®?! In
contrast, the 93% RR and RRa P3HT polymers require heavier doping to reach similar
conductivities because of their lower carrier mobilities. The resulting need for increased carrier
density shifts the Fermi level closer to the transport edge, which reduces S and suppresses the

PF.3762] This trend is also evident when examining how the PF changes with n (Figure D16 in

Appendix D).
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Figure 5.5. Thermoelectric properties of 99% RR, 97% RR, 93% RR, and RRa P3HT films doped
via anion exchange, including (a) the Seebeck coefficient—conductivity (S—o) relation and (b) the
power factor (PF). The dashed curves in Figure 5.5a represent fits to the SLoT model, with
parameters presented in Table 5.1. The higher-RR P3HT samples exhibit better thermoelectric

performance than the lower-RR P3HT samples, whose properties are more strongly limited by
local disorder and reduced mesoscale connectivity.

Notably, although the most favorable S—o relationships and higher PF values of the 99%
RR and 97% RR P3HT polymers indicate that higher local crystallinity plays a dominant role in
improving thermoelectric performance, these polymers also exhibit a more pronounced decrease
in S in the low-to-mid o region, suggesting that the thermoelectric performance is also influenced
by the mesoscale connectivity of these polymers. Specifically, the 99% RR and 97% RR P3HT
samples exhibit lower macroscopic mobilities and poorer mesoscale connectivity at low doping

levels, which partially limits thermoelectric performance. Importantly, this mesoscale limitation
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does not overcome the benefits of higher local crystallinity, as the higher-RR polymers still
maintain improved S—o relationships and higher PF values across the measured conductivity range.
Consequently, these trends indicate that the macroscopic thermoelectric performance is governed
by both local crystalline order, which enhances intradomain transport, and longer-range
connectivity between polymer domains. These findings suggest that improving long-range
mesoscale connectivity and maintaining high local crystallinity are needed to enhance the

thermoelectric performance of doped conjugated polymers.

5.2.5.2 Relating Macroscopic S—o Relation to Microscopic Charge Transport Characteristics

Using the SLoT Model

Although the S—o and PF trends highlight that structural changes strongly influence charge
transport in anion-exchange-doped P3HT, these measurements alone do not reveal precisely what
factors govern this behavior. To quantitatively evaluate the energetic landscape experienced by
charge carriers, we fit the experimental S—o relations using the Semi-Localized Transport (SLoT)
model.>®!

The SLoT model uses the Boltzmann transport formalism originally developed in the
Kang—Snyder model!®] and later extended by Gregory et al. by incorporating a carrier-density-
dependent localization energy (Wn(c)), thereby capturing the transition from localized hopping-
like transport to more delocalized, metal-like behavior.>®! Within this framework, the transport

function is expressed as:

W, E—E,
oz (E,T,c) = oyexp (— k‘;(;)> X ( kT ), (5.2)

where oo is the intrinsic conductivity, E; is the energy of the transport edge, ks is the Boltzmann

constant, 7 is the absolute temperature, and Wr(c) is the localization energy, which is a function
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of doping level, ¢. Within this framework, Wr(c) is expressed using the maximum localization
energy at low doping (Whmax) and the slope of how this energy decreases as carrier density
increases (Whgsiope). Thus, the SLoT model allows us to independently assess both the intrinsic
conductivity of different doped P3HT polymers (60) and how efficiently doping suppresses
localization effects, Wu(c).

Figure 5.5a shows the SLoT fits (dashed curves) to the measured S—o data; the key
extracted fit parameters, Whsiope and oo, are summarized in Table 5.1. Notably, oo increases
monotonically with polymer regioregularity, with 99% RR and 97% RR P3HT exhibiting the
highest intrinsic conductivities (Table 5.1 and Figure 5.6). Because oo is a doping-level-
independent parameter extracted from the entire S—o curve, it reflects the inherent ability of the
polymer to transport charge in the absence of localization effects. In our case, oo scales both with
increasing doped polymer crystallinity (Table 5.1 and Figure 5.6) and with the increase in domain

correlation length upon doping, AR, (Table 5.1 and Figure D17).
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Figure 5.6. Behavior of oo, the intrinsic conductivity in the SLoT model, as a function of relative
crystallinity (out-of-plane lamellar (100) peak area) for the most-doped P3HT samples. The more
crystalline 99% RR and 97% RR P3HT samples exhibit higher intrinsic conductivities than the
lower-crystallinity 93% RR and RRa P3HT samples.
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The SLoT fits also yield Whsiope, Which quantifies how rapidly localization energy
decreases with increased doping (Table 5.1). The larger Whgiope values observed for the RR
polymers indicate that doping suppresses the localization energy more efficiently in these
materials. As a result, carriers in the 99% RR and 97% RR P3HT films can more readily access
less-localized transport states as the doping level increases, leading to improved charge transport.
This observation is consistent with the red-shifted P1 peaks, which independently indicate greater
polaron delocalization. Together with their larger oo values, this shows that the superior transport
of the 99% RR and 97% RR P3HT polymers arises from both stronger intrinsic transport within
crystalline domains and more efficient reduction of localization effects upon doping. In contrast,
the smaller oo and Whsiope Values of the 93% RR and RRa P3HT polymers indicate that charge
transport remains more strongly limited by the lower crystallinity and greater structural disorder
in these less-ordered materials. Thus, the SLoT analysis provides a microscopic interpretation of
the macroscopic S—o relation, showing that it reflects both the local crystalline structure and

mesoscale connectivity of the different films.

5.3 Conclusions

In this work, we investigated how the morphology of a pristine conjugated polymer
influences charge transport and TE performance upon doping via anion exchange. We
systematically changed the regioregularity of the polymer, tuning both the polymer microstructure
and mesoscale connectivity, and found that anion-exchange doping via the SqP method largely
preserves the original local crystalline morphology after doping. The enhanced local crystallinity
of doped 99% RR and 97% RR P3HT greatly enhances local charge transport, as indicated by red-
shifted P1 peak positions and faster ultrafast TA decay times compared to the less crystalline doped

93% RR and RRa P3HT polymers.
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Our Hall effect and temperature-dependent conductivity measurements showed that the
more crystalline P3HT polymers surprisingly exhibited lower macroscopic carrier mobilities and
higher activation energies at low doping levels. GISAXS measurements, which probe the
mesoscale domain connectivity, indicate that the lower mobilities and higher activation energies
for macroscopic transport at low » result from poor longer-range domain connectivity, as shown
by smaller Rg values in the higher-RR samples. At intermediate doping levels, however, anion-
exchange doping induces longer-range mesoscale ordering in 99% RR and 97% RR P3HT,
resulting in higher macroscopic mobilities and lower activation energies compared to doped 93%
RR and RRa P3HT.

Despite the lack of longer-range ordering at low doping levels, the doped 99% RR and 97%
RR P3HT polymers still show better S—o relations and higher PFs across all doping levels,
indicating that intradomain transport dominates the thermoelectric properties of these doped
polymer systems. Further analysis using the SLoT model indicates that the enhanced TE
performance in these highly crystalline polymers arises from a steeper Wi siope and higher oo.
Overall, these results show that optimizing thermoelectric performance of doped conjugated
polymers requires consideration of morphology on multiple length scales. High local crystallinity
promotes intrinsically favorable intradomain charge transport, while longer-range mesoscale
ordering controls how effectively this local transport advantage is translated into macroscopic

conductivity upon doping.

5.4 Experimental Section/Methods

5.4.1 Materials
Poly(3-hexylthiophene-2,5-diyl) (P3HT) samples with different regioregularities were

used in this work. The 99% regioregular P3HT was purchased from TCI (M, = 2745 kDa). The
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97.6% regioregular P3HT (My = 60.15 kDa) was purchased from Ossila. The 93% regioregular
P3HT (My = 50-70 kDa) and regiorandom P3HT (RRa; M,, = 60-95 kDa) were purchased from
Rieke Metals, Inc. 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4sTCNQ; purity >
99.0%) was purchased from Ossila. 1,2-Dichlorobenzene (0-DCB, anhydrous, 99%), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and n-butyl acetate (n-BA, anhydrous, >99%) were

purchased from Sigma-Aldrich. All chemicals and reagents were used as received.

5.4.2 Sample Preparation

Devices for thermoelectric, electrical conductivity, Hall effect, and spectroscopy
measurements (UV—vis—NIR and TA) were cast on pre-cleaned glass substrates. GIWAXS and
GISAXS samples were cast on silicon wafers. FTIR spectra were acquired on samples cast onto
pre-cleaned sapphire substrates. Glass substrates were cut into 1.2 x 1.2 cm squares, and silicon
substrates were cut into 1.5 x 1.5 cm squares; the substrates were pre-cleaned by sequential
washing and sonication with Alconox detergent, deionized water, and acetone. The substrates were
dried using nitrogen gas and plasma etched for ~15 min and transferred into a nitrogen glovebox
for spin coating and doping.

All P3HT films were cast using 2% w/v (20 mg/mL) solutions in o-dichlorobenzene (o-
DCB). The polymer solutions were stirred until fully dissolved (~8 hours) with constant stirring
(300 rpm). The 2% w/v P3HT solutions were spin-coated onto the substrates at 1000 rpm for 60
seconds, followed by a drying step at 4000 rpm for 5 seconds. The polymer films were left in the
nitrogen glovebox overnight to fully dry. For doping, the pristine P3HT polymer films were
exposed to a dopant/electrolyte solution for 80 seconds before spin coating at 4000 rpm for 10
seconds to remove any residual solution. Doping solutions were made by mixing varying amounts

of F4TCNQ with a fixed volume of a LiTFSI stock solution (60 mg/mL) in n-butyl acetate (n-BA),
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yielding the F4sTCNQ concentrations reported in the legends while maintaining a constant LiTFSI

concentration of 30 mg/mL.

5.4.3 Film Characterization

Electrical conductivity, Hall effect, temperature-dependent conductivity, UV—vis—NIR
spectroscopy, and TA spectroscopy measurements were all performed on the same device. Sheet
resistance was measured using a Lake Shore MeasureReady M91 FastHall instrument with
electrodes placed in the van der Pauw geometry. Gold contacts (1 x 1 mm square, 45 nm thick)
were thermally evaporated onto the sample corners using a 3D-printed shadow mask in an
Angstrom Engineering Nexdep thermal evaporator. Film thicknesses were measured with a Dektak
150 stylus profilometer. Electrical conductivity measurements were repeated on at least three
independent prepared samples.

Hall effect measurements used the same M91 instrument with a source current of 10 pA
and a magnetic field of 1.0236 T; at least three triplicate samples were measured for reproducibility.
Temperature-dependent conductivity was obtained by measuring the sample sheet resistance as a
function of temperature in a custom-built van der Pauw setup using a Keithley 2400 Sourcemeter
controlled by LabVIEW software. A Peltier plate controlled the sample temperature, which was
measured by an RTD sensor. UV—vis—NIR spectra were obtained using a JASCO V-770
spectrophotometer.

TA spectroscopy was measured and analyzed via singular value decomposition (SVD)
similarly to our previous work.!2627211 The amplified Ti:sapphire laser, Coherent Legend, delivered
~3 mJ, ~50 fs pulses at 800 nm with a 1 kHz repetition rate. The 800-nm output was split, with
one portion pumping an optical parametric amplifier (TOPAS, Coherent) to generate ~100 pJ pump

pulses at 1800, 2000, or 2200 nm; the other portion passed through a CaF> plate to produce a white-
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light continuum used to probe over the 900-1300 nm range. Transient absorption signals were
recorded with a Helios spectrometer (Ultrafast Systems). At the spatial overlap, the pump exhibited
a Gaussian profile with an ~8 mm FWHM, while the probe was focused to a diffraction-limited
spot. Measurements were carried out under an argon atmosphere with multiple scans collected to
ensure that the samples did not de-dope or otherwise degrade during the measurement.

The temporal and spectral components in the TA spectra were deconvolved using
SVD.[26.279L1041 The TA spectrum of each individual component was fit to a kinetic model that
decays exponentially to extract the TA decay times. For all of our data, SVD indicates that there
are only two principal components, one for free polarons and one for Coulomb-trapped
polarons.[26:27:91]

Seebeck coefficients were measured using devices fabricated separately from those used
for sheet resistance, Hall effect, and temperature-dependent conductivity measurements. The
Seebeck devices consisted of two parallel gold rectangular electrodes, each measuring 10 x 1 mm
and 45 nm in thickness, separated by a 10 mm gap. A home-built measurement setup equipped
with two Peltier plates was used to generate a temperature gradient across the film, while two
RTDs monitored the temperature at each electrode. To minimize sample-to-sample variation,
Seebeck devices were prepared from the same solutions and at the same time as the samples used
for sheet resistance, Hall effect, and temperature-dependent conductivity measurements.
Measurements were collected from three independent samples.

GIWAXS measurements were conducted at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beamline 11-3 using 12.7 keV X-rays at an incidence angle of 0.12°.
Scattering patterns were collected in a helium environment to improve the signal-to-noise ratio,

with a sample-to-detector distance of 250 mm and a spot size of ~150 pm on the image plate. The
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2D GIWAXS images were calibrated in Igor Pro using the Nika package, and subsequent data
reduction was performed using Nika and WAXStools. All samples were prepared and measured in
triplicate.

GISAXS measurements were performed at SSRL beamline 1-5 using an X-ray energy of
12 keV, an incident angle of 0.12° and a two-dimensional detector placed 3 m from the sample.
1D integrations were generated by horizontally integrating the intensity near the Yoneda band. The
resulting profiles were fit using the Unified Fit method implemented in the Irena and Nika

packages in Igor Pro. All samples were prepared and measured in triplicate.
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Appendix A
Supporting Information for Chapter 2: Double Doping of Conjugated Polymers Can Be

Induced by the High-Dielectric Environment Present During Anion-Exchange Doping
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A.1 UV-Vis—NIR Spectroscopy

A.1.1 Solvent Washing

To investigate the effects of the double-doping process in PBTTT using DDB-Fgo followed
by LiTFSI (i.e., the 2-pot AED method), we performed near-infrared (NIR) and UV—vis—NIR
spectroscopy measurements. However, to rely on spectroscopy as an indicator of double doping,
it was essential to confirm that any additional doping during 2-pot AED resulted from the double-
doping mechanism—specifically from DDB-Fso~ anions introduced during the initial doping
step—rather than from residual neutral dopant left on the film surface that was then able to dope
for the first time upon application of the electrolyte solution.

To ensure the complete removal of neutral DDB-F¢o prior to LiTFSI treatment with 2-pot
AED, rigorous washing procedures were implemented. However, because both the anionic and
neutral forms of DDB-Fgo absorb under the bandgaps of PBTTT and P3HT (~2.3 eV and ~2.7 eV,
respectively),!?] it is difficult to definitively verify washing efficacy in those polymer matrices
using UV—vis spectroscopy alone. To address this, polystyrene (PS), which does not absorb in the
UV-vis region, was selected as an inert polymer matrix to test the efficacy of the washing process.
A PS film was cast using a 20 mg/mL PS solution in o-DCB. After drying, the film was soaked in
a | mM DDB-Fg solution for 80 seconds, followed by spin coating at 4000 rpm for 10 seconds.
The red curve in Figure A1 shows the characteristic absorptions of the neutral DDB-Fs species
in these films at approximately 2.7 eV; a small amount of the DDB-F¢o~ anion, which absorbs at

~2.3 eV, is also present due to the dopant oxidizing impurities in the PS film.
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Figure A1. UV—vis absorption spectra of polystyrene films under various conditions. The black
curve shows the spectrum of pristine PS. The red and blue curves show the same film after soaking
in a 1 mM DDB-Fe solution before and after washing with ACN, respectively. The green and
yellow vertical dashed lines show the energies where the DDB-Fso~ anion and neutral DDB-Fso
species absorb, respectively, indicating the removal of both species upon the ACN wash.

These “doped” PS films were then solvent-washed with 0.5 mL of ACN, followed by spin
coating for 10 seconds at 4000 rpm. After washing, the characteristic absorptions of both the
neutral and anionic DDB-Feo species disappeared, indicating that the washing procedure
effectively removes neutral dopant molecules (and the minor amount of anions) from the film.
This result supports the conclusion that the increased doping levels observed after 2-pot AED in
the washed PBTTT films (as discussed in the main text) primarily originate from double doping
by the DDB-Fso~ anions during the 2-pot AED process, rather than from newly induced doping

from any residual neutral species.
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Figure A2. UV-vis spectra of ACN-washed (red curves) and unwashed (blue curves) (a) pristine
PBTTT and (b) PBTTT doped with 1 mM DDB-F¢o. The yellow dashed line indicates the
absorption maximum of the neutral DDB-Fgo molecule (near 2.7 eV). The shoulder in the
unwashed (blue curve) sample disappears upon ACN washing, indicating the removal of all neutral
DDB-F¢o molecules in our films prior to 2-pot AED.

With the ACN washing step well-characterized using PS films, we performed the same
washing step with our PBTTT films doped with DDB-Fso. Although less noticeable than in the
case of PS, washing PBTTT doped with DDB-F¢ also leads to the disappearance of the small
amount of neutral DDB-F¢o absorption (yellow dashed line), as shown in Figure A2. It is worth
noting that washing doped conjugated polymer films often leads to dedoping. In our case, however,
the amount of dedoping following the washing step was minimal, as also seen in Figure A2. We
also see relatively minimal dedoping even when a more strongly swelling solvent, n-BA, is used

for the washing step, as shown in Figure A3.
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Figure A3. UV-vis—NIR spectra of doped conjugated polymer films before and after n-BA solvent
washing. (a,b) PBTTT and (c,d) RRa-P3HT samples doped using 1| mM DDB-Fg (a,c) and 1 mM
DDB-Fso followed by 2-pot AED (b,d). Spectra were collected after the initial doping step and
subsequent n-BA washing for the 1| mM DDB-Fgo-doped samples. The 2-pot AED samples were
exchanged with LiTFSI solution followed by an n-BA wash to remove any salt left on the surface
of the films. Minimal changes in the absorption features before and after the first or second n-BA
wash indicate limited dedoping, demonstrating the robustness of both doping methods against
solvent washing.

A.1.2 Polaronic Peak Location Indicates Successful DDB-Fs;~ Exchange for TFSI-

Previous studies have shown that DDB-based dopants create highly delocalized polarons
in P3HT, as evidenced by high Hall mobility measurements and a red-shifted P1 peak location.*-
¢l This behavior has been attributed to the large size of the DDB-based dopant anions,*! which

minimizes Coulomb interactions between the dopant counterion and the hole on the polymer
154



backbone. In contrast, smaller counterions like FATCNQ ™! or TFSI lead to blue-shifted P1 peak

locations, suggesting stronger Coulombic interactions between the counterion and the hole.
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Figure A4. Normalized P1 peaks for PBTTT doped with 1 mM DDB-F¢o and PBTTT subjected to
2-pot AED with different LiTFSI concentrations of 3.5, 17, and 104 mM. These are the same
samples shown in Figure 2.2a in the main text.

Figure A4 shows the normalized P1 peaks for PBTTT doped with 1 mM DDB-Fgo and
subsequently subjected to the 2-pot AED step using different electrolyte concentrations. The 2-pot
exchanged samples exhibit a significantly blue-shifted P1 peak compared to the initial DDB-Fso-
doped film, indicating successful exchange of the bulky DDB-Feo~ anion with the smaller TFSI
anion. Notably, the P1 peak position and shape remain nearly unchanged across all 2-pot
electrolyte concentrations, suggesting that efficient anion exchange occurs even at relatively low
dopant-to-electrolyte ratios, where entropic effects such as mass action would suggest that anion
exchange is unfavorable.l”] This observation is further supported by GIWAXS data (see Figure
A13, below), which show similar g-spacing values in both the out-of-plane (lamellar stacking) and

in-plane (z-stacking) directions for the 2-pot AED samples treated with 17 mM and 104 mM
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LiTFSI. These results are consistent with the formation of similar polymer structures following

complete anion exchange.

A.1.3 Oscillator-Strength-Weighted P1 Peak Areas

To compare the intensities of the P1 absorption bands, which should be related to the doped
carrier density, we use the integrated oscillator-strength-weighted NIR P1 peak area. This was
calculated by weighting the absorption spectrum by frequency (in wavenumbers) prior to
integration. Due to strong absorption by the sapphire substrates below 0.18 eV, the red side of the
P1 peak could not be accurately measured. To address this limitation and ensure consistent
comparison of relative polaron populations, we defined an asymmetric integration window from
the point on the red side of the peak where the absorption reached 80% of the maximum intensity,
extending to the full width at half maximum (FWHM) point on the blue side. This constrained
integration range minimizes errors from spectral truncation while preserving the comparative
integrity of the peak area analysis. The selected regions are highlighted by the shaded areas in

Figure 2.2¢ of the main text for PBTTT and in Figure AS for doped RR and RRa P3HT films.
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Figure AS. NIR P1 absorption peaks for P3HT polymers doped both conventionally with 1 mM
DDB-F¢o and following 2-pot AED with 104 mM LiTFSI. Panels (a,b) show spectra for
regioregular (RR) P3HT, while panels (c,d) correspond to regiorandom (RRa) P3HT. Shaded
regions indicate the range used in the frequency-weighted integrated P1 area calculations.
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Figure A6. (a—c) UV—vis—NIR spectra of PBTTT thin films (purple curves) conventionally SqP-
doped with 0.3, 1, and 2 mM DDB-Fso, respectively (red curves), and subsequently subjected to
2-pot AED using a 104 mM LiTFSI solution (blue curves), showing an increase in the signature
polaron peak intensities (P1 and P2). These spectra demonstrate the extra doping gained upon
exposure to the high-dielectric environment of the LiTFSI solution at different initial dopant
concentrations.
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Figure A7. Doping level-matched UV—vis—NIR spectra of PBTTT thin films doped via the 2-pot
(blue curve) and 1-pot (green curve) AED methods. The 1-pot method requires a lower dopant
concentration (0.3 mM) to reach similar doping levels as the 2-pot method (1 mM), as indicated
by the comparable bandgap-to-P1 absorption ratios. The absorbance was thickness normalized to
clearly show the matched P1/BG ratios in both films. This matching allows us to confidently
comment on the structural similarities between the 1-pot and 2-pot AED samples in Figure 2.3 in
the main text.

A.2 Electrical Conductivity and Hall Effect Measurements

Multifunctional samples for UV—vis—NIR spectroscopy, electrical conductivity, and Hall
effect measurements were fabricated on 1.1 x 1.1 cm pre-cleaned substrates via sequential
processing (SqP) followed by the 2-pot step with LiTFSI. All three measurements were performed
on the same sample. Gold contact electrodes were evaporated on the corners of the samples. The
van der Pauw method with square geometry was used to measure the electrical conductivity and
Hall effect. The conductivity and Hall effect measurements on the doped samples were performed
using a Lake Shore MeasureReady M91 FastHall instrument, with a source current of 10 pA.

Hall measurements provide an accurate way of determining the carrier density (n) by
measuring a potential difference, also known as the Hall voltage (Vu), when an electrical current

(Ix) 1s applied perpendicular to the voltage measurement and a magnetic field (B;) is applied
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orthogonal to both the voltage and the current (see Equation (A1)). The Hall voltage, Vu, for a

sample with known thickness, 7, is given by:

I,B, (A1)

The magnetic field used for our Hall measurements was 1.0236 T. All reported values were
measured and averaged over at least three independent samples. The results are summarized in

Table A1.

Table Al. Electrical conductivity, Hall mobility, and carrier density measurements for PBTTT
doped conventionally with DDB-Fg at two different doping levels, and again following 2-pot AED
with 104 mM LiTFSI. The data show that double doping occurs, as there is no alternative
explanation that accounts for the significantly increased carrier density in the 2-pot AED samples.
The decreased Hall mobilities following 2-pot AED are also consistent with the blue-shifted P1
peaks seen in these samples, indicating that the carriers are Coulombically trapped by the TFSI~
counterion.

PBTTT Conductivity Hall Mobility Hall Carrier Density
(Scm™) (cm? V-1 s7h) (10x29 ¢cm™)
1 mM DDB-Fgo 59 0.29 1.3
1 mM 2-pot AED 5.7 0.13 2.7
2 mM DDB-Fgo 4.7 0.32 2.0
2 mM 2-pot AED 6.9 0.14 3.0

A.3 Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

GIWAXS measurements were performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beamline 11-3 using an X-ray energy of 12.7 keV at an incidence angle of
0.12°. The Igor Pro packages Nika and Irena were used to calibrate the GIWAXS 2D data. Nika,
Irena, and WAXStools were used to reduce the data. For 2D diffractograms, integrations of a

narrow wedge (80°—89°) along the y-axis (g, in Figures A8, A9, and A11) provide information
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about scattering in the direction perpendicular to the plane of the substrate (out-of-plane, OOP),
and integrations of a pie wedge (0°-10°) oriented along the x-axis (gxy in Figures A8, A9, and
A11) provide information about scattering in the in-plane (IP) direction.

Figure A8 shows the 2D diffractograms of pristine PBTTT, PBTTT doped with 1 mM
DDB-F¢o and with 1 mM DDB-Feo followed by 2-pot AED. These diffraction patterns in Figure
A8 were used to plot the 1D in- and out-of-plane integrations shown in Figure 2.3 of the main

text.

q, (A"
a A"
a (A"

a-1

Gy (A7) Gy (A7)

PBTTT Pristine 1 mM DDB-F 2-pot AED

Figure A8. 2D GIWAXS diffractograms of (a) pristine PBTTT, (b) PBTTT doped with 1 mM
DDB-Fe, and (c) PBTTT doped via 2-pot AED with a 104 mM LiTFSI solution. We obtained the
1D integrations along the OOP (g) and along the IP (¢gxy) directions shown in Figure 2.3 in the
main text.
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RR Pristine 1 mM DDB-F 2-pot AED
Figure A9. 2D GIWAXS diffractograms for ACN-washed (a) pristine RR P3HT, (b) RR P3HT

conventionally doped with 1 mM DDB-Fgo, and (¢) RR P3HT doped via 2-pot AED with 104 mM
LiTFSIL 1D integrations in OOP and IP directions are shown in Figure A10.

1

-1

1

161



As mentioned in the main text, we also studied the structural changes in RR P3HT doped
with DDB-Fso and followed by 2-pot AED with LiTFSI. Like the PBTTT samples, the P3HT
samples doped via both methods did not show noticeable signs of dedoping after solvent washing.
Figure A9 shows the 2D diffractograms of the ACN-washed pristine, DDB-Fgo-doped, and 2-pot
AED-doped RR P3HT films. The corresponding 1D patterns produced by radial integration along
the gxy- and g.-axes (in-plane and out-of-plane directions, respectively) are plotted in Figure
A10a,b. Panels (c,d) show the 1D OOP and IP integrations for the unwashed samples.

Figure A10 shows how the lamellar ((£00), out-of-plane) and z-stacking ((020), in-plane)
structure of RR P3HT changes after doping with 1 mM DDB-Feo and again after 2-pot AED. The
structural changes we observed are qualitatively similar to those reported in the main text for
PBTTT. The pristine RR P3HT (100) peak and its corresponding overtones appear at distances
representing a lamellar spacing of 16 A, as previously reported.>*3-1% As the pristine polymer is
doped with the bulky DDB-Fso dopant, the pristine structure undergoes a large expansion, creating
a new, highly expanded lamellar structure, with peaks denoted by (#00)’, in agreement with
previous studies.[>* Due to the large expansion, the (100)’ peak is not visible, as it falls within the
low-¢q region blocked by the beam. We note that when doping with a 1| mM DDB-Feo solution, all
of the lamellar peaks of the pristine structure have entirely disappeared, leaving only the overtones

of the doped structure, indicating a complete transformation of the P3HT crystal lattice.
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Figure A10. 1D integrations (a) out-of-plane and (b) in-plane for ACN-washed pristine RR P3HT,
RR P3HT doped with 1 mM DDB-Fgo, and RR P3HT doped via the 2-pot AED method. Panels
(c,d) represent the out-of-plane and in-plane integrations, respectively, for the unwashed RR
samples. The similarity between ACN-washed samples in panels (a,b) and the unwashed samples
in panels (c,d) indicates that solvent washing did not affect the structure of the RR P3HT samples.

In the case of the 2-pot AED-doped RR P3HT samples, we see a much smaller shift in the
g-spacing values relative to the pristine P3HT samples. As discussed in the main text, this verifies
that the 2-pot AED process achieved full anion exchange, as the smaller TFSI™ anions only lead to

a slight expansion of the lamellar spacing relative to the large expansion caused by the bulky DDB-
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Feo~ anion. This reversal of the DDB-Fgo-induced lattice expansion indicates that anion exchange
alleviates some of the structural disorder caused by the initial doping process.

In the in-plane integration, we only see a slight shift in g-spacing values of the (020) upon
doping with DDB-Feo, indicating that the original z-stacking of the pristine polymer is largely
preserved; we believe that this is because the lamellar expansion is so large that the P3HT
backbones do not need to un-tilt or otherwise move to accommodate the large dopant counterion.
Upon 2-pot AED, the (020) shifts to higher g-spacing values, consistent with the reorientation of

the unit cell needed to accommodate the smaller TFSI™ anion between the polymer side chains.

a A"
q (A"
g A"

RRa Pristine 1 mM DDB-F 2-pot AED

Figure A11. 2D GIWAXS diffractograms of washed (a) RRa P3HT, (b) RRa P3HT conventionally
doped using a 1 mM DDB-Fg solution, and (c) the same doped RRa P3HT subjected to 2-pot AED
with 104 mM LiTFSI. Doping induces an increase in crystallinity in the originally amorphous RRa
P3HT polymer films, as seen in prior studies.

Figure A11 shows 2D GIWAXS diffractograms for washed pristine RRa P3HT and RRa
P3HT doped both conventionally with DDB-Fg and subsequently subjected to 2-pot AED. Pristine
RRa P3HT shows only two very diffuse and broad isotropic scattering rings, one corresponding to
the lamellar spacing and the other to an amorphous z-stacking distance, indicating the absence of
long-range crystalline domains. The isotropic rings indicate a lack of preferred crystallite

orientation relative to the substrate.
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Upon doping RRa P3HT with 1 mM DDB-F¢ and then via 2-pot AED, we see a large
increase in ordering, as indicated by the appearance of distinct lamellar and z-stacking peaks
(Figures A1l and A12). Doping-induced crystallization has been reported previously in RRa
P3HT doped with FsTCNQ and other DDB-based dopants,®! so it is no surprise that we see a
dramatic increase in structural ordering when doping using DDB-F¢o and via the 2-pot AED
method.

For RRa P3HT doped with 1 mM DDB-Feo, we see the appearance of new crystallites with
a highly expanded lamellar spacing (indexed as (£00)") with a fundamental scattering peak at ~0.2
A-!. This indicates successful intercalation of the large DDB-Feo~ anions into the polymer matrix,
which induces ordering in it. The in-plane integration also shows the formation of a sharp (020)
peak near gxy ~1.70 A~!. Upon 2-pot AED, these peaks shift to values expected for P3HT doped
with TFSI™ anions, mirroring the behavior seen with RR P3HT and PBTTT. We note that doping
RRa P3HT via both methods still shows scattering at 1.4 A~!, which is associated with amorphous
m-stacking, indicating that although RRa P3HT undergoes doping-induced crystallization,-!!] the

crystallites are much less ordered than those in RR P3HT or PBTTT.
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Figure A12. Radially integrated out-of-plane (a) and in-plane (b) GIWAXS patterns for washed
RRa P3HT films doped with DDB-F¢o and films subjected to 2-pot AED. Doped RRa P3HT shows
a large doping-induced crystallization, as indicated by the formation of (400) and (020) peaks
compared to the pristine film. Panels (c,d) show the unwashed 1D integrations along the out-of-
plane and in-plane directions, respectively, and indicate no major structural changes due to solvent
washing.
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A.4 Cyclic Voltammetry (CV) of PBTTT and DDB-Fg

Figure A13. 1D integrated out-of-plane and in-plane GIWAXS patterns for (a,b) PBTTT and (c,d)
P3HT doped via the 2-pot AED method with 17 mM (pink curves) and 104 mM (blue curves)
LiTFSI. Both PBTTT and P3HT doped via the 2-pot AED method show similar g-spacing values
along the out-of-plane (lamellar spacing) and in-plane (z-stacking spacing) directions at low and
high electrolyte concentrations, indicating they have similar structures and that anion exchange
has gone to completion even at lower dopant-to-electrolyte ratios.

required to see double doping from the DDB-Fgo~ anion in PBTTT. CV scans were measured in a

three-electrode cell using an electrolyte composed of 100 mM TBAPF¢ in ACN. For the PBTTT



CV, a polymer film was cast onto a pre-cleaned ITO substrate, which served as the working
electrode (WE). A Pt sheet was used as the counter electrode (CE), and the reference electrode was
a nonaqueous Ag/Ag" electrode consisting of an Ag wire immersed in 1 mM AgNO3 in 100 mM
TBAPFs in ACN, separated by a glass frit. The DDB-Fgo CV was measured by dissolving 1 mM
DDB-Fg in the electrolyte, using a Pt sheet as the CE, a glassy carbon electrode (GCE) as the WE,
and the same nonaqueous Ag/Ag" reference electrode. Both CV scans were collected at a scan rate
of 10 mV s7!. The CV plots shown here are the first scan. All potentials were referenced internally

to the Fc/Fc* redox couple.

1.0 T
—— DDB-Fg,
in 0.1 M TBAPFg (ACN)

0.5

0.0

Norm. Current (a.u.)

-0.4 0.0 04

Potential vs. Fc/Fc"

Figure A14. Cyclic voltammograms of PBTTT and DDB-Fsy measured in a 100 mM TBAPFs
electrolyte solution in ACN using a three-electrode cell. The PBTTT CV was collected using ITO
as the working electrode, a Pt sheet as the counter electrode, and a nonaqueous Ag/Ag" reference
electrode consisting of an Ag wire in 1 mM AgNOs3/100 mM TBAPFs in ACN separated by a glass
frit. The CV for DDB-Feo was measured by dissolving 1 mM DDB-Fe in the electrolyte and using
a Pt sheet as the counter electrode, a glassy carbon electrode (GCE) as the working electrode, and
the same nonaqueous Ag/Ag" reference electrode described above. All potentials were referenced
to the Fc/Fc* redox couple measured under identical conditions.

Figure A14 shows the cyclic voltammograms of PBTTT (purple curve) and DDB-Feo (red

curve). Previous studies have used the oxidation onset potential, Egycer, as an estimate of the
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polymer HOMO level.12-151 E9X_ . was determined from the first oxidation feature (~0.5 V) by
taking the intersection of the baseline at low potential with a tangent line drawn to the rising portion
of the current. This analysis gives Egxco.= +0.127 V versus Fc/Fc*.

For DDB-Fy, prior studies have shown that the redox potential measured by CV can serve
as a useful proxy for dopant electron affinity and, more generally, for its oxidizing strength toward
a polymer.[:16171' We therefore use the measured half-wave potential, approximated as the average

of the oxidation and reduction peak potentials, E; /,, as a proxy for the doping ability of DDB-Feo

and its anion. DDB-Fgo exhibits a first redox couple with El(%_l) = +0.415 V versus Fc/Fc',

followed by a second redox couple El(/_zl/ “2) = _0.082 V versus Fc/Fc'. As shown in Figure A14,

/

the DDB-Fso~ anion is not expected to further oxidize PBTTT, since E 12 Jies at a lower

1/2
potential than the PBTTT Egxet-
To obtain the values reported in Figure 2.1 of the main text, the measured potentials were

shifted onto the vacuum scale by pinning the PBTTT HOMO to the widely reported value of —5.1

18-20 [0):4

eV versus vacuum!!8-201 and offsetting the measured E2%, .. versus Fc/Fc*accordingly, which gives

an offset of 4.97 eV. Applying this same offset to the two DDB-Fso redox potentials gives energies

of approximately El(%_l) ~-5.4¢V and El(/_zl/ ~2) ~_4.9 eV versus vacuum.
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Appendix B
Supporting Information for Chapter 3: The Effects of Humidity on the Electrical
Properties and Carrier Mobility of Semiconducting Polymers Anion-Exchange Doped with

Hygroscopic Salts
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B.1 Materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT; regioregularity 97.6%; Mw = 60.15 kDa) and
F4TCNQ (purity >99%) were purchased from Ossila. 1,2-dichlorobenzene (o-DCB, anhydrous,
99%), n-butyl acetate (n-BA, anhydrous, >99%), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), and lithium hexafluorophosphate (LiPF¢) were purchased from Sigma-Aldrich. The 99%
regioregular P3HT was purchased from TCI (M, = 2745 kDa), and the 93% regioregular P3HT

(My = 50-70 kDa) was purchased from Rieke Metals.

B.2 Film Fabrication and Doping

Prior to spin-coating the polymer, the glass substrates underwent several steps. First, they
were cut into 1.3 x 1.3 cm pieces and then sequentially cleaned using Alconox detergent, DI water,
and acetone. Next, the glass substrates were plasma-etched for approximately 15 minutes. The
samples were then transferred to a nitrogen glovebox for spin coating. A 2% w/v (20 mg/mL)
P3HT solution in 0-DCB was then spin-coated onto the substrate at 1000 rpm for 60 seconds,
followed by 4000 rpm for 10 seconds. After spin-coating, the films were left to dry for
approximately 30 minutes before the doping process. For doping, the films were exposed to a
doping solution for 80 seconds and subsequently spin-coated at 4000 rpm for 10 seconds to

eliminate any residual doping solution.

B.3 Conductivity and Hall Measurements

Before conducting the conductivity measurement, a 45-nm-thick layer of gold was
deposited onto the doped films. This deposition process was carried out using the Angstrom
Engineering Nexdep thermal evaporator at pressures below 1 x 107 torr and a deposition rate of

0.5 Als.
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The conductivity measurement was initially performed within an argon glovebox. A
Keithley 2400 Sourcemeter, controlled by LabVIEW software, was utilized for this purpose. The
source currents were maintained below a total power of 1 mW. Following the measurement inside
the argon glovebox, the samples were transferred to the ambient air environment. Subsequently,
both conductivity and DC Hall measurements were conducted using a Lake Shore MeasureReady
MO1 FastHall instrument. In these measurements, a source current of 10 pA was employed. For
the DC Hall measurements, a magnetic field strength of 1.0623 T was applied. To obtain the argon
purge samples reported in the main text, argon gas was flowed into the MeasureReady M91

FastHall sample compartment for roughly 5 minutes prior to conducting the measurement.
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Figure B1. (a) Conductivity values for higher concentrations of dopants for conventional (1
mg/mL F4TCNQ) and anion-exchange (0.5 mg/mL F4sTCNQ + 30 mg/mL LiTFSI and 0.5 mg/mL
F4sTCNQ + 5 mg/mL LiPF¢)-doped 97% RR P3HT in three different environments. Similar to the
result shown in Table 3.1, only samples doped with hygroscopic salts (LiTFSI and LiPFe) show a
drop in conductivity when exposed to the ambient environment. The sample doped with the
conventional method (FsTCNQ) remains unchanged within measurement error. (b) Conductivity
of various P3HT regioregularities (99% RR and 93% RR) doped with 0.5 mg/mL F4sTCNQ + 30
mg/mL LiTFSI. Like the case for 97% RR P3HT, when 99% RR and 93% RR P3HT are doped
with anion exchange, the electrical conductivity drops roughly by a factor of 2 for all
regioregularities and doping concentrations once the samples are exposed to ambient air, indicating
that LiTFSI absorbs water independently of the polymer.
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Figure B2. Conductivity values for the 97% RR P3HT doped with 0.1 mg/mL FsTCNQ + 30
mg/mL LiTFSI via anion exchange (AE) were measured inside an argon glovebox, exposed to
ambient air for 5 minutes, and subjected to four 5-minute vacuum/Ar-purge cycles in a chamber.

The electrical conductivity for 97% RR P3HT doped with 0.1 mg/mL F4sTCNQ + 30
mg/mL LiTFSI via anion exchange is shown in Figure B2. The conductivity is first measured in
an inert Ar atmosphere, followed by air exposure, leading to a drop in the electrical conductivity.
Purging the sample with Ar yields some of the conductivity back. Loading the sample into an
antechamber and performing four 5-minute cycles of vacuum followed by Ar gas refill and
remeasuring the conductivity using the same setup as in the “Ar Box™ configuration recovers ~97%
of the conductivity in the same sample (black x “Vac”). It is worth mentioning that the slightly
higher conductivity observed in the argon glovebox can be attributed to the elevated temperature
within the box compared to the ambient room temperature. Since transport in semiconducting

polymer films is predominantly governed by hopping transport, higher temperatures lead to

increased conductivity.
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B.4 UV-Vis—NIR Spectroscopy

The Agilent Cary 600 Series FTIR Spectrometer was employed to measure the near-IR
absorption spectra. The spectra were captured within the range of 1666-2500 nm to prevent any
overlap with water stretches in the longer wavelength region. In order to investigate the impact of
water on the P1 transition, the sample compartment of the FTIR spectrometer was subjected to dry
N> gas flow for various durations, as mentioned in the main text.

Additionally, a Shimadzu UV3101PC Scanning Spectrophotometer was utilized for UV—
vis—NIR spectroscopy. The slit width was set at 1 nm, and a sampling interval of 1 nm was

employed. To ensure the UV—vis beam was accurately centered on the sample, a small 3D-printed

aperture was utilized.

1.0

—— P3HT Pristine
——Conv (F4,TCNQ)
——AE (LiTFSI)
——AE (LiPFg)

Absorbance (0.D.)

1.0 2.0 3.0
Energy (eV)

Figure B3. UV—vis—NIR spectra of P3HT samples doped with 0.5 mg/mL F4sTCNQ (red), 0.1
mg/mL F4sTCNQ anion-exchanged with 30 mg/mL LiTFSI (green), and 0.1 mg/mL F4sTCNQ
anion-exchanged with 5 mg/mL LiPFs (purple) taken in ambient air.

Doping P3HT polymer films leads to the emergence of two polaronic transitions referred

to as P1 and P2, which are centered around approximately 0.5 eV and 1.7 eV, respectively. In the
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case of the sample doped solely with F4TCNQ, the P2 transition overlaps with the F4TCNQ anion
vibronic transition, resulting in the observed peaks in the ~1.7 eV region. It is important to note
that at a concentration of 0.5 mg/mL of F4sTCNQ, we primarily observe only the F4TCNQ anions
(~3.0 eV) rather than the neutral form (~3.2 eV). This suggests that the F4sTCNQ present in the
films is likely, if not entirely, engaged in doping the polymers. However, for anion-exchange-doped
P3HT films, the F4sTCNQ is substituted with the salt anion used, causing most of the F4sTCNQ

vibronic features to be absent, as depicted in the green and purple traces.

B.5 Humidity-Sensing Measurement

A homemade setup was used to measure conductivity as a function of humidity. To prevent
additional moisture from entering, the setup was carefully sealed using vacuum grease. Gradual
moisture removal was facilitated by using Drierite within the setup. A digital hygrometer was then

used to track the humidity, while conductivity was measured using a Keithley 2400 Sourcemeter.
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Appendix C
Supporting Information for Chapter 4: How the Carrier Mobility and Seebeck Coefficient
of Doped Semiconducting Polymers Are Controlled by Counterion Interactions and

Mesoscale Order
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C.1 Materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT; regioregularity 97.6%, My = 60,150 g/mol) and
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4sTCNQ); purity >99.0%) were purchased
from Ossila. 1,2-dichlorobenzene (o-DCB, anhydrous, 99.0%), n-butyl acetate (n-BA, anhydrous,
>99%), dichloromethane (DCM, anhydrous, 99.8%), and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) were purchased from Sigma-Aldrich. All chemicals
were used as received. The DDB-based dopants DDB-F7; and DDB-F3¢ were synthesized

according to a previously reported procedure.!!!

C.2 UV-Vis-NIR Spectroscopy

As mentioned in the main text, the anion-exchange method is more efficient at doping
compared to conventional F4sTCNQ doping.[*l However, the P1 polaron absorption intensity at the
highest doping concentration is nearly identical for both methods, suggesting a similar doping
efficiency. The difference in solvents used for doping explains this outcome. Our F4TCNQ doping
used dichloromethane (DCM), a more effective swelling solvent for P3HT, whereas our anion-
exchange doping employs n-butyl acetate (n-BA), chosen for its high solubility for LiTFSI.
Because DCM swells the polymer more, its use allows F4TCNQ to intercalate into and thus dope
the P3HT film more thoroughly. Despite this swelling advantage, FsTCNQ doping from DCM
appears to be reaching its limit in doping power, as indicated by a slower increase in P1 intensity
with each successive concentration. In contrast, the anion-exchange method has further doping
potential if the dopant concentration were to be further increased.

A similar pattern as to how the P1 intensity changes with dopant concentration is seen in
films doped with DDB-F7; and DDB-Fzs. DDB-F7; continues to increase doping level with

increasing dopant concentration, while DDB-F3¢ reaches a doping limit as the concentration is
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increased. This is consistent with DDB-F7,’s stronger oxidizing power, which as shown by Aubry
et al.,'" can not only dope the amorphous regions but also further dope the crystalline regions to
the point of causing structural disorder. On the other hand, although DDB-F3s is slightly more
oxidizing than F4sTCNQ and can likely dope the amorphous regions to some extent, it lacks the

ability to further dope and disrupt the structure to the same extent as DDB-F7,.[4!

C.3 Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

GIWAXS measurements were performed on P3HT films deposited on Si substrates at the
Stanford Synchrotron Radiation Lightsource (SSRL, beamline 11-3) using an X-ray energy of 12.7
keV and an incidence angle of 0.12°. Films were prepared under the same conditions and doping
concentrations described in the main text. Substrates were cleaned and plasma treated prior to film
deposition, after which samples were handled under inert atmosphere. GIWAXS samples were
prepared at the same doping concentrations and spinning parameters listed in the experimental
section of the main text.

The GIWAXS 2D data were calibrated using the Igor macro Nika. Nika and WAXStools
were used to reduce the data. For a 2D diffractogram, integrations along the ¢, direction in Figure
C1 provide information about periodicity along the out-of-plane (OOP), and integrations along the
¢xy direction in Figure C1 provide information about in-plane (IP) periodicity. Figure C1 shows
the 2D diffractograms for the highest-doped P3HT samples for each dopant used in this study.

These are the same samples from Figure 4.3 in the main text.
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Figure C1. 2D GIWAXS diffractograms for P3HT doped with (a) 0.3 mM DDB-F7, (b) 1 mM

DDB-Fzg, (¢) 3.62 mM F4TCNQ, and (d) 3.62 mM F4sTCNQ plus 104.5 mM LiTFSI via anion
exchange.

Figures C2 and C3 show the OOP and IP integrations of the 2D diffractograms as a
function of dopant concentration, stacked into a single plot. For the DDB-based dopants, we see
similar structural changes upon doping with the large DDB dopants as in previous work.># This
includes a shift of the lamellar spacing to a much larger distance in the OOP direction (Figure
C2a,b). So large, in fact, that the (100) peak is lost under the beamstop, and only the higher-order
lamellar overtones are observed. In the IP direction (Figure C3a,b), the appearance of a broad
peak around 1.4 A~! indicates some disordering of polymer crystallites, likely due to the large size
of the counterion that is inserted into the polymer network. This disordering becomes even more

obvious at higher concentrations that we did not include the 1 mM DDB-F7; samples in this study.
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Figure C2. GIWAXS out-of-plane 1D integrations for P3HT doped with (a) DDB-F7,, (b) DDB-
Fs6, (¢) F4sTCNQ, (d) F4TCNQ plus LiTFSI via anion exchange (AE). For anion-exchange-doped
(AE) samples, the concentrations are reported based on the amount of F4sTCNQ added, plus 104.5
mM LiTFSI. The black (100) curve indicates the primary lamellar scattering for pristine P3HT,
while the rainbow-colored (400) curves are for the various doped P3HT samples. Peaks labeled
with an asterisk (*) are from excess LiTFSI salt crystals on the surface of the anion-exchange-
doped films.

In contrast to the DDB-based dopants, which show two-phase coexistence between the

doped and undoped structures across a broad range of dopant concentrations, the phase transition
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behavior in the F4sTCNQ sample occurs at very low doping levels, and all samples show effectively
the same crystal structure after the initial first-order phase transition, regardless of doping level
(Figures C2c¢ and C3c). The anion-exchange-doped samples in Figures C2d and C3d show
similar behavior to the FAsTCNQ-doped material, with one difference. Although clear two-phase
coexistence is observed at the phase transition concentration of 0.18 mM in Figure C3c, indicative
of a first-order, discontinuous phase transition, Figure C3d shows a gradual shift in peak position
across the phase transition. Once transformed, however, the structure in the anion-exchange-doped

samples remains fixed, regardless of doping level.
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Figure C3. GIWAXS in-plane 1D integrations for P3HT doped at various levels with: (a) DDB-
F72, (b) DDB-F3g, (c) F4sTCNQ, (d) F4TCNQ plus LiTFSI via anion exchange (AE). For anion-
exchange-doped samples, the concentrations reported in the legend are based on the amount of
F4TCNQ added plus a constant concentration of 104.5 mM LiTFSI. Peaks labeled with an asterisk
(*) are from excess LiTFSI salt crystals on the surface of the anion-exchange-doped films.
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Figure C4. In-plane GIWAXS integrations for pristine P3HT (black curves) and P3HT doped with
F4TCNQ at 0.36 mM (red curves) and 3.62 mM (blue curves) using (a) DCM and (b) n-BA as the
doping solvent. The diffraction patterns are almost identical for both solvents, indicating that the
solvent choice alone is not important for determining structural change. These data serve as a
control for the anion-exchange-doped samples, which show the appearance of a pronounced
scattering peak near 1.4 A~! that is associated with scattering from a disordered z-stacking region.
Because the FsTCNQ-doped P3HT films do not exhibit the strong scattering feature near 1.4 A~!
upon doping from either solvent, these data suggest that the additional scattering from the
disordered z-stacking feature observed in the AE-doped samples is indeed associated with AE-
induced ordering of the less ordered/amorphous fraction and is not due to the use of n-BA as the
doping solvent.

Paracrystallinity (guo0)(%)) was extracted from the GIWAXS data using Equation (C1)
based on Williamson—Hall (W-H) analysis:[>~7]

7.".2g2
(h00) mz

FWHM 1,90y , (CD)

d(hOO)

where di00) is the lamellar spacing and m is the diffraction order. The d(x00) spacing and full width
at half maximum (FWHM) of the (400) reflections were obtained by Voigt fitting in reciprocal
space. The FWHM values were then plotted as a function of m?, and the slope of the linear fit is

proportional to g(zhoo). The extracted gaoo) (%) values were then plotted as a function of carrier
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density in Figure C5 for all of the samples in this study. The go0) values for P3HT doped with
either DDB-F7, or F4TCNQ remain similar to that of the pristine sample. Similarly, the anion-
exchange-doped sample showed some variation in paracrystallinity, first increasing in the partly
filled lattice and then decreasing again at higher doping levels, but no systematic trends in the
value were observed. In the case of P3HT doped with DDB-F36, gn00) increases upon doping to
about 15%, indicating doping-induced lattice disorder. Overall, except perhaps for DDB-F3s, the
paracrystallinity does not show a strong systematic dependence on carrier density, with most
values remaining close to the ~10% observed for pristine P3HT. Because paracrystallinity reflects
local lattice disorder within crystalline domains, rather than the larger-scale domain size evolution,
it is not expected to follow the same trend as the GISAXS-derived domain size (Rg) discussed in

the main text.
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Figure C5. Paracrystallinity (gxoo) (%)) from GIWAXS versus carrier density for P3HT doped
with DDB-F7, (brown triangles), DDB-F3¢ (blue squares), F4aTCNQ (pink circles), and F4sTCNQ
plus LiTFSI via anion exchange (green circles).
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C.4 Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)
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Figure C6. Horizontal 1D integrations of GISAXS data for all concentrations of P3HT doped
with: (a) DDB-F7,, (b) DDB-F3g, (¢) F4ATCNQ, and (d) via anion exchange (F4sTCNQ with 104.5
mM LiTFSI). The scattering from pristine P3HT (black curves) is also plotted in all panels for
reference.

GISAXS measurements were performed on the same GIWAXS films described above.
Figure C6 shows the horizontal integrations of the 2D GISAXS data near the Yoneda band for

P3HT doped at the various concentrations of the different dopants presented in the main text. The
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ID integrations for P3HT doped with DDB-F7, show a well-defined peak, particularly at
intermediate doping levels, while the peaks in the DDB-Fss-doped materials are smaller,
suggesting less sharp density differences. P3HT doped using FsTCNQ and via anion exchange also
shows clear peaks, especially at the low and mid doping concentrations.

To be able to extract the domain sizes from the GISAXS data of our doped P3HT films, we
carried out fits for the 1D integrated GISAXS traces using the Unified Fit method,®°! which has
been shown to be an accurate fitting model for weakly correlated films with diffuse, non-specular

scattering.[®1% For a system with multilevel structures, the total scattering can be expressed as

Equation (C2):
n _ 2R2 ] _ 2R2 .
@=) [Gew (%) +Bi(g)) " exp (%) (€2)
i=1
where q; = q[erf(%)]_? For a level i, the first term gives the Guinier scattering regime with

a prefactor, G; and a characteristic size given by Rg;. The second term represents the power-law
Porod scattering regime with prefactor B;, and structure P;.[")

Other than the anion-exchange-doped samples, which exhibit two distinct shoulders, we
observe only one characteristic shoulder in the 1D GISAXS traces for all of the other dopants. The
level 1 Unified Fit was utilized to capture the characteristic Guinier size, while the Ry > of level 2
was set to an arbitrarily large value (1 x 10'° with volume G> = 0) so that only P> shows up in the
observable ¢ range and compensates for the scattering intensity from even larger domains and
other background scattering. The reported Ry values were averaged among triplicate samples.
Figure C7 shows the GISAXS Unified Fits for P3HT doped at the highest concentration for each
dopant; the one exception is the DDB-F7;-doped samples, where the second-highest concentration

is shown due to disordering at the highest concentration.
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Figure C7. Representative Unified Fit modeling of doped P3HT using (a) 0.3 mM DDB-F7, (b)
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mM LiTFSL
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Table C1. R, values obtained from Unified Fit modeling of P3HT films doped with FsTCNQ, via
anion exchange (AE), and with DDB-F7, and DDB-F3¢ at all doping levels used in this study.
Shaded columns give the dopant concentrations for reference. For comparison, P3HT doped with
3.62 mM F4TCNQ from n-BA gives an R, value similar to that obtained for F4s TCNQ doping from
DCM, indicating that the larger R, values observed for AE-doped samples are not produced by
changing the solvent from DCM to n-BA, but instead result from doping-induced crystallization
of originally disordered regions.

F4TCNQ
3.62 mM 1.81 mM 1.09 mM 0.36 mM 0.18 mM 0.07 mM
(DCM)
Ry (A) 52 53 49 50 57 61
F4sTCN
4TCNQ 3.62 mM _ - _ . _
(n-BA)
Re (A) 58 - - - - -
AE (LiTFSI)
3.62 mM 1.81 mM 0.36 mM 0.18 mM 0.11 mM —
(n-BA)
R (A) 107/51 99 107 102 109 —
DDB-F,
0.5 mM 0.3 mM 0.2 mM 0.1 mM 0.05 mM —
(DCM)
Re (A) 88 39 36 29 28 -
DDB-Fs6 1 mM 05mM  03mM 0.l mM
m Sm ) ) — —
(DCM) o o
Re (A) 58 46 42 32 - -

C.5 Electrical Conductivity Measurements

Multifunctional devices for conductivity, Hall effect, and UV—-vis—NIR spectroscopy were
fabricated on 1.2 x 1.2 cm pre-cleaned glass substrates via sequential processing (SqP). Gold
contact electrodes (1 mm square) were evaporated onto the corners of the samples. The van der
Pauw method was used to measure the conductivities reported in the main text. The conductivities
of the doped samples were measured using a Lake Shore MeasureReady M91 FastHall instrument,
with a source current of 10 pA. Given the high hygroscopicity of the anion-exchange-doped

samples,!'!] the sample compartment of the MeasureReady M91 FastHall was argon-purged for 4
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minutes before each measurement of these samples. In contrast, the samples doped with F4TCNQ,
DDB-F7;, and DDB-F36 showed no significant humidity dependence; thus, purging was not
necessary. All reported values were measured and averaged over at least three independent
samples. All Hall effect, conductivity, temperature-dependent conductivity, and UV—-vis—NIR
spectroscopy measurements were performed on the exact same devices.

Figure C8 displays the electrical conductivity as a function of dopant concentration for the
DDB-F72, DDB-F36, F4TCNQ, and anion-exchange-doped P3HT samples. To facilitate comparison
of charge transport characteristics across these doped systems, we aimed to maintain similar
conductivity ranges (0-18 S cm™). In the case of P3HT doped using DDB-F7,, the dopant
concentrations that gave conductivity values in this range were 0.05, 0.1, 0.2, 0.3, and 0.5 mM
with DCM as the SqP doping solvent. For P3HT doped with DDB-F36, we were able to obtain
conductivity values in this range using 0.1, 0.3, 0.5, and 1 mM solutions in DCM. F4TCNQ-doped
P3HT gave conductivity values within this range at F4s TCNQ concentrations of 0.07, 0.18, 0.36,
1.09, 1.81, and 3.62 mM in DCM. Lastly, the conductivities of doped P3HT using the anion-
exchange doping solutions were obtained at final concentrations of 0.11, 0.18, 0.36, 1.81, and 3.62
mM F4TCNQ, with all solutions containing 104.5 mM LiTFSI in n-BA.

As shown in Figure C8, all dopants led to an increase in electrical conductivity with higher

doping levels, consistent with the expected relationship:

o = eny, (C3)

where o is the conductivity, e is the elementary charge, # is the carrier density, and u is the carrier

mobility.
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C.6 Seebeck Coefficient Measurements
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Figure C8. Electrical conductivity (¢) and Seebeck coefficient (S) of P3HT plotted as a function
of dopant concentration for the four dopants used in this study. All doping cases demonstrate an
inverse relationship between the conductivity and Seebeck coefficient: higher doping levels
increase conductivity while decreasing the Seebeck coefficient. For anion-exchange-doped (AE)
samples, the concentrations are reported based on the amount of FsTCNQ, all with 104.5 mM
LiTFSI added.

Seebeck (uV K )

—
-

Seebeck (uV K

The Seebeck coefficient measurements were conducted on separate pre-cleaned substrates

with dimensions of 1.2 % 1.2 cm, using the SqP process. Gold contact electrodes, 1 x 10 mm in

size, were evaporated onto the doped samples. Due to differences in the required electrode
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geometry, it was not possible to measure both electrical conductivity and the Seebeck coefficient
on the same device. Therefore, for each doping level, separate devices were prepared for measuring
the Seebeck coefficient and electrical conductivity. These devices were fabricated and measured
in parallel to ensure that they were fabricated and tested under the same environmental conditions.
The Seebeck coefficient was measured at the same doping concentrations for each dopant as those
described in the conductivity section and shown in Figure C8.

The Seebeck coefficient was obtained from the slope of a linear fit of the induced voltage
due to a temperature gradient (AV) and the temperature difference between the hot side and the

cold side (AT = Thot — Tcold). The Seebeck relation is given by Equation (C4):

AV

S=-—
AT

(C4)

Figure C9 shows a linear relation between the voltages measured versus the applied
temperature difference for P3HT doped with DDB-F7,, DDB-Fz6, FATCNQ, and via anion
exchange at various doping concentrations. We use the slopes from these lines to calculate the

Seebeck coefficient values presented in Figure C8 and in the main text.
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Figure C9. Thermovoltages versus the applied temperature difference for P3HT films doped with
different concentrations of (a) DDB-F72, (b) DDB-F3g, (¢) FsTCNQ, and (d) F4sTCNQ plus 104.5
mM LiTFSI via anion exchange. The slopes of the AV versus AT plots were used to calculate the
Seebeck coefficients in Figure C8 and the main text. For the AE samples, the legend shows the
F4TCNQ concentration with 104.5 mM LiTFSI for all samples.

C.7 Hall Effect Measurements
Hall effect measurements were carried out on the multifunctional devices mentioned in the
electrical conductivity section. Hall values reported were taken and averaged over at least three

samples. The Hall effect results are plotted for P3HT doped with DDB-F7,, DDB-F36, F4ATCNQ,
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and via anion exchange in Figure C10. Due to the low doping level observed in the 0.07 mM
F4TCNQ-doped P3HT sample, we were unable to obtain reliable Hall carrier density and mobility

values. Thus, we have omitted this point from the Hall analysis.
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Figure C10. Hall carrier density and mobilities for P3HT doped with (a) DDB-F7,, (b) DDB-F3g,
(c) F4TCNQ, and (d) via anion exchange (AE) as a function of dopant concentration. For the AE
samples, the legend represents the F4sTCNQ concentration with 104.5 mM LiTFSI.

Hall effect measurements in doped semiconducting polymer films are challenging to obtain

due to the low carrier mobilities, which lead to small Hall voltages that can be obscured by
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thermoelectric and offset contributions.!!>"14 To address these challenges, we employ DC Hall
measurements with systematic current and magnetic field reversals, a protocol that has been shown
to reliably extract carrier density and mobility in low-mobility doped polymer systems.[!!:15]

Consistent with prior reports using AC Hall measurements on similarly doped P3HT films, the

mobilities obtained in this work fall within the expected range.[*!
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Figure C11. UV—-vis—NIR oscillator-strength-weighted P1 peak area plotted versus Hall carrier
density for F4 TCNQ- and anion-exchange-doped P3HT shows a linear relation.

To further support the carrier densities obtained in our Hall effect measurements, we
compare the oscillator-strength-weighted integrated UV—vis—NIR P1 peak areas, from Figure 4.2
in the main text, with the Hall carrier densities of the F4TCNQ and anion-exchange-doped samples.
Plotting the integrated P1 peak area versus Hall carrier density for P3HT samples doped at various
levels with F4TCNQ and via anion exchange, shown in Figure C11, gives a linear relationship.
This gives us confidence that the Hall measurements are providing carrier density values that are

accurate.

197



C.8 Measurements of the Activation Energy, Wn
Carrier activation energies in doped P3HT films were determined from temperature-
dependent electrical conductivity measurements using an Arrhenius analysis. For each sample, the

temperature-dependent conductivity was fit using:

W
o(T) = 0, exp (— kB—‘;,) (C5)

where o(7) is the electrical conductivity at different temperatures, oo is the temperature-
independent pre-exponential factor, and Wy is the activation energy for carrier transport.[2#15-1]
Whu values were obtained from the slope of In(a(T)) versus (ksT)™'.

Figure C12 shows In(c) versus (ksT)! at various temperatures for P3HT doped with DDB-
F72, DDB-F36, F4TCNQ, and via anion exchange. All temperature-dependent conductivities were
measured on the same multifunctional devices described in the conductivity section above. All fits
produced a linear relation between In(c) and (ksT)~!, with R? values of 0.99 or higher, indicating
that the Arrhenius model describes the measured data well. The Wy values plotted in Figure 4.6a

of the main text were obtained from these linear fits.
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Figure C12. In(a(7)) versus (ksT)™! plots for P3HT doped with (a) DDB-F72, (b) DDB-Fs, (¢)
F4TCNQ, and (d) via anion exchange (AE) at various doping concentrations. For the AE samples,
the legend represents the F4sTCNQ concentration with 104.5 mM LiTFSI.

C.9. The Transport Function, 6, and the Semi-Localized Transport (SLoT) Model
To provide a physical basis for the transport equations used in the main text, we define the
transport function oz (Equations (4.2 and 4.3) of the main text) as the energy-resolved

conductivity. Within the Boltzmann transport formalism under the relaxation-time approximation,

the transport function can be expressed as:
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2

05 (E) = - N(E) - v(E) - (E), ()

where e is the elementary charge, N(E) is the electronic density of states, v(E) is the carrier velocity,

m* (E)-u(E)
e

and 7(E) is the energy-dependent relaxation time. Using t(E) = , this expression can

equivalently be rewritten as:?"

05 (B) = = N(E) - v(E) - m* (E) - pu(E), (C7)

which makes explicit that or contains the energy dependence of carrier mobility, u(E). This
expression describes both how many electronic states are available at a given energy and how
effectively carriers at that energy contribute to transport.

The semi-localized transport (SLoT) model explicitly defines the form of the transport
function, or, for doped conjugated polymer systems. In this framework, the transport function is
recast into the phenomenological form given in Equation (4.4) of the main text, where the
localization-energy term Wr(c) acts as a damping term on the intrinsic conductivity oo.

The SLoT model was implemented in our study to analyze how the experimentally
extracted activation energies vary with doping level, ¢, for P3HT doped with DDB-F7,, DDB-F3¢,
F4TCNQ, and via anion exchange. Thus, the Wy values obtained from the Arrhenius fits above
serve as the experimental activation energies that are compared with the SLoT model.

The five SLoT parameters used to describe the charge transport of the systems studied in
this work are listed in Table C2. As described in the main text, oo is related to the intrinsic
conductivity when there are no localization effects present; Whmax represents the localization

energy in the low doping regime; and Whsiope represents how rapidly the localization energy
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decreases with increasing doping level.l'%) In other words, Wi max and Wi siope are model parameters
that describe the doping dependence of the experimentally measured Wy from Figure 4.6a of the
main text.

Following Gregory et al., the doping level ¢ is described as a function of the reduced Fermi

energy level, 7, as follows:[®!

Cmax
c = : C8
exp[Ay (A, — )] + 1 €8

where cmax 1s the maximum doping level within the model. The parameters 4o and 41 are

phenomenological fitting parameters that determine the shape of the c(y) relation.

Table C2. Parameters obtained from the SLoT fits performed for P3HT doped with FsTCNQ,
DDB-F7,, DDB-F36, and via anion exchange (AE).

Parameters F4sTCNQ AE (LiTFSI) DDB-Fr, DDB-F36
oo (S cm™) 10 125 25 35
Wh,max (meV) 210 275 500 750
W siope (MeV) 310 350 1000 1550
Cmax 0.25 0.4 0.33 0.30
Ao 0.5 0.5 1 0.25
Al 1.8 2 2 3.8
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Appendix D
Supporting Information for Chapter 5: The Role of Microstructural Disorder in the

Charge Transport Characteristics of Doped Semiconducting Polymers
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D.1 Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

— 99% P3HT

(100)

Intensity (a.u. x10° )

Intensity (a.u. )

— 0.03 mg/mL F,TCNQ
0.05 mg/mL F,TCNQ
— 0.1 mg/mL F,TCNQ
— 0.5 mg/mL F,TCNQ
— 1 mg/mLF,TCNQ
AED w/ 30 mg/mL LiTFSI

(200)  (300)

N A\ A-L\ L |

06, 08 10 12 14

—— 93% P3HT -

2
N

(100)

Intensity (a.u. x1 0° )

Intensity (a.u. )

—— 0.05 mg/mL F,TCNQ
0.1 mg/mL F,TCNQ
—— 0.5 mg/mL F,TCNQ
—— 1 mg/mL F,TCNQ
— 3 mg/mL F,TCNQ
AED w/ 30 mg/mL LiTFSI

(300)

06_08 10 1.2 14

Figure D1. GIWAXS out-of-plane integrations for pristine and anion-exchange-doped: (a) 99%
RR P3HT, (b) 97% RR P3HT, (c¢) 93% RR P3HT, and (d) RRa P3HT films. The sharp peaks labeled
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with an asterisk (*) in the doped P3HT films are due to scattering from excess LiTFSI.

GIWAXS and grazing-incidence small-angle X-ray scattering (GISAXS) samples were
prepared by spin-coating the polymer solution and subsequently the dopant solution onto 1.5 x 1.5
cm Si substrates with a (100) orientation. Films were cast and doped using the same doping
concentrations and spinning parameters described in the Experimental Section. The substrates

were cleaned sequentially in an Alconox/water solution, isopropanol, and acetone, followed by
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plasma etching prior to use. GIWAXS measurements were performed at the Stanford Synchrotron
Radiation Lightsource (SSRL) on BL 11-3 using an X-ray energy of 12.7 keV at an incidence angle
of 0.12°. The Igor Pro macro Nika was used to calibrate the GIWAXS 2D data. Nika and
WAXStools were used to reduce the data. Measurements were performed in triplicate.

Figure 5.2 in the main text and Figures D1 and D2 show the out-of-plane and in-plane
GIWAXS integrations, respectively, for both the pristine and doped P3HT polymer films. In the
pristine polymers, the strong out-of-plane lamellar (100) scattering (Figure D1) confirms that the
crystallites in these samples have an edge-on orientation. Upon doping, the (100) lamellar peak
shifts to lower ¢, corresponding to a larger d-spacing, consistent with the intercalation of TFSI
anions into the polymer lattice.['*! Importantly, the strong lamellar (100) scattering in the out-of-
plane integrations in the doped samples shows that the edge-on orientation is preserved after
doping. Additionally, the similar d-spacings of lamellar (400) peaks in the pristine samples (99%
RR P3HT, d ~16.0 A; 97% RR P3HT, d ~16.1 A; and 93% RR P3HT, d ~16.2 A) and highest-
doped samples (99% RR P3HT, d ~18.5 A; 97% RR P3HT, d ~18.5 A; 93% RR P3HT, d ~18.5 A;
and RRa P3HT, d ~18.2 A) indicate similar crystal packing within the pristine films and within the
doped films despite the different regioregularities.

In addition, doping produces a clear suppression in the intensity ratio of the (200) relative
to the (300) lamellar overtones, particularly in the regioregular polymers. Prior studies have
associated the suppression of lamellar overtones with an off-center spatial location of the
counterions in the lattice.l'** We note that changes in doping level may also contribute to the
attenuation of higher-order peaks; however, the similar suppression trends observed across all the
doped P3HT films, especially at high doping levels, suggest that TFSI™ anions occupy equivalent

positions relative to the polymer backbone regardless of regioregularity.
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Figure D2 shows in-plane GIWAXS integrations of the pristine and doped P3HT polymers.
The 7 stacking (020) peak shifts systematically to higher g-spacing values (smaller d-spacing)
upon anion-exchange doping. This indicates that the pristine 7—=z stacking changes due to a
reorientation of the unit cell upon intercalation of TFSI™ anions between the polymer sidechains.-
1 In the case of pristine RRa P3HT, its highly amorphous nature and strong scattering from an
isotropic disordered structure (~1.5 A') prevent the identification of a clear (020) peak in the in-
plane direction.

Moreover, the similar (020) distances in pristine samples (99% RR P3HT, d ~3.83 A; 97%
RR P3HT, d ~3.81 A; and 93% RR P3HT, d ~3.82 A) confirm that the pristine polymers have
nearly identical 7—z stacking distances, consistent with the similar lamellar spacings observed in
the out-of-plane data. Upon doping, the (020) spacings also converge to similar values (99% RR
P3HT, d ~3.67 A; 97% RR P3HT, d ~3.67 A; 93% RR P3HT, d ~3.70 A; and RRa P3HT, d ~3.73
A), supporting the conclusion from the out-of-plane data that all of the doped P3HT polymers
adopt comparable crystal packing. All pristine and doped samples exhibit only weak scattering
from the lamellar (100) peak in the in-plane direction, further supporting a preferential edge-on
orientation. The sharp features labeled with an asterisk (*) at ¢ ~0.55 A~ arise from LiTFSI salt at

the film surface.
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Figure D2. GIWAXS in-plane integrations for pristine and doped: (a) 99% RR P3HT, (b) 97% RR
P3HT, (c) 93% RR P3HT, and (d) RRa P3HT films. The intensity of each integration is normalized
to the corresponding film thickness. Peaks labeled with an asterisk (*) in the doped P3HT films
are due to scattering from excess LiTFSI.

208



g, (A"

b Pristine
1000+ ) —— 99% P3HT
—— 97% P3HT
93% P3HT
RRa P3HT
— 800 . .
=] g range integration
© 0.3-0.5 A~
N
2 600
72}
S
£ 400
200
i I T O
Doped
C) — 99% P3HT
—— 97% P3HT
800+ —— 93% P3HT
RRa P3HT
—~
S q range integration
o 600 0.25-0.45 A
=
72}
S 400
-
=
200
l | | |J\
20 40 60 80

X (%)
Figure D3. Edge-on to face-on texture analysis of P3HT films. (a) Representative 2D GIWAXS
diffractogram of a pristine 93% RR P3HT sample, with the (100) diffraction integrated along the
azimuthal angle (y) over a ¢ range of 0.3-0.5 A~'. y-dependent intensity profiles of the (100)
diffraction for (b) pristine P3HT samples (g range integrated 0.3-0.5 A~') with varying
regioregularity and (c) the most-doped P3HT samples (g range integrated 0.25-0.45 A~") prepared
via anion exchange and presented in Figure 5.2 of the main text.
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The (100) diffraction intensity distribution along the azimuthal angle (y) was extracted
from the 2D GIWAXS patterns by integrating over the specified g range (Figure D3a). For pristine
samples, a ¢ range of 0.3-0.5 A~ was used to capture the full (100) diffraction, while for doped
samples, the integration range was adjusted to 0.25-0.45 A~ to account for the shift of the (100)
peak to lower g-spacing upon doping. The resulting y profiles serve as a measure of the edge-on
to face-on orientation distribution. In Figure D3b, y = 0° corresponds to the out-of-plane direction;
however, this region overlaps with the specular beam reflection and is thus omitted for clarity.
Samples with higher regioregularity exhibit increased intensity near y ~0°, indicating enhanced
crystallinity and a higher fraction of crystallite edge-on orientation. After doping, this trend is
preserved, as shown in Figure D3c, suggesting that the initial crystallinity and orientational

distribution remain largely intact upon doping.

D.2 Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)

GISAXS measurements were performed in parallel with the GIWAXS measurements at the
Stanford Synchrotron Radiation Lightsource using beamline 1-5. The scattered X-rays with an
energy of 12 keV were collected using a 2D detector at a sample-to-detector distance of 3 m. The
incident angle was set to 0.12°. The 1D integrations were obtained by horizontally integrating near
the Yoneda band and were fit using the Unified Fit method from the Irena and Nika packages in

Igor Pro. All samples were prepared and measured in triplicate to ensure reproducibility.
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Figure D4. Horizontal 1D GISAXS integrations near the Yoneda band for pristine and doped: (a)
99% RR P3HT, (b) 97% RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT polymers. Legends
indicate the F4sTCNQ concentration; the LiTFSI concentration was fixed at 30 mg/mL for all doped
samples.

Figure D4 shows horizontal GISAXS integrations near the Yoneda band for the different
pristine and doped P3HT polymers. Legends indicate the F4sTCNQ concentration used for each
sample, along with 30 mg/mL LiTFSI. For the 99% RR and 97% RR P3HT samples, doping
induces a pronounced increase in scattering intensity and the appearance of a shoulder in the mid-
gy region relative to the pristine films. In contrast, the doped RRa P3HT samples exhibit shoulders

at higher gy, particularly at the highest doping concentrations.
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To quantify mesoscale structural features, the 1D GISAXS profiles were analyzed using
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Figure DS. Representative Unified fits of the most-doped P3HT samples for (a) 99% RR P3HT,
(b) 97% RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT via the anion-exchange method using
the F4TCNQ concentration indicated in the legend with 30 mg/mL LiTFSI. The green and blue
lines represent the Level 1 and Level 2 fits that give rise to the calculated intensity (black curves),
which closely match the measured intensities.

the Unified Guinier—Porod model, which has been demonstrated to accurately describe weakly
correlated polymer films that exhibit diffuse, non-specular scattering.1 This approach captures
hierarchical scattering contributions by representing the total intensity as a sum of Guinier (low-

qy) and power-law (high-gy) regimes associated with different structural length scales. In this



framework, each “level” corresponds to a distinct characteristic size regime contributing to the
scattering profile.

Figure DS shows Unified Fit analysis of representative doped samples for each P3HT
regioregularity: 99% RR, 97% RR, 93% RR, and RRa P3HT (Figure D5a—d, respectively). The
Level 1 Unified Fit (green curve) describes the Guinier regime at high gy and provides the R,
values that correspond to the primary mesoscale domain size. To account for background
scattering, such as scattering from large particles beyond the primary domains and beam reflection,
we implemented an extra level, where the Guinier contribution was set to zero so that only the
Porod slope appears in the range of interest. The total Unified fit is shown in black, with
experimental data in red, deep blue, deep green, and orange, respectively, and the residuals in gray
plotted below each dataset. The more crystalline polymers (99% RR and 97% RR P3HT) are well
described by a Level 1 Guinier—Porod contribution and a Level 2 Porod contribution, while the
less ordered polymers (93% RR and RRa P3HT) often require an additional Level 2 Guinier—Porod

contribution, consistent with increased structural heterogeneity at larger length scales.
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D.3 UV-Vis—NIR Spectroscopy
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Figure D6. UV—vis—NIR spectra of: (a) 99% RR P3HT, (b) 97% RR P3HT, (c) 93% RR P3HT,
and (d) RRa P3HT pristine films (black curves) and anion-exchange-doped films (various colored
curves) at various FsTCNQ dopant concentrations, where thicker colored lines indicate higher
doping concentrations. The LiTFSI electrolyte concentration was kept constant at 30 mg/mL for
all of the anon-exchange doped samples. The spectra confirm successful chemical doping of the
P3HT films through the appearance of the polaronic P1 and P2 peaks at ~0.4-0.6 and ~1.2—-1.6 eV,
respectively, and through the depletion of the bandgap absorption at ~2.3-3.3 eV. The lack of
F4TCNQ anion absorption at ~1.5 and ~3.0 eV confirms that the exchange process was successful.

The data in Figure D6 tracks the progression of anion-exchange doping in the different

P3HT films via UV—-vis—NIR spectroscopy. All doped P3HT films show an increase in the P1
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(~0.4-0.6 eV) and P2 (~1.2—1.6 eV) polaronic absorption bands, as well as a bleach of the bandgap
transition (~2.3-3.3 eV) as the dopant concentration is increased, indicating the formation of
polarons. Furthermore, the absence of absorption signatures from the FsTCNQ anion at ~1.5 and
~3.0 eV confirms that anion exchange was successful in all doped films.[23:7:10]

Because the magnitude of the P1 absorption band is proportional to the number of polarons,
we can easily see that increasing the doping concentration increases the polaron population in all
four P3HT regioregularities to similar optical density values, indicating that our concentration
series captures a comparably wide doping range. This observation corroborates the electrical
conductivity data in Figure 5.1 of the main text, showing that the chosen dopant concentrations
effectively capture similar doping levels and thermoelectric performance regimes across the
different P3HT regioregularities. Notably, the most crystalline 99% RR and 97% RR P3HT
polymers require much lower dopant concentrations to reach similar P1 optical densities than the
less ordered 93% RR P3HT and amorphous RRa P3HT. For RRa P3HT, the P1 peak intensity
exhibits a plateau at high concentrations, and the bandgap is nearly fully bleached.

UV-vis—NIR spectroscopy was used to characterize the anion-exchange-doped P3HT
polymers. We focus on the position of the polaronic P1 peak as a marker for carrier delocalization.
Figure D7 shows the normalized P1 peaks for all of the doped samples presented in Figure Dé6a—
d. Normalization allows for a clearer comparison of the peak positions: doped 99% RR and 97%
RR P3HT samples exhibit the most red-shifted P1 peaks, followed by 93% RR and RRa P3HT
samples. Since the samples were cast and doped on glass substrates, the full P1 peak could not be

obtained due to strong absorption from the glass.
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Figure D7. Normalized polaronic P1 peaks for the doped samples of: (a) 99% RR P3HT, (b) 97%
RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT. P1 peaks were normalized to the maximum
absorbance in the IR region 0.38-0.8 eV. The curves highlight the red-shifted P1 peak positions of
the doped 99% RR and 97% RR P3HT polymers compared to the doped 93% RR and RRa

polymers.

The data in Figure D7 also shows a shoulder on the high-energy side of the P1 peak,
associated with bipolaron formation, at high doping levels.'!"131 P1 peak broadening is a well-
established phenomenon in doped conjugated polymers, typically arising from inhomogeneous
carrier populations (trapped and “free”).l!3!4 In the case of RRa P3HT, this inhomogeneous

broadening is accompanied by a pronounced red shift of the peak location, indicating changes in
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carrier delocalization at moderate and high doping levels. This observation is consistent with
previous studies of doping-induced structural ordering in RRa P3HT.[!5:1]
We extracted the P1 peak positions and maximum absorbances plotted in Figure 5.3c of

the main text by fitting the peaks with a Gaussian function:

e—(x—ﬂ)2/202, (D1)

x;A,0,1) =
g( 1) e

where A4 is the amplitude, u is the peak center, and o is the peak width. All P1 peak fittings were
performed in MATLAB using the gaussmf function. Figure D8 shows the fits (green dashed lines)

for the most-doped samples for each regioregularity.
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Figure D8. Representative Gaussian fits (green dashed lines) of the P1 peak for: (a) 99% RR P3HT
(1 mg/mL F4sTCNQ with 30 mg/mL LiTFSI), (b) 97% RR P3HT (1 mg/mL F4sTCNQ with 30
mg/mL LiTFSI), (c) 93% RR P3HT (3 mg/mL F4sTCNQ with 30 mg/mL LiTFSI), and (d) RRa
P3HT (9 mg/mL F4sTCNQ with 30 mg/mL LiTFSI). Only the highest dopant concentrations are

shown for clarity.

D.4 Transient Absorption Spectroscopy

To extract the overlapping spectral and temporal components in the ultrafast transient

absorption measurements, we applied singular value decomposition (SVD),!!'-18] similar to our

previous work.[1211 SVD factorizes the data matrix into orthogonal basis sets that capture its

significant components. In our application, the data are stored in a matrix, 74 Data, with
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wavelength in the column space and the temporal component in the row space. The decomposition

of this matrix can be expressed by Equations (D2 and D3):

TA Data = USVT = DFT (D2)

D = US(VTFTH) (D3)

where U contains the column-space (spectral) eigenvectors, transpose ¥ contains the row-space
(temporal) eigenvectors, and S contains the singular values used to deconvolve the important
spectral and temporal components in our TA signal.

We can further relate the 74 Data matrix to a matrix D (Equation (D3)), which contains
the transient absorption spectrum of each individual component, and a matrix F, which contains a
fitted kinetic model that describes the temporal dynamics of each individual component. For our
model, F was constructed as a two-column matrix representing two independent exponential
decays. Each row of F' corresponds to one component (fast and slow), parameterized by decay
constants 71 and 2, as well as their initial amplitudes (ai) under different pump/probe conditions.
The columns of F run over time steps () ranging from 0.25-10 ps, describing the exponential
decay of each component as a function of its amplitude and lifetime.

The important temporal components in V7 are linear combinations of the columns in F;
therefore, the decay constants were obtained by fitting the important temporal components of V7
using a least-squares approach. Then, the relative amplitudes and spectral shapes can be obtained

using Equation (D3).
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Figure D9. Normalized transient P2 peak integrated area as a function of time for the doped 99%
RR P3HT, 97% RR P3HT, 93% RR P3HT, and RRa P3HT polymers following excitation at 1400
nm. The more regioregular 99% RR and 97% RR P3HT films exhibit faster decay dynamics
relative to the less ordered 93% RR and RRa P3HT samples, indicating higher local carrier
mobility.
D.5 Electrical Conductivity Measurements

Multifunctional devices were fabricated to probe UV-vis—NIR spectroscopy, electrical
conductivity, Hall effect, temperature-dependent conductivity, and transient absorption
spectroscopy measurements. The electrical conductivity measurements presented in Figures 5.1
and 5.5 in the main text were collected on the pre-cleaned glass substrates (1.1 x 1.1 cm) with
gold corner electrodes (1 mm squares deposited via an Angstrom Engineering Nexdep thermal
evaporator). Conductivities (¢) were measured using the van der Pauw method. Sheet resistance
was measured using a home-built conductivity setup equipped with a Keithley 2400 Sourcemeter
and controlled via LabVIEW software. All measurements were performed inside an argon

glovebox to avoid humidity issues in anion-exchange-doped samples.??) Film thickness was

measured using a Dektak 150 stylus profilometer.
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D.6 Hall Effect Measurements and P1-Correlated Carrier Density

We probed carrier mobility in the multifunctional devices using the Hall effect. Hall
voltages were measured with a Lake Shore MeasureReady M91 FastHall instrument with a source
current of 10 pA and a fixed magnetic field of 1.023 T. Because the anion-exchange-doped samples
are highly hygroscopic, the FastHall chamber was purged with argon for 2 minutes prior to each
measurement.[?2] The conductivities obtained from FastHall matched those measured inside the
argon glovebox, confirming that the Hall results reliably represent the charge transport behavior
associated with the Seebeck and conductivity measurements in an inert atmosphere.

Hall voltages (Vua) were measured for the doped P3HT films to probe the carrier
delocalization and charge-transport characteristics. Figure D10 shows the Hall mobility and
carrier density values for the doped 99% RR, 97% RR, and 93% RR P3HT polymers as a function
of F4TCNQ concentration (with 30 mg/mL LiTFSI). As expected, both carrier mobility (solid lines,
circles) and carrier density (dashed lines, triangles) increase as the doping concentration increases.

The arrows in each panel indicate the corresponding y-axis.
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Figure D10. Hall effect measurements for doped: (a) 99% RR P3HT, (b) 97% RR P3HT, and (c)
93% RR P3HT doped via the anion-exchange method at various doping levels. The arrows for the

solid (mobility) and dashed (carrier density) lines point toward the corresponding y-axis. The
doped RRa samples were unable to give reproducible results and thus are not shown here. The x-

2.0

axis is the F4TCNQ concentration (with 30 mg/mL LiTFSI).
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The Hall effect provides a direct route to determining carrier mobility and carrier density;
however, these measurements are less reliable in low-mobility systems with hopping-like
transport, such as doped conjugated polymers.[*-27! Since the Hall voltage can be screened by
localized carriers, Hall effect measurements often result in an overestimation of carriers compared
to other methods like X-ray photoelectron spectroscopy (XPS).?8! To minimize screening effects
and offset voltages, we implemented both current and magnetic-field reversal to cancel out the
offset voltages created by the hopping carriers in the doped P3HT films. Given that our 99% RR,
97% RR, and 93% RR P3HT samples are semicrystalline (relatively high mobility compared to
other polymers) and doped at intermediate doping levels, we were able to obtain reliable
measurements across triplicate samples. Furthermore, the carrier mobilities and densities obtained
are within the range of values previously reported for doped P3HT in other work using DC Hall(??]
and AC Hall techniques.!?*3% In contrast, the doped RRa samples produced intrinsically small Hall
voltages due to stronger carrier localization and screening, yielding unreliable Hall carrier density
values.

To overcome the limitations of Hall measurements in the doped RRa samples, we used the
P1 absorption peak as a proxy for carrier density. The P1 band occurs in a spectroscopically quiet
IR region, with minimal interference from other transitions, and thus its oscillator-strength area
scales with the number of absorbers (polarons), with the assumption that the oscillator strength per
polaron is comparable across these systems.’!*21 We integrated the frequency-weighted
absorbance over a defined energy window to obtain oscillator-strength areas (A4p1) proportional to
the polaron population. 4p1 values for doped 97% RR, 93% RR, and RRa P3HT samples were
calculated by weighting their absorption spectra by frequency (in wavenumbers), followed by

integration.
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Figure D11. Full P1 peaks for the: (a) 97% RR, (b) 93% RR and (c) RRa P3HT samples used to
create the P1-Hall correlation plots in Figures D12 and D13. The spectra of the 97% RR and RRa
P3HT polymers show a bipolaron shoulder at high doping levels.

To construct a calibration line that maps the Ap; values of the doped RRa samples to carrier

density, we used the reliable Hall carrier density values for the doped 97% RR and 93% RR
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samples with their frequency-weighted oscillator-strength integrated P1 peak areas. Since the P1
peak positions of the doped 97% RR, 93% RR, and RRa samples occur at different energies, we
used a symmetric integration window around each peak center. Specifically, we integrated from
90% of the peak maximum on both sides to ensure a consistent comparison of the relative polaron
populations. Furthermore, this range excludes the bipolaron shoulder on the blue side of the P1
band at high doping levels (Figure D11). Figure D11 shows the full P1 peaks for all the 97% RR,
93% RR, and RRa P3HT doped samples included in this analysis. Those samples were doped
following the same procedure described in the Experimental Section in the main text. To ensure
we captured a wider doping range in the correlation line, we extended the doping concentrations
of the 97% RR P3HT to 6 mg/mL F4sTCNQ with 30 mg/mL LiTFSI, which is known to heavily
dope the 97% RR P3HT polymer.*3! All films used for P1 analysis were cast onto sapphire
substrates to eliminate the strong IR absorption of glass.

Figure D12a shows the obtained relation between the Hall carrier density and frequency-
weighted oscillator-strength P1 peak areas for the doped 97% RR and 93% RR samples, giving

the relation:

npy = 2.5 X 10254p, — 1.0 X 1020, (D4)

where np; is the P1-derived carrier density and Ap; is the oscillator-strength P1 area. Figure D12b
shows the corresponding np1 values and calculated carrier mobility for the doped RRa samples.
Carrier mobility values were calculated using the electrical conductivity and the derived np1 values.
The resulting carrier densities fall within the range of highly doped polymer systems and are below
the maximum site density of P3HT.[?*34-38] Moreover, the UV—vis—NIR spectra of RRa P3HT
(Figure D6) show significant bandgap depletion at high doping, consistent with the elevated np;

values.
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Because the P1 band is broadened by morphological and energetic disorder,!!*!# it was
important to test whether the correlation built from the 97% RR and 93% RR semicrystalline
samples was valid for estimating carrier density in the amorphous RRa. To do so, we compared
the Hall carrier densities (nnan) with the P1-derived carrier densities (np1) for the 97% RR and 93%
RR polymers using the same calibration line. Figure D12¢,d shows that there is strong agreement
between nuan and np1 with dopant concentration, particularly in the doped 97% samples. Likewise,
mobility-carrier density trends obtained from both methods (Figure D12e,f) were consistent, with
deviations only at the low- and high-doping extremes of the 93% RR polymer, where Hall
sensitivity is most limited.

Finally, we tested the influence of the integration energy window by expanding the range
asymmetrically, from 85% of the peak maximum on the low-energy side to 50% on the high-energy
side, where bipolaron absorption is captured in the integration energy window. As shown in Figure
D13, this alternative integration produced no significant changes in the correlations, confirming

the robustness of the method.
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Figure D12. (a) Hall carrier density plotted against frequency-weighted oscillator-strength P1 peak
area (Ap1) for doped 97% RR and 93% RR P3HT. The 4p1 values were integrated over 90% of the
peak maximum on each side to avoid the bipolaron blue shoulder (see Figure D11). The linear
regression yields np1 = 2.5 x 10%4p; — 1.0 x 10%°, which was used to convert the Ap; values for the
doped RRa samples into carrier density. (b) Carrier densities obtained from the calibration line in
(a), plotted alongside the carrier mobility calculated using the conductivity values and the np
values. Comparison of Hall carrier density (solid lines) and P1-derived carrier density (dashed
lines) for the doped: (c) 97% RR and (d) 93% RR samples, respectively. Carrier mobility versus
carrier density for: () 97% RR and (f) 93% RR P3HT, using both Hall and P1-derived carrier
densities, showing consistent overall trends except at low and high doping levels.
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Figure D13. Same analysis as Figure D12 but using an asymmetric integration energy window
defined as 85% of the peak maximum on the low-energy side to 50% of the maximum on the high-
energy side. (a) Hall carrier density plotted against frequency-weighted oscillator-strength P1 peak
area (A4p1) for doped 97% RR and 93% RR P3HT, yielding a calibration curve of np1 = 1.59 x
10%4p1 — 1.11 x 10%°, (b) P1-derived carrier density and mobility for RRa P3HT obtained from the
calibration curve in (a). Comparison of Hall and P1 carrier density versus dopant concentration for
doped: (c) 97% RR and (d) 93% RR samples. Carrier mobility versus carrier density for: (e) 97%
RR and (f) 93% RR P3HT using both Hall and P1-derived values. Similar to Figure D12, nyan and
np1 agree well across most of the doping range.
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D.7 Seebeck Coefficient
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Figure D14. Linear relation between the induced voltage difference (AV) and the applied
temperature difference (AT) for doped: (a) 99% RR P3HT, (b) 97% RR P3HT, (c) 93% RR P3HT,
and (d) RRa P3HT. The Seebeck coefficient for each doping concentration was obtained from the
slope of the AV—AT line. Legends indicate the F4TCNQ concentration with 30 mg/mL LiTFSI for
the anion-exchange method.

The Seebeck coefficient was measured on separate devices because the electrode geometry
differs from that used for conductivity and Hall. Devices were prepared by casting and doping the

polymer films onto pre-cleaned glass substrates (1.2 x 1.2 cm). The electrodes consisted of two
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parallel gold bars (10 x 1 mm, 45 nm thick) separated by 10 mm. Seebeck measurements were
carried out using a custom-built system in which two Peltier plates generated a controlled
temperature gradient across the film, and the resulting temperature difference was monitored with
two RTD sensors placed in contact with the device. To ensure that Seebeck and conductivity
measurements reflected equivalent doping levels, both types of devices were fabricated and doped
simultaneously under identical conditions.

The Seebeck coefficient of each doped sample was determined from the slope of the
induced voltage difference (AV}) versus the temperature difference between the hot and cold sides
(AT). Figure D14 shows the linear relation between AV and AT for the doped 99% RR, 97% RR,

93% RR, and RRa P3HT samples.

D.8 Activation Energy Measurements via Temperature-Dependent Conductivity

We used temperature-dependent conductivity to investigate the thermal activation energy
(Ea) of the doped P3HT samples. Activation energies were extracted from linear fits of the
Arrhenius equation o(7) = oo exp(—Ea/ksT) where oy is the temperature-independent prefactor and
E, is the thermal activation energy.’”) Figure D15 shows —In(c) versus (kg7)~! at various
temperatures for all four P3HT polymers doped via the anion-exchange method. All fits produced
a linear relation with R? > 0.99, confirming that the Arrhenius equation accurately describes the
thermally activated transport in the measured temperature ranges. All temperature-dependent
conductivity values were measured on the same multifunctional devices described in the

conductivity section above.
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Figure D15. Temperature-dependent conductivity measurements for anion-exchange-doped: (a)
99% RR P3HT, (b) 97% RR P3HT, (c) 93% RR P3HT, and (d) RRa P3HT. Conductivity was
measured using the van der Pauw geometry, and the activation energy, E., was calculated using
the Arrhenius equation o(7) = oo exp(—Es/ksT). The legends report the F4sTCNQ doping
concentrations. All doping solutions contained 30 mg/mL LiTFSI.

D.9 $—o Relation and the Semi-Localized Transport (SLoT) Model
The electrical conductivity, o, and Seebeck coefficient, S, are evaluated using the

generalized Boltzmann transport Equations (DS and D6):
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o= fO'E(— g) dE (D5)

0E
[ 2D

where ks is the Boltzmann constant, £ is the energy of the charge carrier, ¢ is the fundamental
charge, Er is the Fermi level, f{E) is the Fermi—Dirac distribution, and o is the transport function
describing the carrier mobility.

Gregory et al. 81 expanded on the charge transport model developed by Kang and
Snyder!*’l by proposing that the transport function also depends on doping level, c. In this

framework, ox(E, T, ¢) takes on the form in Equation (D7) for £ > E; values:

W, E—E,
oz (E,T,c) = gyexp (— k‘;(;)> X ( kT ), (D7)

where the components are oo, the prefactor or “intrinsic’ conductivity in the absence of localization

effects; Wu, a localization energy that depends on the carrier density ¢; and an energy-dependent

E—E;
kgT

term, (—). This formalism is referred to as the semi-localized transport (SLoT) model.
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Figure D16. Power factor (PF) plotted versus carrier density, n, for the doped P3HT polymers.
The more crystalline polymers exhibit an optimum in the PF at lower n indicating that their
enhanced TE performance comes from a higher carrier mobility.
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Figure D17. oy plotted versus the change in Ry (ARg) in the highest-doped samples for each
polymer. AR, was calculated by taking the difference of the doped R, and the corresponding
pristine R, values. The monotonic trend between increased oo in higher-regioregularity P3HT and
increased domain correlation length R, suggests that mesoscale ordering contributes to the
enhanced TE performance in those systems.
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