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ABSTRACT. Dopants induce energetic disorder in conjugated polymers and can adversely impact
charge transport. In this work, we studied the dopant’s impact on the density of states (DOS) of
crystalline and amorphous domains in poly(3-hexylthiophene) (P3HT). We measured Seebeck
coefficient-conductivity curves in films of doped regioregular and regiorandom P3HT and their

blends. These curves were simulated using a Gaussian disorder model. We also characterized the



undoped and doped films using X-ray scattering and near-infrared spectroscopy. Based on our
studies, we conclude that the separation distance between the carriers on the polymer and the
dopant anion is a crucial parameter that impacts dopant-induced disorder and depends on the
morphology of the material. We also show that DOS distributions for both crystalline and
amorphous regions are needed to understand charge transport over a broad range of doping levels.
Our studies show that amorphous domains suffer a larger dopant-induced disorder but still
contribute to charge transport. Thus, it is important to design dopants that minimize the dopant-

induced disorder in both crystalline and amorphous domains.

Introduction

Conjugated polymers lack intrinsic free charge carriers and thus need to be oxidized or reduced
to increase their conductivity. This simple process, termed chemical doping, introduces disorder
by creating charge traps,! breaking percolation pathways,” and suppressing charge transport.> As
a result, it is challenging to predict doping levels needed for targeted charge transport
properties.*Dopant-induced disorder makes mobility highly dependent on doping through
multifaceted polymer-dopant interactions.” ¢ Therefore, several recent studies have focused on
identifying factors that affect polymer-dopant interactions and developing strategies to mitigate
the dopant-induced disorder.”

Upon doping, conjugated polymers acquire a charge that is balanced by a counterion. The
Coulomb interaction between the charge carrier and its counterion is poorly screened by the low
dielectric medium of most polymers, which lowers the mobility of the carrier. Several studies have
focused on identifying factors or properties that affect Coulomb interactions." 1% A survey of the
literature, however, shows that salient conclusions from these studies conflict.® % 132° Some studies

correlate increased counterion size to reduced Coulomb interactions® 2° while others find no such



18, 19,21 \ith reduced Coulomb

correlation and instead correlate increased molecular ordering
interactions. Moreover, translating molecular designs of undoped polymers with high mobility to
doped polymers with high conductivity has been difficult. For example, indacenodithiophene—
benzothiadiazole copolymer known for having an amorphous structure but with low energetic
disorder’> showed field-effect mobilities significantly higher than many semicrystalline
polymers,?* but when doped, the conductivity of this amorphous polymer was low.!® As a result,
consistent molecular design paradigms for high performance doped polymers have not emerged.
Moreover, it is also common to model charge transport in conjugated polymers using the Gaussian
Disorder Model based on a single density of states (DOS), with the implicit assumption that a
single domain contributes to charge transport.>*2® Conjugated polymer films have both crystalline
and amorphous domains; which domain dopants occupy and how each of these domains contribute
to charge transport is not fully understood.?!

In this study, we evaluate the impact of doping crystalline and amorphous regions on the DOS
and therefore on the charge transport in doped conjugated polymer films. Poly(3-hexylthiophene)
(P3HT) provides a powerful platform for such studies because the crystallinity of P3HT films
depends on the polymer’s regioregularity. We measured Seebeck coefficient and electrical
conductivity in doped films regioregular P3HT, regiorandom P3HT and their blends. We analyzed
the data using a phonon-assisted hopping model of charge transport that included the impact of
dopant-induced disorder on the DOS. We characterized the doped films using wide-angle X-ray
scattering and NIR spectroscopy. We show that each feature within the morphology of
semicrystalline polymers concurrently contributes to charge transport, and their discrete
contribution depends on the doping level. We also show that DOS distributions for both crystalline

and amorphous regions are needed to understand charge transport over a range of doping levels.



We conclude that separation distance between the carriers on the polymer and the dopant anion is
a reliable parameter that impacts dopant-induced disorder. We also posit that factors such as
molecular ordering or counterion size impact the dopant-induced disorder if they alter the distance
between the carriers on the polymer and the dopant anion. Our studies also show the importance
of the impact of dopants in the amorphous domains of conjugated polymer films and the need for
designing dopants that minimize dopant-induced energetic disorder in both crystalline and

amorphous domains.

Experimental and Computational Methods

General Information: Regioregular P3HT (M,: 26 kg/mol; D: 2.0; regioregularity: 96% Head-
Tail) was purchased from Rieke Metals. Regiorandom P3HT (M,; 30-47 kg/mol; B=2.2-2.9;
regioregularity: 1:1 (Head-Head:Head-Tail) was purchased from Sigma Aldrich. Iodine crystals
were purchased from Sigma Aldrich. All solvents were purchased from commercial vendors.

Film Fabrication and Chemical Doping: 1.1 x 2.2 cm hand-cut glass slides were used as
substrates for thermoelectric measurements and morphology studies, and quartz substrates were
used for optical measurements. All substrates were sonicated with soap/water, water, acetone, and
isopropanol for 10 min. each and dried in an oven at 130 °C. The substrates were cleaned under
ozone (UVO Cleaner, Model 342, Jelight Company, Inc.) for 10 min.

Blends films of P3HT were prepared by dissolving appropriate proportions of regioregular P3HT
and regiorandom P3HT (10 mg/mL) in chloroform and stirring overnight at 45 °C. The solutions
were dropcast on preheated slides at 45 °C. Spincoated films were prepared by dynamic

spincoating at 1,000 rpm for 1 minute followed by 2,000 rpm for 1 more minute. All films were



left under reduced pressure (~1072 mbar) for at least 24 h to remove any residual solvents. The
thickness of the films was measured with a profilometer.

The iodine doping-dedoping protocol consisted of exposing the films to iodine vapors and then
to ambient conditions, as explained in our previous work.'® % A 1 mL vial was loaded with 50 mg
of'iodine and placed inside a 20 mL vial. A polymer film was placed inside the 20 mL vial, adjacent
to the dopant vial. The system was sealed under ambient conditions and heated in an oven at 75
°C for 2 h. Measurements were taken immediately after removing the film from the 20 mL vial.
To ensure reproducibility, the measurements were done in triplicates for regioregular and
regiorandom polymers, and in duplicates for the blends (Figure S1).

Electrical Characterization: The film was placed in a glass slide between copper blocks with a
temperature difference of about 18 °C. A custom-built four-point-probe apparatus with Pt probes
was used. A Keithley 2400 sourcemeter was used to measure electrical conductivity. A Keithley
2182A Nanovoltmeter and a Matrix DT8852 thermometer with type K thermocouples were used
to measure Seebeck coefficient.

Optical Characterization: Near-infrared spectra were obtained in a Varian 670 FT spectrometer.
All measurements were performed in transmission mode on thin films deposited on quartz
substrates.

X-ray Scattering: Wide-angle X-ray Scattering (WAXS) measurements were performed in a
SAXSLAB Ganesha 300XL X-ray Scattering instrument equipped with a Xenocs GeniX 3D Cu
Ka source (A = 0.15418 nm) and a Dectris Pilatus 30 K photon-counting detector. Free-standing
films were prepared for transmission WAXS measurements.

Paracrystalline Disorder Parameter (g Parameter): The g parameter was calculated with the

following approximation:
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g = o /Aqdhkl

where Agis the Full Width at Half Maximum (FWHM) and dp,; is the interplanar spacing

of the peak of interest. This approximation does not account for lattice-parameter fluctuations.?”

Simulation of Seebeck coefficient vs electrical conductivity curves: We calculated Seebeck
coefficient (&) and electrical conductivity (o) based on a generalized Gaussian disorder model by
numerically solving the Pauli master equation (PME) that describes phonon-assisted carrier
hopping between localized sites whose energies are sampled from the carrier DOS. To capture the
impact of dopant counter-ions on carrier states, we compute the DOS after doping by adding

1,2 which we have

Coulomb interactions to GDM according to the modified Arkhipov mode
expanded with the ability to set the minimum spacing between dopant and polymer backbone as
well as the spread of the charge on each dopant counterion. To accomplish this, we treated each
dopant as a charge distribution having a Gaussian shape with standard deviation Ry rather than
treating it as a point charge as it was done in the original model by Arkhipov et al.> The maximum
depth of the dopant trap is strongly influenced by the minimum spacing between dopant and
carrier, which is determined by the location of the dopant counterions relative to the polymer
backbone, here termed as polymer-dopant separation distance, R, Smaller Ry values lead to
stronger interactions and produce a deeper tail in the DOS, representing deep traps, while a larger
Ry limits the depth of traps and with it the heavy DOS tail. We noted this dependence in our earlier
work.?®

Once the DOS of the doped polymer is computed, hopping of carriers between localized sites is
determined from Miller-Abrahams rates. Further details of the implementation are given in our

recent work.!* 2® Figure S1 shows the error associated with the simulated curves. To capture

transport in films with multiple domains, we simulated an additional DOS in regioregular P3HT



with an offset of 0.1 eV between the DOSes that represent the amorphous and ordered regions.
Energetic disorder caused by doping in each DOS is calculated separately according to their
respective doping concentrations, before the final distributions were linearly added, which allows
us to simulate the impact of doping in each region. In the simulation, we used a ratio of 1:1 for the
number of states in ordered and disordered regions in regioregular P3HT, consistent with literature
reports.?’

In general, the intrinsic energetic disorder, which is the width of the DOS before doping, can be
obtained from experiments, e.g. Urbach tail measurements; however, such measurements capture
the tail of the DOS and therefore only the ordered region nearest the bandgap. Studies that report
the measurements of the whole DOS reveal a broader distribution of about 6 kT.>* We set the
disordered region, with a broader DOS of 7 kT, energetically below the center of the ordered
region.’!*3? The width of the DOS in the ordered region is 3 kT and the total width of the undoped
regioregular system is about 6 kT. With the same method, we simulated blends of regioregular
with regiorandom P3HT by keeping the DOS curves of the regioregular and regiorandom parts
fixed to their values before blending, and then adding them in proportion to the blend ratio, as
shown in Figure S2. The regiorandom DOS width is 3 kT and is centered at 0.25 eV below the
center of the ordered regioregular region.*’

As noted earlier, dopant-carrier Coulomb interactions depend on polymer-dopant separation
distance R;. This Ry value represents the minimum distance between a charge and its nearest
dopant. Separate values of R, are assigned to each region according to its properties and used to
compute the modified DOS of that region. Aligned side chains and n-m stacking in regioregular
P3HT separate the dopant from the backbone, and we approximate the distance to be Ry = 0.8 nm.

A report by Tashiro eta al. on iodine-doped P3HT places the dopant anion in a region at end of the



sidechain.’* This data is also consistent with our WAXS data and the position of the (100) peak,
which is a measure of the length of the side chains and width of the polymer backbone. From
WAXS, dioo is 1.75 nm. Thus, placing the anion close to the end-methyl group of the sidechain
would be slightly less than 0.875 nm (di00/2). We note that R, represents the effective minimum
dopant-carrier distance from both regions in regioregular P3HT, crystalline and amorphous, since
both are expected to have the same chain alignment and the crystalline domains differ from the
amorphous in the overall alignment of the polymer chains rather than the orientation of the side
chains. In the doped regiorandom P3HT, the side chain misalignment and the lack of n-n stacking
allows the dopant to intercalate between side chains because of more free space in between.
Therefore, we estimated R, in regiorandom P3HT to be ~0.3 nm. This distance is consistent with
the observed distance of 0.299 nm between counterion and the fused thiophene unit in the crystal
35

structure of the dication—SbFs salt of 2,8-(tri-isopropylsilanyl)octathienoacene.

Calculation of Dedoping Rate: To calculate the dedoping rate in each domain of a polymer, we

_Ea . o
started from the diffusion coefficient D = Dye k7, where E4 is the activation energy. We

connected this activation energy to the difference in energy between each carrier-occupied state
on the host and the energy level of the dopant. This difference is the energy barrier for diffusion
between the carrier and the dopant. To dedope, the electron on the dopant must return from the
dopant (or other adventitious electron donor) energy level to some available state (which is
represented by a hole) whose energy is higher by £4. We take the dopant level to be aligned with
the center of crystalline region of regioregular HOMO so that AE between them is zero. The
regiorandom P3HT DOS is 0.25 eV below the regioregular crystalline region and the 0.25 eV
difference in AFE is considered in the regiorandom region. However, carrier energies are distributed

around zero according to the DOS, which has a heavy tail at high doping concentrations, so that



carrier energies are above the dopant. This difference, E, is the activation energy for the transfer
of an electron from the dopant back to the host polymer, that is, £ = E4.
Computationally, there is a distribution of E4 according to the DOS, so that the effective

diffusion rate is:

D =D, f dE e"lf_Tg(E)(l - (),

where we use g(E) for the doped DOS to avoid confusion with the diffusion coefficient, and f(E)
is the Fermi function so that the term (1-f(E)) gives the probability that the state at energy E is
unoccupied by an electron and can accept an electron from the dopant. If the surface concentration
of dopants is zero (none in the air around the sample), then the concentration of dopants inside the

sample, at a depth x, is simply given by:

C(x,t) = Cyerf <2\;CD_t>'

where C, is the initial (maximum) doping concentration at the start of dedoping. The average

doping at time t is then:

c(t) 1JLC( Ddx = ~¢ JL f(——)d
= - X, X =— er X,
LJ, L), 2V/Dt
where L is the sample thickness. For VDt « L, the solution is C(t) = %Co (1 — %E) In the
opposite limit, the expression becomes C(t) = —C erf —+ 2/t (e 4Dt — 1)
pp p 0 2\/— VL

We calculated D readily from our simulations for each carrier concentration n, but the time
dependence of D cannot be computed directly as it requires tracking the concentration of dopants
over time. We started from D at the maximum doping (in our case 50%) and calculate the doping

concentration after a very small timestep. We then calculated D at that doping concentration by



interpolation and used the new D in the next timestep. Repeating this procedure for every point,
we obtained the plot of C(?) vs. . We used this information to obtain o(¢) by interpolation o(n).

Doping, and with it the dopant diffusion rate and conductivity, depend on time and sample depth,

but decay in the limit VDt <« L as 1 — ?. However, this decay is not exponential as opposed to
what we see in experiments. This is because the rate D is a function of doping concentration.
Absorption Spectra: To fit our experimental data from regioregular P3HT samples, we
simulated the a vs. 6 curve starting with a DOS containing two contributions, one for amorphous
domains and another one for crystalline domains. Next, we utilized that same two-component DOS
to simulate the absorption spectra. We calculated the absorption rate from the sum of all transition

rates as:

ans (@) = ) Wi f (B (1= £(E})) 8B = By + heoy),
ij

where f is the Fermi-Dirac distribution function of carriers, Aiw is the energy of incident photons,
and W;; is the transition rate between sites (i-j).%% Subtracting the spontaneous emission, which is
proportional to (1 —f (Ei)) f (EJ), and grouping out the constants gives the absorption coefficient

as:

A
apn(@) < =" (F(E) = £(E})) 8(E: — By + ha),

Lj
where A4 is a constant, which we omitted for further consideration as our absorption rates will be

normalized. When the material is not crystalline and momentum is not conserved in optical
transitions, it is possible to split the delta function into a product & (El- —E+ ha)) =6(E —E)) -

é (E —E + hw), which then gives the convolution:

JdE g(E)g(E + hw).
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Absorption coefficient is then proportional to:

1
apn(w) <« — | dE (f(E) — f(E + hw))g(E)g(E + hw)
w

After we computed the doped DOS and Fermi function, we obtained the absorption coefficient
numerically. We interpolated g(E + hw) for each frequency of incident light and integrate over
the whole energy space. Lastly, we converted the angular frequency @ of the photons to
wavelength and normalized the absorption coefficient for each case of polymer and blend.

Results and Discussion

We prepared thin films using different compositions of regioregular and regiorandom poly(3-
hexylthiophene). Figure 1a (top) shows the ratios of polymer blends used in this study. Throughout
this manuscript, we denote the composition of the blend as the ratio of each component and not as
the total regioregularity of the component. For example, 100% regioregular P3HT represents a
sample with regioregular P3HT (96% regioregularity) only whereas a 50% regioregular P3HT
sample is composed of 1:1 blend of regioregular and regiorandom P3HT. We doped these
polymers by exposing the films to iodine vapors in a sealed chamber and then measured the
Seebeck coefficient («) and electrical conductivity (o) simultaneously as the films dedoped, as
previously published.!% 14

In Figure 1, we show a—ac curves for regiorandom P3HT, regioregular P3HT and their blends.
At the highest level of doping, 100% regioregular P3HT film showed the highest conductivity
whereas 100% regiorandom P3HT showed the lowest conductivity. The conductivity of the blends
is in-between and increases with increased fraction of regioregular P3HT. Previously published
literature for F4TCNQ doped samples shows that the highest conductivity for P3HT is achieved at

different regioregularity content, ranging from 50% up to 90% regioregularity.?"> 37 Interestingly,

11



the a-c plot shows a slightly different picture in that the order of the curves does not follow the

progression of the blend composition.
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Figure 1: Impact of regioregularity on thermoelectric properties of polymer films. (a)
Chemical structures for regioregular (RR) and regiorandom (RRa) P3HT. Blends prepared with a
different composition of regiorandom to regioregular P3HT. (b) Power law fits to Seebeck-
electrical conductivity curves of regioregular-regiorandom blends indicate a non-universal power

law dependence.

It has become common in the literature to fit a.-c data to an empirical power law (a~ o°!/4),% 3%

42 even though the universality or the physical origin for this relationship is yet to be established.'
4345 When we fit out data to this power law, we found that only a narrow set of data, at the high
doping regime, fit to this power law (Figure 1b). We also found that different sections of the curve
fits require different exponents ranging from -1/16 to -1/4. We analyzed the data from the blends
and found that this often-used power law with -1/4 exponent does not capture the a-c data over a
broad range of doping concentrations. The slope of the Seebeck coefficient-conductivity curve
changes as the function of the dopant concentration, which confirms that the electronic structure

changes as the sample dedopes, which has been noted before!'® but the full connection between

doping, electronic structure, and transport has not been elucidated.

To understand the trend in the curves, we first examined the role of doping on paracrystallinity
using Wide-angle X-ray Scattering (WAXS) in transmission mode (Figure 2). Figure 2a shows the
scattering pattern of all undoped blends. We fitted the scattering pattern to multiple Gaussian
distributions to resolve each peak (Figure S3). For undoped regioregular P3HT, the main peaks for
(100) and (010) appear at 0.38 A'and 1.67 A™!, respectively, and represent lamellar stacking and
ni-n stacking.?! The (100) appears as a sharp peak amidst a broad peak. The (010) also appears as
a sharp peak amidst a convolution of broad peaks between 0.9-2.1 A"l. We attribute these broad

peaks to the amorphous portion of this polymer. Undoped regiorandom P3HT also shows (100)
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and (010) peaks, but they are broad. The (100) has a shoulder at slightly higher g values, which

fits to another broad Gaussian distribution with smaller intensity than the main peak (Figure S4).

Unlike regioregular P3HT, the (010) peak fits to a single Gaussian distribution and has no sharp

peak in this region. Yee, et. al. previously reported the existence of broad scattering peaks in

undoped regiorandom P3HT, which is associated with the structural disorder of this polymer.*®
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Figure 2: Wide-Angle X-ray Scattering of undoped and Iodine doped P3HT. X-ray Scattering
pattern of (a) undoped P3HT and (b) Iodine doped P3HT. (c) Intensity ratio for n-n stacking peak
to lamellar stacking peak shows a reduction with increasing regiorandom P3HT content. This ratio
was calculated based on the intensity of Gaussian distribution fits of the peaks with the highest

intensity for both types of polymer packing.

Upon doping, the (100) peak shifts to a lower q value whereas the main (010) peak shifts to a
higher ¢ value (Table S1). We found an increase in lamellar spacing from ~16.5 A to ~17.5 A, and
a decrease in n-m stacking distance, from ~3.76 A to ~3.62 A. Previous literature shows this
expansion and contraction of the polymer lattice in the presence of dopants.®!* 32 Another peak that
represents the m- stacking emerged at lower ¢ values (~1.41 A™!) and is labeled as (010)*. This
peak has been previously associated with amorphous domains.*” We observed that the q values for
the (100) and (010) peaks are similar between the blends, indicating that the polymer morphology
is similar in all the doped blends. The (100) peak for doped regiorandom P3HT becomes
significantly narrower after doping. To quantify structural disorder and analyze changed upon
doping, we calculated a paracrystallinity disorder parameter (g parameter) for (100) and (010)
peaks, as described in the Methods section. The g parameter provides a metric for the overall
structural disorder in the structure associated with a particular peak.'® 2" * In undoped samples,
we observed that (100) peak had a higher g value (g ~14% for regioregular P3HT and ~30% for
regiorandom P3HT) compared to (010) peak (g ~9% for regioregular P3HT and ~26% for
regiorandom P3HT). The g-parameter increases as the fraction of regiorandom P3HT increases,
indicating an increase in structural disorder. Using Raman and photoluminescence spectra, Salleo
and co-workers showed that doping regiorandom P3HT with F4sTCNQ leads to increase in

conjugation length.’” Previous literature on regiorandom P3HT doped with FsTCNQ shows strong

15



scattering peaks in GIWAXS associated with lamellar and t-n stacking and concluded that dopants
induce structural order in regiorandom P3HT.?! 46 Thus our observations in iodine-doped
regiorandom P3HT are consistent with observations in F4sTCNQ doped regiorandom P3HT.
Upon doping, the g-parameters for the peaks do not change significantly with an increase in
regiorandom P3HT fraction. All blends show g parameters in the range of 14-16% for (100), 15-
16% for (010), and 17-19% for (010)*, which indicates that the paracrystallinity is similar
regardless of the regioregular-regiorandom composition. The only exception was 90% RRa and
100% RRa, which had low intensity (010) peaks that were hard to resolve, thus the g parameter
was not reported. We observed that the intensity ratio of the (100) peak to the (010) peak decreases
with increasing regiorandom P3HT fraction in the blend. In undoped samples, the ratio decreases
with the addition of 25% regiorandom, stays roughly the same for the blends and increases again
for regiorandom P3HT (Figure 2c). The steady decrease in the /o1)//(010) in doped samples of the
blends indicates that while doping can increase the conjugation length in regions that resemble
regiorandom P3HT due to increased co-planarity of the thiophene rings and increased order along
(100), the dopant may be disrupting or suppressing the n-r stacking.*® This implies that (1) dopants
can get very close to the polymer backbone in samples with higher regiorandom content, and that

(2) dopants can penetrate different regions depending on the regioregular/regiorandom content.
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Figure 3: Probing polymer-dopant distance through NIR. (a) Experimental NIR spectra of
doped P3HT blends shows a red shift for iodine doped regioregular P3HT with regards to iodine
doped regiorandom P3HT. (b) Simulated NIR spectra also shows a redshift for doped regioregular

P3HT and blends with highest content of the same.

We then used Near Infrared Spectroscopy (NIR) to study the polaron peaks in doped
samples. Schwartz, et. al. used this tool together with a theoretical model to conclude that a NIR
peak shift in P3HT arises from a combination of delocalization induced through increased
crystallinity and through tuning the polaron-counterion distance.*’ Our data (Figure 3a) shows that
the polaron peak for samples with high regiorandom P3HT content appears at shorter wavelengths
compared to samples with high regioregular P3HT content. From our g parameter analysis, we
concluded that the paracrystallinity of highly doped blends is similar, therefore crystallinity-
induced effects of the location of the peak should be minimal. We believe that the peak shift is
associated with the extent of delocalization of the polaron, which in turn is correlated to the

polaron-counterion distance®® — a blue shift may indicate a smaller R, whereas a red shift may
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indicated a longer R;. We implemented this into our calculation so that the DOS of regioregular
P3HT is calculated with an R=0.8 while that of regiorandom P3HT with an R,=0.3 nm, as detailed
in Methods and further discussed in the context of transport. The DOSes of the blends were
obtained by combining the two according to their respective fractions in the blend. Thus, a 50%
regiorandom P3HT blend contains the DOS of the regiorandom P3HT multiplied by a half plus
the regioregular DOS, which is itself already a combination of crystalline and amorphous
contributions to its DOS, also scaled by a half. Spectra calculated from transitions between states
in the resulting combined doped DOS qualitatively agree with the experimentally observed trends
(Figure 3b), confirming that the shift is caused by the heavier tail in the DOS. This tail is produced
by stronger Coulomb interactions in regiorandom P3HT when dopant counterions are closer to the
polarons. States deeper in the heavy tail allow for larger photon energies to be absorbed, resulting
in the blue shift relative to regioregular P3HT, which has a smaller R; and a lighter DOS tail.
Most studies examine charge transport in conjugated polymer films as arising from the
crystalline domains only and thus model charge transport using a single density of states, while
amorphous domains are expected to have deep trap states and thus are often assumed not to
contribute to charge transport.’! From our conductivity data, we can evaluate the kinetics of
dedoping (Figure 4a). If only a single component contributes to the conductivity, then we should
be able to fit the rate with a single first order process. For regiorandom P3HT, this is indeed the
case as the rate of change in conductivity can be fit to a single first order process (Figure 4b) with
a rate coefficient of 0.03 min™! (Table S2). All other samples require at least two concurrent first
order processes to fit the data, including doped regioregular P3HT (see Figure 4c). We found that
the fast process of regioregular P3HT has a rate coefficient similar to the first order process used

to fit regiorandom P3HT. The slow process has a rate coefficient that only fits to part of the
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dedoping rate of regioregular P3HT. In essence, the kinetic data for regioregular P3HT has both a
slow process and a fast process while the kinetic data for regiorandom P3HT only has a fast
process. Based on the similarities of rate coefficients and the absence of a slow process in
regiorandom P3HT, we associate the fast process with amorphous domains and the slow process
with crystalline domains. Thus, at high doping both crystalline and amorphous domains contribute
to charge transport. As amorphous domains de-dope faster, the crystalline domains become

dominant at low doping regions, and this is reflected in the Seebeck-conductivity curve.
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Figure 4. Kinetic analysis and diffusion rate of iodine dedoping of regioregular and

regiorandom P3HT show a contribution from multiple structural entities. (a) Electrical
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conductivity of polymer blends with different regioregular (RR) to regiorandom (RRa) content as
a function of time. (b) Regiorandom P3HT fits to a single exponential decay rate, indicating
dedoping of one type of domain. (c) Regioregular P3HT fits to two exponentials, indicating
dedoping of two types of domains. (d) Diffusion coefficient of regioregular and regiorandom

P3HT show that regiorandom P3HT has a faster diffusion rate within this doping level range.

From a molecular chemistry perspective, because the HOMO of regioregular P3HT (~-4.6 e¢V)
is higher than regiorandom P3HT (~-4.9 eV),** we can reason that the holes are more stable on
regioregular P3HT compared to regiorandom P3HT. Thus, we would expect that regioregular
P3HT to dedope slower. We also considered the possibility that the counterions can get closer to
the polaron in regiorandom P3HT and thus can stabilize the polaron via strong Coulomb
interactions. However, this possibility is not supported by our experimental data as we observed
that regiorandom P3HT dedopes faster and WAXS data of doped regiorandom P3HT shows that
the n-m stacking is disrupted indicating that the counterion can get closer to the polaron. NIR data
is also consistent with a smaller Rs. To understand which parameter controls the dedoping kinetics
of doped P3HT, we simulated dedoping rates using the same procedure to obtain the doped DOS
of regioregular and regiorandom P3HT as for the NIR spectra. We then computed the dedoping
rate from the dopant activation energy, which is the energy difference between the dopant level
and each available state in the DOS (more details in Methods section). The computed diffusion
coefficients in Figure 4d show that regiorandom dedopes faster at nearly all doping concentrations
despite having a heavier DOS tail, in agreement with the experimental kinetic data. In both
regioregular and regiorandom P3HT, when the sample is highly doped, the Fermi level is closer to
the middle of the DOS where the dopant level is located, which makes electron transfer from the

dopant to the hole state easy to be thermally accessible. At low doping levels, only states in the
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tail have holes that can accept the electron from the dopant so dedoping requires large energy,
making dedoping slower. This effect is more pronounced in regiorandom P3HT due to the larger
offset of the dopant level, resulting in faster dedoping. Although our simulations indicate that the
Ry can also impact the diffusion rate (Figure S5), the main parameter that controls dedoping in
P3HT is the energy offset between the polymer and the dopant, and it is reflected in our simulated

data (Figure 4d).
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Figure 5: [Experimental data and simulations estimate polymer-dopant distances.
Experimental data of Seebeck coefficient (o) and electrical conductivity (o) fits to simulated
data. Simulated data of pure components were simulated using a polymer-dopant distance of 0.8
nm for regioregular P3HT and 0.3 nm for regiorandom P3HT. Thermoelectric properties of P3HT

blends were simulated by combining the DOS of each component.

We then calculated « and o at each carrier concentration using our simulation of phonon-
assisted hopping in the generalized Gaussian disorder model (see Methods Section) and used that

data to plot the a-o curve in Figure 5. To qualitatively understand the impact of the distance
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between the polaron and counterion (Rs) on the a-c curves, we varied the R, from 0.3 to 1 nm and
observed a consistent shift to the upper-right on the plot, indicating that larger separation leads to
weaker Coulomb interactions, shallower traps, and lower energetic disorder (see Figure S6), which
is favorable to transport as carriers can hop more efficiently between states that are energetically
closer.!" When then fitted our model to the experimentally obtained - curves for regiorandom
P3HT and regioregular P3HT, using the same procedure to obtain the DOS as for spectra and
dedoping. For regiorandom P3HT, there is a single DOS because the material is structurally
homogenous.’? Regioregular P3HT was shown to have both crystalline and amorphous regions so
we used a combination of one DOS for the crystalline and another for the amorphous domain,
which were linearly added in a 1:1 ratio to obtain the total DOS. This ratio is based on experimental
determination of crystallinity of commercial regioregular P3HT similar to ones used in this study
using X-ray Diffraction and solid-state NMR.?’ Each DOS is then modified with Coulomb
interactions from its corresponding doping concentration according to the model detailed in
Methods. For regiorandom P3HT, our fits to the experimental a-o data provide an R, of 0.3 nm,
while fits to regioregular P3HT provide an R; of 0.8 nm, obtaining excellent agreement with both
across the entire measured doping range. The Ry obtained this way is consistent with previous
literature by Schwartz, et. al. that estimated a distance of 0.6-0.8 nm for regioregular P3HT with a
different dopant.*® It is likely that that a larger R; is associated the stabilization of the radical cation
through cation-m interaction or delocalization of the charge in the n stacks. This is consistent with
our WAXS data that shows a decrease in the n- 7 stacking distance in regioregular P3HT and this
decrease in the distance has been attributed to the delocalization of the charge in the & stacks.>® To
fit the a-o data for the blends, we used a combination of the separate doped DOS of regioregular

and regiorandom P3HT with the appropriate ratio corresponding to each blend.
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Our two-DOS model accurately captures the trends in the a-c curves with blending across the
full range of doping, including changes in the slope and relative positions of these curves, without
any further fitting. Our two-DOS model with the dopant-induced disorder also captures trends
associated with the kinetics of dedoping, discussed previously, as the doping concentration in each
region in the blend is computed from its corresponding dedoping rate. The picture that emerges is
that each structural feature in the morphology of the conjugated polymer film contributes to
transport through the DOS. The width of each initial DOS is determined by the molecular
interactions and structural disorder in that structural feature. The extent of the dopant-induced
disorder on each DOS is determined by the separation distance between the counterion and the
polymer upon doping and the extent of doping. The closer the counterion, the larger the dopant-
induced disorder. The slope of the a-c curve is not a constant as predicted by the empirical power
law, a~c"'#, but changes according to the changes in the shape of the DOS due to dopant-induced
disorder at that doping level. If the dopant-induced disorder causes a heavy exponential tail, then
transport is suppressed and the slope of the a-o curve is shallower.

Conclusions: In this work, we show that the polymer-dopant separation distance, Rs, is a
reliable parameter that impacts dopant-induced disorder, which is evidenced in the shape and
position of Seebeck-conductivity curves measured over a broad range of doping concentrations.
In the regiorandom P3HT, the smaller Rs contributes to a larger dopant-induced disorder, lowering
both conductivity and Seebeck. In the regioregular P3HT, a larger Ry leads to lower dopant-
induced disorder. The charge transport is dictated by both these DOS distributions and the location
of the Fermi level upon doping. A two-DOS model with associated dopant-induced disorder in
each region describes the observed trends in the a-o curves for regioregular P3HT, regiorandom

P3HT and their blends. The model also captures the observed trends associated with the kinetics
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of dedoping and the trends in polaron peak positions. Thus, to observe any trends in counterion
size or paracrystallinity on impact charge transport, it has to sufficiently alter Rs. Our studies also
show that the amorphous domain suffers a larger dopant-induced disorder but still contributes to
charge transport. Thus it is important to take into account the dopant-induced disorder in the

amorphous domains as we design polymers and dopants for improved charge transport.
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