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Abstract:

It is commonly assumed that charge-carrier transport in doped m-conjugated polymers is
dominated by one type of charge carrier, either holes or electrons, as determined by the
chemistry of the dopant. Here, through Seebeck coefficient and Hall effect measurements,
we show that mobile electrons significantly contribute to charge-carrier transport in -
conjugated polymers that are heavily p-doped with strong electron acceptors. Specifically,
the Seebeck coefficient of several p-doped polymers changes sign from positive to
negative as the concentration of the electron accepting FeCls or NOBF4 dopant increases,
while Hall effect measurements for the same p-doped polymers reveal that electrons
become the dominant delocalized charge carriers. Ultraviolet and inverse photoelectron

spectroscopy measurements show that doping with electron acceptors results in



elimination of the transport gap at high doping concentrations. This approach of heavy p-
type doping is demonstrated to provide a promising route to high-performance n-type

organic thermoelectric materials.

Charge-carrier transport in materials based on m-conjugated polymers (CPs) has
been of substantial interest since the discovery of electrically conductive CPs one-half
century ago,’* with the reported transport mechanisms ranging across metallic,> 3 58
semi-metallic,’ and hopping-type regimes.> 1913 Here, metallic and semi-metallic suggest
a band-like transport mechanism with the Fermi energy (Er) lying within one band of
electronic states for a metal, or at the intersection of two bands of electronic states for a
semi-metal.® CPs that possess metallic or semi-metallic properties are generally composed
of mesoscopic crystalline domains with metallic transport separated by disordered
amorphous regions that operate in the hopping-type transport regime and limit
macroscopic transport.> ' 1> By contrast, charge carriers in fully amorphous and many
semi-crystalline CPs are kinetically limited by hopping transport across all scales.

In addition to the transport mechanism, it is not always clear what polarity of
charge carriers dominate conduction in CPs.* Most often the charge-carrier polarity is
simply inferred from whether the dopant is an oxidizing (p-type doping) or reducing (n-
type doping) agent, though this is not always a correct assumption. Here, we unequivocally
demonstrate that heavy p-doping of CPs can induce mobile electrons.

The Seebeck coefficient (a), which is influenced by the energy distribution of charge

carriers relative to Er, provides important information on both the charge-carrier transport



mechanisms and energetic disorder in CPs.3 1619 |n addition, the thermoelectric (TE) figure
of merit, ZT, is proportional to a®. The sign of a is often used as a probe of charge-carrier
polarity, as typically a is positive in p-type and negative in n-type semiconductors.
However, two recent reports observed a change in the sign of a from negative to positive
as the concentration of a reducing dopant was increased in different CPs.2% 2! Although
the power factors in these reports are relatively low for both n-type and p-type
performance (< 0.81 uW m K2), they highlight the potential of using n-type dopants to
develop p-type TE materials and vice versa. Furthermore, these reports bring about
fundamental questions concerning charge-carrier transport in CPs.

Polyaniline (PANI) is a widely studied CP that can show a change in the sign of a
without changing the dopant type.> ® 14 16,2223 Here, the sign of a can change based on
pH,® the degree of crystallinity,> and even the direction of measurement in aligned PANI
samples.’” This transition from positive to negative a is attributed to the relative
contributions of metallic and hopping transport.> 16 17 However, no reports where a
changes sign present direct experimental measurements of whether electrons or holes
dominate conduction; and, as will be explained later, a negative a does not necessarily

imply that electrons dominate the electrical conductivity (o).

Herein, we demonstrate that the sign of a in many CPs can change from positive to
negative by increasing the concentrations of either the oxidizing ferric chloride (FeCls) or
nitrosonium tetrafluoroborate (NOBF4) dopants. Notably, heavily doped PDPP-4T (Fig. 1)
showcases both a high p-type power factor (PF) of 24.5 uW m™ K2 and a high n-type PF of

9.2 uW m K2 using the same FeCls dopant. We explore the origin of this sign change in a



through ultraviolet and inverse photoelectron spectroscopy (UPS and IPES, respectively),
Hall effect measurements, density functional theory (DFT) calculations, electron
paramagnetic resonance (EPR), and UV-Vis-near-IR absorbance (UV-Vis-NIR). The UPS and
IPES measurements show that the distributions of occupied and unoccupied states
converge as the doping concentration in the sample increases, leading to a vanishing
transport gap at high doping levels. With minimal transport gap, holes and electrons can
populate the occupied and unoccupied manifolds of states, respectively, and both carrier
types can contribute significantly to 0. Based on the Hall effect, EPR, and o measurements,
we propose a model whereby delocalized electrons form in the crystalline regions at
moderate and high doping levels and compete with hopping-type transport of holes in the
amorphous regions to ultimately determine whether « is negative or positive.

The CPs displayed in Fig. 1 were selected owing to their diverse chemistry, differing
morphologies, differing charge-carrier mobilities, and wide variations in electron affinities
(EA), ionization energies (IE), and transport gaps. Data derived from UPS, IPES, and UV-
Vis-NIR spectra of the pristine CPs are provided in Supplementary Table S1 and the spectra
are displayed in Fig. S2 and S3. FeCls was used as the primary dopant for its ability to dope
polymers to high doping concentrations,?® although NOBFs-doped CPs exhibit similar
trends. The polymers were doped with FeCls at doping ratios up to 1.5, where the doping

ratio refers to the molar ratio of dopant molecules to aromatic rings from the polymer.
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Fig. 1: Polymers and their EA and IE values, as measured for the undoped polymers with

IPES and UPS, respectively (for details, see Supplementary Fig.S2 and S3 and Table S1).

Fig. 2a and c show that all D-A polymers display a switch in the sign of a as the
doping ratio of FeCls increases to 2 0.67, while the homopolymers (P3HT and MEH-PPV)
do not. The first polymer that we focus on is PDPP-4T (Fig. 2a and b), as it reaches the
highest n-type and p-type PFs among all polymers investigated. At low doping
concentrations, a is positive and decreases with increasing dopant concentration.
Similarly, o increases with increasing dopant concentration and plateaus at 16-17 S cm™ at
doping ratios of 0.25 to 0.67. The UV-Vis-NIR spectra presented in Supplementary Fig. S3b
show that the neutral state absorbance continues to bleach while the polaron and
bipolaron absorbance increases throughout the entire doping range, indicating that PDPP-
4T continues to undergo further doping even at high dopant concentrations. Over the
doping region where o plateaus, a continues to steadily decrease as it moves from 69 to

22 pV Kt and flips its sign to reach -74 pV K. As a result, the PF changes from a maximum



of 25 pW m K2 when «a is positive to a maximum of 9.2 uW m™ K2 when a is negative.
This CP thereby shows both high p-type and high n-type PFs when only the dopant

concentration is varied (see Supplementary Table S2 for a comparison of n-type polymers).
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Fig. 2. Seebeck coefficient and electrical conductivity data for the CPs shown in Fig. 1 with
varying FeCl; doping ratios. Seebeck coefficient (a), electrical conductivity (a), and power
factor (b) for PDPP-4T, and Seebeck coefficients (c) and electrical conductivities (d) for all
CPs investigated. Error bars are equal to + one standard deviation from three to six individual

samples measured for each doping ratio.

Fundamentally, and for the future design of CPs, it is important to identify why a
changes sign. The Seebeck effect originates from the entropically driven diffusion of

charge carriers and a can be defined by Equation 1 and Supplementary Equation $1.?



These equations apply regardless of the charge-carrier transport mechanism, material

morphology, or material type.” %

k ; E—Ep. o(E) .
a= _EI(WF)TdE Equation 1.

Here, o(E) is affected by the DOS distribution, the Fermi distribution function, and the
mobility of charge carriers at different energies, as further discussed in Supplemental

Discussion S1. Defining the transport energy (E7) as the average energy of charge carriers
weighted by their contribution to the total electrical conductivity, Er = fE%E)dE, if Et

lies above (below) Er then o is negative (positive), as illustrated in Supplementary Fig. S4.
In a metal, due to the large number of mobile electrons near Ef, the sign of « is often
determined by the sign of do/dE at Er.2® Notably, many metals with electrons as the charge
carriers display positive a.?” In doped semiconductors the sign of @ normally depends on
the sign of the charge carrier, with positive and negative a for p- and n-doped materials,
respectively. This trend is because Eris typically above Er in an n-doped material and below
Er in a p-doped material. However, & may change sign at high doping levels in a
semiconductor if Er is pushed far enough into a band of states such that a metallic DOS
appears or if the addition of a chemical dopant significantly alters the DOS distribution

(e.g., as can occur in CPs).2021

The formation of new mobile states upon doping, specifically charge-transfer
complexes with localized character lying at energies below Er, was previously offered as
an explanation for the change in the sign of a in n-doped PNDI2TEG-2T (see Supplementary

Fig. S1 for polymer structures).?! On the other hand, the change in the sign of « for n-
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doped P(PymPh) was attributed to significant filling of the LUMO band,?® essentially
considering the heavily doped material as a metal (or Fermi glass) where E¢ sits near the
middle of a band of electronic states.® In both examples, the DOS and its relationship to Er
is critical. Thus, to probe the change in the energies of the occupied and unoccupied states
relative to Er we performed UPS and IPES measurements on PDPP-4T as a function of FeCl;

loading.

The UPS and IPES data in Fig. 3 reveal that the transport gap narrows and eventually
vanishes as doping increases. The undoped sample appears as expected, with Er falling
approximately halfway between the occupied (or HOMO) and unoccupied (or LUMO)
bands and a 1.50 eV transport gap. As the doping concentration increases to 0.05, Er
moves closer to the HOMO onset, both the IE and EA increase slightly, and the transport
gap is reduced to 1.30 eV. At 0.10 doping ratio the work function, IE, and EA increase and
the transport gap further narrows. Notably, the increase in IE supports the recently
updated model of energetics in doped CPs.?830 For the 0.10 doped sample, the transport
gap reduces to 0.70 eV based on a linear fit to the lower third of the main onset regions.
However, a tail of states in the IPES spectrum extends nearly to Ef, and accounting for this
tail reduces the transport gap to only 0.40 eV. The doping ratio of 0.67 leads to a more
pronounced signal in the IPES tail region that extends to Er and a reduced transport gap of
< 0.10 eV. This series of UPS and IPES spectra indicate that the DOS significantly changes
upon doping, as opposed to Ersimply pushing into the band of occupied states. Here, the
IPES and UPS spectra are most consistent with a semi-metallic DOS at high doping ratios.

The convergence of the DOS is not unique to PDPP-4T, as UPS and IPES spectra of RR-P3HT



and PCDTBT at FeCls doping ratios = 0.43, as shown in Supplementary Fig. S5, reveal the
same trends. Additional UPS and IPES measurements conducted on NOBF, doped PDPP-

4T show a similar convergence of the DOS, indicating that these new states are largely

from the polymer and not FeCls (Supplementary Fig. S6 and Discussion S2).
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Fig. 3: Combined UPS and IPES spectra of PDPP-4T polymer films doped with FeCls; at
varying ratios. Doping ratios (defined as the molar ratio of FeCls dopant molecules to
aromatic rings from the polymer) of 0 (a and b), 0.05 (c and d), 0.10 (e and f), and 0.67 (g
and h) are displayed. Panels b, d, f and h have intensity on a logarithmic scale. IPES data
is shown with dots indicating each data point and solid lines indicating a fit to the data
using binomial smoothing. The UPS data (solid lines primarily at energies greater than Ef)
is not smoothed. The work functions of the samples are 4.44, 5.02, 5.20, and 5.35 eV for
the samples with doping ratios of 0, 0.05, 0.10, and 0.67, respectively. The IPES detector
filter energy for undoped PDPP-4T is 4.40 eV, 4.88 eV for the 0.05 dopant ratio, and 5.80
eV for the 0.10 and 0.67 ratios. It is clear from these measurements that the transport gap

shrinks with increasing concentration of the FeCl; p-dopant.
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To investigate the nature of the charge carriers, we turn to Hall effect
measurements, which can reveal the sign of the dominant mobile charge carriers
undergoing band-like transport (see Supplemental Discussion S3 for a discussion of band-
like transport). The Hall effect studies were performed with a sensitive ac-Hall method.3%
32 Here, the negative or positive in-phase component of the Hall voltage corresponds to
electrons or holes, respectively, as verified by control measurements of pristine rubrene
single-crystal OFETs known to operate as p-type FETs** and commercially available n-
doped Si wafers (Fig. 4). A Vuai >0 would indicate that holes are the dominant delocalized
charge carriers and would be most consistent with a metallic DOS with Er pushed into the
band of occupied states. On the other hand, Vuai < 0 would indicate that delocalized
electrons are present, which would be consistent with a semi-metallic DOS with electrons
moving through the unoccupied manifold of states. Fig. 4 indeed shows that both PDPP-
4T and RR-P3HT that are moderately to highly p-doped with FeClz show a negative Hall
voltage, indicating electrons are the dominant band-like (i.e., delocalized) charge carriers.
The n-type Hall effect in PDPP-4T heavily doped with FeCls at 0.67 doping ratio is consistent
with the negative o; however, PDPP-4T with a lower doping ratio of 0.10 and RR-P3HT with
0.10 and 0.67 doping ratios also show an n-type Hall effect (Fig. 4 and Supplementary Fig.
S8) even though «a is positive. We note that segregation of FeCls into clusters, with
preferential electron transport through such phases, can be excluded from the possible
mechanisms of the observed electron conduction (see Supplemental Discussion S5 for a
discussion of control experiments). Additional discussion of the Hall effect data can be

found in Supplemental Discussion S4.
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To rationalize the Hall effect and a data, one must keep in mind that: (a) the motion
of electrons and holes may be governed by different mechanisms, such as hopping or
band-like transport, and (b) while both hopping and band-like carriers contribute to the
Seebeck effect, only the band-like carriers experience the classic Lorentz force and
contribute to the Hall effect. We therefore propose that the negative Hall voltages
observed for the PDPP-4T and RR-P3HT samples with positive a can be explained by the
primary sensitivity of the Hall effect to delocalized charge carriers with more band-like
character.3? For samples with doping ratios < 0.10, hopping-type transport of holes is
dominant, leading to positive a and an indiscernible Hall effect (Supplementary Fig. S8).
For doping ratios > 0.10, the contribution of holes diminishes while that of delocalized
electrons increases. Notably, on the scale of the thin film the transport is not band-like, as
temperature dependent o measurements (Supplementary Fig. S9) of both PDPP-4T and
RR-P3HT fit well with models of hopping-type transport.’® Thus, the band-like transport
revealed by the Hall effect measurements likely occurs over tens of nanometers in
crystalline regions and is disrupted by amorphous regions. Building upon early work with
PANI,> %1617 our a and Hall effect measurements provide direct experimental evidence
for the presence of both positive and negative charge carriers that move through different

transport mechanisms in p-doped CPs.
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Fig. 4. ac-Hall effect measurements of CP films heavily doped with FeCls. (a) Schematics

of ac-Hall effect measurements using an ac magnetic field, B, oscillating at a frequency f =

0.7 — 0.8 Hz, and an ac Hall voltage, Vuai, detected by a lock-in amplifier, while a

longitudinal dc current, Isp, flows between the source (S) and drain (D) contacts. The Hall

data for FeCls-doped PDPP-4T (b) and FeCls-doped RR-P3HT (c) with doping ratios of 0.67.

(d) Control ac-Hall measurements of an n-doped Si wafer to verify the carrier sign

assignment. The in-phase and out-of-phase components of Vuai, with the corresponding

Isp values indicated, are shown in the upper panels.

The source-drain voltage, Vsp,

corresponding to different Isp, are shown in the lower panels. The “ups” and “downs” in

the Vuai signal are due to /sp being switched on and off to establish the zero-current

12



baseline of the Hall voltage. The resultant Hall mobility vs. conductivity (e) and Hall carrier
density vs. conductivity (f) for a collection of all measured polymer samples (each data
point is an average of at least four measurements on one sample). Note: nuai and o are
the 3D values obtained from the corresponding measured 2D (projected) values by
dividing them by the film thickness. (e and f) Error bars are based on the standard error in
film thickness measurements and the standard deviation in values extracted from the Hall
effect measurements at differing currents. The main observation is the negative sign of
the in-phase Hall voltage (relative to the zero-current background) in CPs heavily doped

with an oxidizing dopant (FeCls), signaling an electron dominant charge transport.

Quantitative EPR measurements were conducted on PDPP-4T and RR-P3HT films
doped with NOBF4 to provide additional insight into the nature of the charge carriers,
including whether unpaired (polarons) or paired (bipolarons) electron spin states were
created through doping and the quantity of unpaired electrons (spins), as shown in Fig. 5a
and Supplementary Fig. S10. The dopant NOBF4 was used in place of FeCls to eliminate
interference and line broadening from FeCls.3 As the NOBF,4 doping ratio increases from
0.015 to 0.10 the spin concentration increases steadily from 9.4x10*8 to 5.1x10° spins cm"
3, as shown in Fig. 5a. Following this initial rapid increase, the spin concentration remains
constant as the doping ratio increases from 0.10 to 0.40 and increases by ca. 30% as the
doping ratio increases further to 0.67. This relatively small increase in spin concentration
between 0.10 and 0.67 doping ratios, combined with the five-fold decrease in the neutral
state UV-Vis-NIR absorbance over this doping region (Supplementary Fig. S3c), indicates
that primarily bipolarons are forming beyond a doping ratio of 0.10. At 0.67 doping ratio

13



the spin concentration is 6.7x10%° spins cm3, which corresponds with 1.9% of a spin per
aromatic ring in the sample. This amount of spin per aromatic ring is similar to PEDOT:PSS,
where values range from 0 to 2.3%, and the dominant charge-carriers are bipolarons.® EPR
peak broadening (Supplementary Fig. S10b) supports that the unpaired electrons
continuously become more delocalized as the doping ratio increases to 0.10 and beyond.*™
35 These trends are not unique to PDPP-4T, as RR-P3HT shows similar changes in spin
concentration and peak broadening with increasing doping ratios (Fig. 5a and
Supplementary Fig. S10d). Interestingly, RR-P3HT displays a lower maximum spin
concentration than PDPP-4T and does not show the increase in spin concentration
between 0.40 and 0.67 doping ratios that PDPP-4T does. It is possible that the additional
unpaired electrons appearing in PDPP-4T between 0.40 and 0.67 doping ratios, which are
absent in RR-P3HT, play a role in influencing the sign change of a.

Combining the EPR, UPS, IPES, UV-Vis-NIR, and Hall effect measurements with DFT
calculations we present a picture of how the electronic states vary as a function of doping
concentration, as shown in Fig. 5b-f. At low doping concentrations, Coulomb interactions
increase the IE and EA and the now singly spin occupied and unoccupied spatial orbitals
are split.?83% These trends are shown by DFT-derived frontier molecular orbital energies
for neutral and singly charged oligomers of five different systems studied here
(Supplementary Table S4 and S5). Beyond this low-doping regime we turn primarily to
experimental data, as accurate DFT calculations of electronic states at high doping

concentrations requires further development and validation.3% 3¢
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The DOS and charge-carrier distribution schematics shown in Fig. 5b-f are
supported by (i) EPR results that show bipolarons begin to form and more delocalized
unpaired electronic states appear at higher doping ratios, (ii) UPS and IPES results that
show both the IE and EA continue to increase while the transport gap narrows, and (iii)
Hall effect measurements that show electrons become the dominant delocalized charge
carriers. Conceptually, we consider these electrons as moving within a delocalized band
in the crystalline regions, as shown in Fig. 5e and f. Concurrently, positively charged
carriers that display more localized character are present in the amorphous regions. The
more localized nature of these charged carriers is supported by the hopping-type transport
observed in the temperature dependent o measurements, while the observation of
positive a (even when negative Hall voltages are detected) combined with the oxidizing
nature of FeCls supports their positive polarity. Temperature dependent a measurements
further support that both hopping and semi-metallic charge carriers are present, as

discussed in Supplemental Discussion S6 and presented in Supplementary Fig. $12 and S13.
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Fig. 5. Quantitative spin concentrations and schematics depicting the density of states and

charge-carrier transport in CPs as a function of FeCls or NOBF, doping ratio. (a) Spin
concentrations as determined by EPR for NOBF4 doped PDPP-4T and RR-P3HT. (b) Density
of states schematic highlighting how Coulomb interactions, spin orbital splitting, and
bipolaron formation result in the narrowing of the transport gap and a shift in the transport
energy (Er) from below the Fermi energy (Ef) to above Er. In (b) black arrows represent
electrons, gray and pink dashed lines indicate the positions of Er and E7, respectively, the
blue parabola indicates the distribution of unoccupied spin orbitals and orange parabolas
indicate the band composed of bipolarons and unoccupied spin orbitals. (c-f) Schematics
illustrating transport in CPs with varying doping levels. In (c-f) green ovals represent
neutral polymer segments, blue ovals represent polymer segments with polaron character,

orange ovals represent polymer segments with bipolaron character, h* indicates a hole
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from a polaron, e indicates delocalized electrons in the bipolaron band, curved black
arrows indicate hopping type transport, and white arrows indicate more band-like

transport occurring in the ordered regions.

An important question remaining is what determines whether a CP will display a
sign change in a? Influential factors likely include the size and structure of the dopant (for
example, RR-P3HT doped with F4TCNQ shows positive Hall voltages,>” as does
electrochemically doped RR-P3HT with TFSI as a counterion),’® polymer structure,
crystalline packing,3® morphology, and dopant distribution. The presence of negative
charge carriers in the crystalline regions alone does not necessarily imply a negative a.
Rather, it is the balance between contributions from charge carriers in the amorphous and
crystalline regions that ultimately determines the sign of a when both carrier types are
present. Thus, in considering whether a CP will show a change in the sign of a, the relative
energies of electronic states in the amorphous and crystalline regions must be considered
along with the charge-carrier mobilities in both phases (see Supplemental Discussion S1
for more details).

This work highlights the potential of doping CPs with strong electron acceptors to
achieve high-performing p- and n-type thermoelectrics, both realized in the same
CP/dopant system by varying only the concentration of the dopant. Through this approach,
traditionally viewed p-type CPs with EAs that make n-type doping difficult can now be
investigated for n-type thermoelectric materials through heavy p-type doping. This

strategy thereby significantly enriches the potential library of n-type CPs for
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thermoelectric applications. Several CPs demonstrate a change in the sign of the Seebeck
coefficient from positive to negative, thus showing the generality of this approach.
Fundamentally, our work builds upon work from the 1980s and 1990s, where positive and
negative a were observed in PANI. Here, our combined Hall and Seebeck measurements
provide direct evidence that both holes and electrons contribute significantly to a, with
the positive and negative charge carriers displaying hopping and band-like transport,
respectively. The UPS and IPES measurements show that the occupied and unoccupied
states converge upon heavy doping in the CPs examined, leading to a diminishing transport
gap and a semi-metallic DOS. As a result, the sign of a is determined by the balance
between electron and hole conduction.
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Methods

Materials. RR-P3HT and RRa-P3HT (Rieke metals); iron (Ill) chloride (anhydrous, 98%, crystalline,
Alfa Aesar); chloroform (Anhydrous, stabilized with 1% ethanol, DriSolv); acetonitrile (>99.5%,
Sigma-Aldrich); MEH-PPV (M, 40,000-70,000, Sigma-Aldrich), PCDTBT (M, 100,000-140,000,
Sigma-Aldrich); NOBF4(98%, Alfa Aesar) and bismuth metal (99.99%, Kurt J.Lesker) were purchased
from the indicated suppliers and used as received. PDPP-4T, PDPP-T-TT-T, PBTII-T,, and PbisBTII-
T,F, were synthesized following previous references.3**

Solution preparation. All solution preparation and film casting were conducted in a nitrogen filled
glovebox with H,0 and O; typically < 0.1 ppm. RR-P3HT and RRa-P3HT were dissolved in chloroform
(10 mg mL?t); PDPP-4T, PDPP-T-TT-T, MEH-PPV, PCDTBT, PBTII-T, and PbisBTII-T,F, were prepared
at 5 mg mLtin chloroform; FeCl; was prepared in chloroform at 10 mg mL™; NOBF, was prepared
in acetonitrile at 2.5 mg mL. Solutions of the polymer and dopant were formed through mixing
the pure polymer solution with the dopant solution at varying concentrations. For NOBF, doped
samples, NOBF, solution was used for doping ratios < 0.16, and NOBF, solid was used for doping
ratios > 0.16. The dopant ratio corresponds to the molar ratio of dopant molecules to aromatic
rings from the polymer. The moles of aromatic rings from the polymer were determined by
calculating the molar mass of the polymer repeat unit and dividing by the number of aromatic rings
to determine the molar mass per aromatic ring. Fused rings, such as the DPP unit, were counted
as two aromatic rings. The doped solutions were stirred on a hotplate at 40 °C for 10 hours. Films
were fabricated by drop-casting onto cleaned glass substrates. Film thicknesses ranged from 2 to
4 um.
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UPS and IPES. UPS measurements were carried out in a PHI 5600 UHV system with an 11-inch
diameter hemispherical electron energy analyzer with multichannel detector. The photon source
for the UPS measurements was an Excitech H Lyman-a lamp (E-LUX™121, 10.2 eV emission)
coupled with a 90° ellipsoidal mirror (E-LUX™ EEM Optical Module) with a dry oxygen purge of the
beam path at 7 - 9 Torr, as detailed in a previous publication.*? Negative 5 V bias was applied to all
samples during UPS measurements and the measurements were conducted with a pass energy of
5 eV. IPES measurements were collected in Bremsstrahlung isochromat mode with electron kinetic
energies below 5 eV to minimize sample damage. The low energy electron beam was generated
using a Kimball Physics ELG-2 electron gun equipped with a low temperature (1150
K) BaO cathode. Emitted photons were collected and focused with afused silica bi-convex
lensinto the photon detector that consisted of an optical bandpass filter (214 nm,
Andover corporation, 254 nm or 280 nm, Semrock) and a photomultipler tube (R585, Hamamatsu
Photonics). External light was completely blocked from the IPES system duringall IPES
measurements and the samples were biased at -20 V during measurement.?

Sheet resistance. Sheet resistance was measured with a four-point probe setup (Signatone S302-
4, Keithley 2450 source meter); film thicknesses were measured with a Dektak D6M/32
profilometer.

Seebeck coefficient measurement. A custom-built setup was used to check the Seebeck
coefficient, as detailed in our previous report.**> 100 nm bismuth (calibrated a = -62.1+2.6 uV K?)
and 100 nm of gold, for serving as a standard to monitor the temperature difference and to serve
as electrodes and electrical contact pads, respectively, were thermally evaporated at <1x10°® Torr.
Examples of sample measurements are shown in Fig. S11. Error bars in the Seebeck coefficients
are calculated based on the standard deviation in the measured Seebeck coefficients of three to
six individual samples.

UV-Vis-NIR absorbance measurement. Samples for UV-Vis-NIR absorbance were prepared by spin
casting 75 pL of 5 mg mL* doped CP solutions on glass (for 350-1800 nm measurements) or
sapphire (for 300-3300 nm measurements) substrates with 1000 rpm spin speed for 30 seconds in
an N, filled glovebox. 350-1800 nm UV-vis-NIR spectra were measured with an Agilent
Technologies Cary 6000i UV-Vis-NIR spectrophotometer at room temperature; 300-3300 nm UV-
Vis-NIR spectra were measured with an Agilent Technologies Cary 5000 UV-Vis-NIR
spectrophotometer at room temperature. The 300-3300 nm scans were conducted with the
sample under a nitrogen purge with a scan rate of 600 nm min at room temperature. The baseline
was collected with a blank glass or sapphire substrate.

Hall effect measurement. Samples for Hall effect measurements were prepared in the Graham
laboratory at UK and shipped overnight in nitrogen sealed pouches to the Podzorov group at
Rutgers for testing. In the ac-Hall effect measurements, a low-frequency (< 1.5 Hz) ac magnetic
field of a small magnitude (r.m.s. B = 0.23 T), applied perpendicular to the film’s plane, is used in
combination with a phase-sensitive detection of the corresponding ac-Hall voltage, Vi, by a lock-
in amplifier, while a longitudinal source-drain excitation dc-current, Isp, is applied to the film (Fig.
4 of the main text). All electric measurements were carried out at room temperature in a coarse
vacuum (102 Torr). Keithley K6221 current source, Hewlett-Packard HP34401A multimeter and
Keithley K6514 electrometer were used to set the source-drain current, /sp, measure the source-
drain voltage, Vsp, and monitor the four-probe voltage, Vi, respectively. In the four-probe
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conductivity measurements, Isp flows between the source and drain contacts, while Vsp and Vs, are
measured between the source and drain contacts and the voltage probes along the conducting
channel, respectively (Fig. 4 of the main text).*** This allows comparing the contact-resistance
corrected (that is, the four-probe) longitudinal conductivity of the doped polymer films, g4, =
(D/W) - (ISD/V4p), with its two-probe conductivity, a3, = (L/W) * (Isp/Vsp), where D is the
center-to-center distance between the voltage probes along the channel, W is the channel width,
and L is the channel length. We first verified that the doped polymer samples studied here were
not contact limited by performing measurements of the longitudinal transport via the four-probe
technique. In this work, we use the sheet conductivity (per square) in Siemens (1S=1 Q) divided
by the film thickness to calculate the electric conductivity in S cm™. In the ac-Hall measurements,
the in-phase and out-of-phase components of the Hall voltage, Viai® and Via°®, are registered by
a Stanford Research SR830 lock-in amplifier tuned into the frequency of the ac-B field. The ac-B
field is measured by a Gaussmeter that provides a reference signal for the lock-in. The net Hall
voltage, Vi, is determined as the absolute value of a vector with the components Vii® and Viai®:

. 2 2
Viau = \/(VHLz”) + (V;fu) , following the previously developed procedure.?® The ac-B field is

generated by a rotating assembly of permanent neodymium (Nd) magnets. In the polymer devices
studied here, L =W =1 mm, and D =0.34mm. However, since the polymer films were unpatterned,
the Hall mobility and carrier densities, tan and nuani, reported in the main text (Fig. 4 of the main
text) should be taken as estimates, rather than precise values, merely for sample comparison.

Electron paramagnetic resonance (EPR). Samples were prepared for EPR measurements by drop
casting doped polymer solutions in chloroform on clean microscope glass slides, scraping off the
dried films, and loading them into EPR-grade quartz tubes in a nitrogen-filled glovebox (O, < 1ppm,
H,O < 1ppm). The dopant concentration was adjusted according to the previously mentioned
details to reach the correct dopant ratio. The EPR tubes were sealed with PTFE tape, plastic caps,
and wrapped with parafilm before moving out of the glovebox. All samples were checked within
five hours after being made. Electron paramagnetic resonance (EPR) spectroscopy was performed
at ambient temperature (~21 °C) on a Bruker EMXplus EPR spectrometer (Billerica, MA) with an X-
band cavity. Non-doped polymer, pure dopant, and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
were used as control samples. All EPR spectra for a given material that are presented on the same
plot were obtained on a single day. The sample was placed into the cavity, the cavity was tuned
using the WInEPR auto-tuning method, and EPR peaks were measured. Parameters for measuring
the samples were microwave frequency 9.877 GHz; modulation frequency 100 kHz; time constant
40.96 ms; conversion time 42 ms; resolution 1024; center field 3524 G; modulation amplitude 1.0
G; receiver gain 6.32 x 10%; sweep width 100 G; and microwave power of 2 or 0.02 mW. The g-value
axis was calibrated relative to a crystalline 2,2-diphenyl-1-picrylhydrazine (DPPH) standard using
Bruker WInEPR software. Analysis of EPR peaks was initially performed using Bruker WinEPR
software and further analyzed in Igor Pro.

EPR measurements were initially conducted on samples with quantities ranging from 0.1 mg polymer
to 3 mg of polymer. Inthe 3 mg samples, clear polymer saturation effects (i.e., artificial peak broadening,
Q values <1000) were observed and led to inaccurate quantification of spin densities for samples with
doping ratios above 0.05. For the higher doped samples (e.g., 0.40 doping ratio), <0.5 mg samples were
necessary to avoid saturation effects. Notably, due to the delocalized nature of electrons in the CP
samples, saturation effects are observed at much lower total spin quantities than observed for common
EPR standards, such as TEMPO,*® where the unpaired electrons are more localized. All measurements
reported in the manuscript and Sl use 0.2 mg of polymer, unless otherwise noted. EPR measurements
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at varying powers were recorded to ensure that the microwave power used for the measurements did
not result in artificial line broadening and was in the range where the signal intensity increased with the
square root of the microwave power.

The spin density was quantified in NOBF; doped PDPP-4T and RR-P3HT samples through comparing
the intensity of the double integral of the EPR spectra to a standard curve constructed from TEMPO in
toluene and accounting for the quality factor (Q).*” Briefly, two separate TEMPO calibration series were
performed with the total number of TEMPO molecules in a 100 or 50 plL volume ranging from 1.0 x 10%°
to 4.0 x 10Y. The double integral of the EPR spectra divided by Q, where Q is the quality factor of the
EPR cavity when the sample of interest is present, was plotted vs. the number of spins in the sample to
construct a calibration curve. Based on the standard deviation of the TEMPO calibration samples, the
uncertainty in spin concentration is £10%. To determine the spin concentration in the polymer samples,
the total number of unpaired electrons was first calculated by comparing the double integral intensity/Q
value to the calibration curve. The spin ratio per aromatic ring was determined by dividing the total
number of spins by the total number of aromatic rings present in the sample. The total spin
concentrations (i.e., spins cm3) in the samples were calculated based on the dopant and polymer mass
in the samples combined with the dopant density (2.18 g cm™ for NOBF,4) and polymer density (1.1 g cm
3, assuming PDPP-4T and RR-P3HT have a similar density).*® This calculated density does not account for
the loss of NO, which may occur upon doping, and neglects changes in crystalline structure that may lead
to additional density changes.

Density functional theory (DFT) calculations. Density functional theory (DFT) calculations were carried
out on select oligomers to represent the polymers in the study using the Gaussian 16 (Rev. A.03)
software suite.*® Specifically, the DFT calculations were performed at the optimally tuned (OT)-LC-
wPBE/6-31G(d,p) level of theory;>** the (OT)-LC-wPBE functional was selected to avoid substantial
multielectron self-interaction errors observed with many commonly used functionals. Omega tuning
was performed via the iterative, nonempirical ionization potential (IP) tuning procedure.®® Normal
mode analyses were carried out for all optimized structures to ensure that the geometries were
located in minima on the potential energy surface. We note that calculations were also carried out
for higher oxidation states than those reported; however, due to the lack of Coulombic screening
of like charges on the same oligomer from either the dopant counterion or the polarizable
environment, we do not report these data.>” Further, many of the higher oxidation states can have
multiple spin multiplicities, and we note that not all of the optimized charge and spin states led to
states that possessed no negative normal modes, i.e. the optimized geometries were transition
states. We suspect that this could be an issue in using computational methods in exploring
polymer/oligomer systems with high oxidation states and that the normal mode analyses need to
be completed and reported.

Temperature dependent Seebeck coefficient measurements. The device structure for measuring
temperature dependent Seebeck coefficients is shown in Fig. S12a. Glass substrates of 1”x1” size
and 1 mm thickness were cut from 1”x 3” glass microscope slides (VWR) and were sequentially
sonicated in aqueous detergent (sodium dodecyl sulfate, Sigma-Aldrich), deionized water, acetone,
and 2-propanol (IPA) each for 15 minutes followed by 10 minutes of UV-ozone treatment. An
adhesion layer of 2 nm of Cr followed by 50 nm of gold was deposited through thermal vapor
deposition at 1 x 10 Torr with a shadow mask used to define the pattern shown in Fig. S12a. The
channel length was set to 2 mm with 200 um wide gold contacts. Later 100 nm of bismuth was
thermally deposited through a different shadow mask at the same pressure. Doped polymers were
drop cast on the substrate in the glovebox (see Fig. S12a for area of deposition) and then
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transferred to a custom-built vacuum chamber in ambient atmosphere, as shown in Fig S12b, with
air exposure typically lasting 2-5 minutes. The pressure in the chamber was held between 1 and 4
Torr for the rest of the measurements. A multi stage Peltier module (TE-2-(127-127)-1.15) is
coupled with a TC-48-20 controller and MP-3176 thermistor all purchased from TE Technology, Inc.
to control the temperature of the substrates. The Peltier module is thermally connected with the
base of the chamber where 4 cooling fluid lines held at -10 °C provide additional cooling and heat
removal. Two electrical feedthroughs (Belilove Company—Engineers) are used to bring the
electrical wires into the vacuum chamber. Noctua NT-H1 thermal paste was used to ensure good
thermal contact between Peltier module, aluminum stage and substrate.

For each Seebeck coefficient measurement the temperature of the stage was held constant for
at least 10 minutes before measurement to ensure a constant temperature on the substrate. The
temperature gradient was provided by Joule heating of the on-chip heater line while sourcing
current between pin 5 and 6 with 4 different applied voltages (2, 4, 8 and 10 V). The potential
difference is measured betwen pin 1 and 2 (for polymer) and pin 3 and 4 (for bismuth, which acts
as a standard to determine the temperature difference) with two Keithley 2100 6%-digit USB
multimeters. By using equation at AT=AVgi/as;, the voltage across the bismuth film is converted to
a temperature difference. The temperature gradient across bismuth should equal the temperature
gradient across the polymer based on the heater line layout and the locations of thermal contact
with the underlying Al block. Fig. S12c. shows the thermoelectric voltage of the bismuth film and
calculated temperature gradient across the film as a function of time and applied power to heater
line at 21°C. At each heater line power increment, the temperature and polymer thermoelectric
voltage (following ramp-up) is averaged to obtain a single value as shown in Fig. S12d. These
average voltage and temperature measurements at each heater line power increment are plotted
and the slope of the linear fit is used to determine the Seebeck coefficient of the polymer film at
that substrate temperature.

The temperature response of a for 100 nm films of thermally evaporated bismuth is linear
between 100 and 400 K and can be approximately written as S=-0.123T+S,.°® The temperature
difference across our films was calculated based on this equation, with So as -25.3 Vv K.
Additionally, we observed the expected linear dependence of the temperature gradient with
respect to the power applied to the on-chip heater line (P o V2), as shown in Fig. S12e.°
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