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1. Experimental Data and Figures
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Fig. S1. Chemical structures of the various polymer and dopant acronyms listed in the manuscript and

Supplementary Information.
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Fig. S2. UPS and IPES of pristine polymers. IPES data is shown with dots indicating each data
point and solid lines showing a smoothed fit to the data using binomial smoothing. The UPS data
(solid lines primarily at energies greater than E) is not smoothed. a) MEH-PPV; b) RR-P3HT; c)
RRa-P3HT; d) PDPP-T-TT-T; e) PDPP-4T; f) PCDTBT; and g) PBTII-T,, and h) PBisBTII-T,F,.
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Fig. S3: UV-Vis-NIR absorbance spectra of all pristine polymers and PDPP-4T and RR-P3HT upon
doping at varying concentrations. (a) UV-Vis-NIR absorbance spectra of all pristine polymer, (b)
PDPP-4T upon doping with FeCl; and (c) upon doping with NOBF, at varying doping ratios. (d)
FeCl; doped RR-P3HT at varying doping ratios. All films were prepared in a glovebox and measured
outside of the glovebox in a linear transmission geometry. It is more relevant to compare the peak
ratios as compared to the absolute absorbance, as the film thicknesses are all slightly different
due to the effects of doping on solution viscosity and resulting film thickness. In (a) the effects of
scattering were corrected for, but no correction for scattering was made in b-d.

Table S1. Experimentally measured IE, EA, band gap, and optical gap of all CPs included in this
work.

Electron lonization

affinity* energy* Work Function Transportgap Optical gap
Polymers (EA)(eV) (IE)(eV) (E7) (eV) (eV) (eV)
PDPP-4T 3.57 5.07 4.44 1.50 1.34
PDPP-T-TT-T 3.51 5.10 4.55 1.59 1.32
PBTII-T; 3.49 5.12 4.60 1.63 1.35
PbisBTII-T,F; 3.68 5.03 4.55 1.35 1.20
PCDTBT 3.40 5.32 4.70 1.92 1.85
RR-P3HT 2.65 4.54 4.23 1.89 1.94
RRa-P3HT 2.59 4.84 4.59 2.25 2.23
MEH-PPV 2.80 5.22 4.77 2.42 2.15




*Uncertainty in the EA is £0.08 eV and uncertainty in the IE is £0.05 eV based on sample to
sample variations and uncertainty associated with fitting the onset.

Table S2 Thermoelectric properties of doped n-type conjugated polymers

Polymer D-A Dopant Doping o a PFmax change in
polymer metho sign of a
d (Sem™)  (uvK') (uW m*
K?)

BBL' no TDAE solution 1.2 -60 0.43 no
FBDPPV? no N-DMBI  solution 14 -140 28 no
PNDTI-BBT-DP® no N-DMBI  solution 5 -169 14 no
P(PymPh)* no NaNap solution 18 -16.4 0.485 yes (n to

p)
P(NDI20OD- yes TDAE vapor 0.1 -447 1.5 no
Tz2)!
TEG-N2200° yes N-DMBI  solution 0.17 -153 04 no
P(gNDI-gt2)® yes N-DMBI  solution 0.3 -93 0.4 no
P(NDIOD-T2)’ yes N-DMBI  solution 0.008 -850 0.6 no
PDPF® yes N-DMBI  solution 1.3 -235 4.65 no
PNDI2TEG-2T°  yes N-DMBI  solution 0.0007 57.2 0.0002 yes (n to

p)
PNDI2TEG-2TZ° vyes N-DMBI  solution 1.8 -159 4.6 no
PbisBTII-T,F; yes FeCls solution 0.28 -17 0.01 yes (p to
(This work) n)
PBTII-T, (This yes FeCls solution 11.5 -10.5 0.13 yes (p to
work) n)
PDPP-T-TT-T yes FeCls solution  0.042 -191.6 0.16 yes (p to
(This work) n)
PCDTBT (This vyes FeCls solution 4.1 -24.5 0.25 yes (p to
work) n)
PDPP-4T (This yes FeCls solution 16.8 -74 9.2 yes (p to
work) n)




Table S3: Adiabatic IE (AIE) and AEA of model oligomers as determined at the OT-wPBE/6-31G(d,p)
level of theory. Note that the optimally tuned w value for each system is listed for reference.

Polymers w AEA (eV) AIE (eV)
PDPP-4T 0.126 2.17 5.57
PDPP-T-TT-T 0.123 2.25 5.61
PCDTBT 0.156 1.72 5.80
RR-P3HT 0.144 1.36 5.26
MEH-PPV 0.133 1.17 5.03

Table S4: Select frontier molecular orbital energies (eV) for the oligomers in the neutral state as
determined at the OT-wPBE/6-31G(d,p) level of theory.

PDPP-T-TT-T  PDPP-4T PCDTBT RR-P3HT  MEH-PPV
LUMO -2.15 -2.06 -1.53 -0.94 -1.01
HOMO ~5.69 -5.68 —6.11 —5.75 —5.22
HOMO-1 -5.89 —5.85 -6.26 -5.89 -5.37

In quantum chemistry, it is common to consider spin “restricted” and “unrestricted” molecular
orbitals. In the spin restricted case, alpha and beta electrons are restrained to a single spatial
orbital, and the terminology doubly occupied orbital is used. This scenario is generally used to
describe the electronic structure of closed-shell (all electrons are paired) molecules. In the spin
unrestricted case, the spatial-orbital restrictions on the spin alpha and spin beta electrons are
lifted, and every electron occupies individual spatial orbitals. When the spin unrestricted
scenario is used to describe a system with an even number of electrons, the resulting electronic
structure is often quite like that described by the restricted calculations. Here, we are interested
in describing what happens upon oxidation, where a chromophore (or segment of the polymer)
in the thin film goes from an even number of electrons to an odd number of electrons. For the
depiction of the electronic structure shown in Fig. 5, the black doubly occupied (and
unoccupied) orbitals represent chromophores in the polymer matrix that have not been
oxidized (closed shell); this scenario can be described by both spin restricted and unrestricted
spatial orbitals, though we show only the former. Upon oxidation of a chromophore, we denote
the singly occupied spin orbitals, which are energetically stabilized when compared to their
initial energetic positions, in light blue, and the unoccupied spin orbitals (from which the
electrons were removed), which are energetically destabilized, in dark blue; these situations are
necessarily being described in the unrestricted sense.



Table S5: Select frontier molecular orbital energies (in eV) for the oligomers in the radical-cation
state as determined at the OT-wPBE/6-31G(d,p) level of theory. The molecular orbitals, apart from
the lowest unoccupied spin orbital (LUSO) from which the electron was removed upon oxidation,
are reported in a parlance consistent with the naming used for the neutral state. The alpha ()
and beta (B) spins are explicitly denoted.

PDPP-T-TT-T PDPP-4T PCDTBT RR-P3HT MEH-PPV

o B a B o’ B a B a B
LUMO -4.25 -413 -433 -415 -419 -400 -320 -3.09 -3.42 -3.32
LUSO -5.39 -5.36 -5.64 -4.80 =5.07
HOMO -6.90 -6.87 —-6.67 —-6.66 -7.24 -7.20 -6.37 —-6.33 -6.90 -6.82
HOMO-1 | -7.36 -7.15 -7.03 -6.96 -7.45 -7.44 -6.53 -6.50 -7.13 -7.09

b)

Energy

Fig. S4. Schematic DOS distributions with Fermi energies and transport energies indicated. (a) DOS
for an n-doped semiconductor and (b) a p-doped semiconductor.
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Fig. S5. UPS and IPES spectra of RR-P3HT and PCDTBT with no doping and with FeCls doping. IPES
data is shown with dots indicating each data point and solid lines indicating a smoothed fit to the
data using binomial smoothing. The UPS data (solid lines primarily at energies greater than Eg) is
not smoothed. Plots (a) and (b) are of RR-P3HT with 0 (a) and 0.43 (b) FeCls doping ratios and
plots (c) and (d) are of PCDTBT with 0 (c) and 1.29 (d) FeCls; doping ratios. Both (b) and (d) show
that the occupied and unoccupied states converge for RR-P3HT and PCDTBT at relatively high
FeCls doping ratios.
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Fig. S6. UPS and IPES spectra of NOBF, doped PDPP-4T. (a) With a 0.02 doping ratio and (b) 0.67
doping ratio. IPES data is shown with dots indicating each data point and solid lines indicating a
smoothed fit to the data using binomial smoothing. The UPS data (solid lines primarily at energies
greater than Eg) is not smoothed.
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Fig. S8. ac-Hall effect measurements of PDPP-4T (panels a, b and c) and P3HT (panels d and e)
polymer films doped with FeCl; from low to medium doping ratios. The in-phase (solid symbols)
and out-of-phase (open symbols) components of the ac-Hall voltage, Vi, are shown in the upper
panels. The applied source-drain dc-voltage, Vsp, and the corresponding source-drain excitation
current, Isp, are shown in the lower panels. The doping ratio, defined as the ratio of the molar
concentrations of FeCl; dopant and aromatic rings of the polymer, are indicated in parentheses in
blue. The on&off cycling of Isp is performed intentionally to determine the zero-current
background of the Hall voltage (note: this cycling has nothing to do with the ac measurement
technique used here, and it can be aperiodic). These results show that no Hall effect is observed
at low doping ratios (< 0.1), while at the doping ratio = 0.1, a Hall effect starts emerging, and the
sign of the Hall voltage is negative, signifying that electrons are the dominant mobile (delocalized)
charge carriers.
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Fig. S9: Temperature dependent electrical conductivity of FeCl; doped RR-P3HT and PDPP-4T
polymers presented in different manners to highlight fits to various transport models. (a) o vs
1000 T, (b) with variable hopping mechanism, In 6T¥2vs. T4 and (c) with Mott variable hopping
mechanism, (d=3) In o vs. T4, For all fits, the linear fitting coefficient R? is greater than 0.98. The
data fits suggest that in all cases hopping-type transport is the limiting mechanism.
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Fig. $10. Electron paramagnetic resonance (EPR) spectra of NOBF, doped PDPP-4T (a and b), and
NOBF, doped RR-P3HT (c and d). Spectra in (a) and (c) are not normalized, whereas in spectra (b)
and (d) the spectra have been normalized in intensity and shifted in x such that the zero crossing
points line up to allow for more direct comparison between peak widths. The peak areas do not
correspond directly with the number of unpaired electrons, as Q must be accounted for. Q values
range from 10,800 for undoped PDPP-4T to 5300 for PDPP-4T with a 0.67 doping ratio and from
11,000 for RR-P3HT with a doping ratio of 0.015 to 3,300 for RR-P3HT with a doping ratio of 0.67.
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The different traces correspond to different films.
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Fig. S12. Schematics and data for the temperature dependent Seebeck coefficient measurements.
(a) Schematic of the device structure and (b) vacuum chamber for temperature dependent
Seebeck measurements. (c) Thermoelectric voltage of bismuth (red) and representative CP film
(green) as a function of time with varying applied heater line power (each step corresponds to a
different power input and the applied voltage is shown next to each step). The temperature
gradient is calculated based on the voltage of the bismuth film. (d) Average thermoelectric voltage
of polymer film versus average temperature at each power increment applied to the heater line.
(e) Temperature gradient versus applied voltage to heater line squared (proportional to power)
at different substrate temperatures.
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Fig. S13. Temperature dependent Seebeck coefficient measurements for RR-P3HT and PDPP-4T
at varying FeCls doping ratios. RR-P3HT at 0.05 (a), PDPP-4T at 0.05 (b), RR-P3HT at 0.1 and 0.4
(c), and RR-P3HT and PDPP-4T at 0.67 (d) doping ratios. Panels (e) and (f) show the normalized
Seebeck coefficient (normalized to a at 302 K) for the RR-P3HT samples (e) and the PDPP-4T
samples (f). Error bars are equal to = 5% of the measured value. The data in (e) and (f) does not
include error bars to enable easier readability. Error bars are found for those data points in (a-d).
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2. Supplemental Discussion
S1:

Equation 1 used in the manuscript can be further expanded to provide more insight into
how the Seebeck coefficient is determined. Equation S1 presents an expanded version where
os(E, T) is the electrical conductivity spectrum and fp is the Fermi Dirac function.®

I I
a(T) = 4 [oy(em)|-2LE2ED| g
s\ oE

Equation S1

Here, a4 (E, T) is a function of the density of states, g(E,T), and the mobility, u(E, T). Equation S1 is

related to equation 1 in the manuscript in that o(E,T) = a,(E,T) [— %} =
qg(E, T)u(E,T) [— %}, with g being the elementary charge. In the situation where both

occupied and unoccupied states converge near Ef, the sign of a will depend on g(E,T) and u(E,T)
near Er. In the case proposed for most of the CPs in this work (i.e., the semi-crystalline polymers)
charge carriers in the crystalline regions will display much higher u(E) than the amorphous regions;
however, this is only one aspect determining a. The energy relative to E-for both the amorphous
and crystalline regions’ contributions to the DOS will also act to determine the sign of a in these
systems.

To illustrate how the relative positions of the various contributions to the DOS can impact
the sign of a, Fig. S14a and c present example DOS plots, the numerator of Equation S1, and the
sign of a. The colors in the DOS plots correspond to Fig. 5b in the manuscript, where the solid
black Gaussian represents singly and doubly occupied states, the dashed black Gaussian
represents unoccupied states, and the orange Gaussian represents the bipolaron and lowest
unoccupied spin orbital (LUSO) band. In Fig. S14a the occupied state distribution is 0.2 eV closer
to Er than in Fig. S14c and all other parameters are equal. Qualitatively, Fig. S14a represents what
the UPS results show for heavily doped RR-P3HT while Fig. S14c represents PDPP-4T. Overlaid
UPS and IPES spectra for heavily doped RR-P3HT and PDPP-4T are presented in Fig. S15. We
present this UPS and IPES data along with potential DOS distributions to highlight potential factors
that can influence the sign of a, we do not intend for this to be a definitive explanation as to why
RR-P3HT does not show a negative a and PDPP-4T does. In Fig. S14a the occupied state
distribution lies closer to Er and a positive a is calculated, whereas in Fig. S14c the occupied state
distribution is 0.2 eV further from Er and a negative « is calculated. These scenarios treat
os(E,T) = g(E,T) and neglect charge-carrier mobility differences; however, as discussed
previously, the charge-carrier mobilities are likely to vary significantly between the amorphous
and crystalline regions and these differences are expected to have a drastic influence on the
Seebeck coefficient.
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Fig. S14. DOS schematics (a and c) for two different polymers and calculated parameters (b and
d) from Equation S1 that show how the sign of the Seebeck coefficient can differ between the two
polymers. The difference in the DOS distributions of the two polymers is only that the occupied
state distribution is shifted by 0.2 eV between (a) and (c). The colors in the DOS plots correspond
to Fig. 5bin the manuscript, where the solid black Gaussian represents singly and doubly occupied
states, the dashed black Gaussian represents unoccupied states, and the orange Gaussian
represents the bipolaron and LUSO band. Plots (b) and (d) show the numerator of Equation S1,
the integrand is shown in black and the integral is shown in red. In plots (b) and (d) the dashed
black line is the zero line for both the left and right axes.
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Fig. S15. Overlaid UPS and IPES spectra highlighting the differences between RR-P3HT (red) and
PDPP-4T (blue) at 0.43 and 0.67 doping concentrations, respectively. The dashed red and blue
lines at 5.42 and 5.35 eV indicate the position of Er vs. vacuum for RR-P3HT and PDPP-4T,
respectively. Solid lines indicate UPS data, dots indicate individual IPES data points, and the
dotted and dashed lines show a smoothed fit to the IPES data using binomial smoothing.

17



S2:

To probe whether states on FeCls may be responsible for the IPES signal extending to Er, we doped
PDPP-4T with NOBF,. NOBF, also results in p-doped PDPP-4T, and PDPP-4T doped with NOBF, at
a 0.67 doping ratio shows similar UPS and IPES spectra as the FeCls doped sample, as shown in
Supplementary Fig. S6. As NO (nitric oxide) is expected to evaporate from the sample after
oxidizing the polymer,! the signal near E;is not likely from NO. The similar convergence of the
occupied and unoccupied distributions of states near Eg indicates that the UPS and IPES signals
near Eg are primarily from the polymer. Importantly, NOBF,; doping shows similar trends as FeCls
doping in the UV-Vis-NIR absorbance spectra, o, and o as the FeCl; doped samples
(Supplementary Fig. S3c and S7).

In regards to the UPS and IPES data, the polarization energies in the films are significant (typically
around 1 eV) and the measured IE and EA can also be influenced by molecular orientation and
surface dipoles.?? By contrast, the energy states of charge carriers within the film and polarization
energies associated with these charge carriers would not be as influenced by molecular
orientations and surface dipoles. Although differences in orientation and surface dipoles can
result in an apparent shift in the IE and EA, and thus the polarization energy would appear to
change as well, these effects should impact both the IE and EA equally.'? Thereby, the transport
gap measured with photoelectron spectroscopy should be comparable to the energy difference
between electrons and holes at the band edges within the film.

S3:

In the context of this manuscript we use band-like transport to refer to charge carriers that are
significantly delocalized such that they form extended or quasi-extended states. This contrasts
with another definition of band-like transport based on a more traditional interpretation, where
the characteristic signature of band-like transportis an increase in the charge-carrier mobility with
decreasing temperature. Sufficiently delocalized carriers, which we refer to as band-like, will
experience the Lorentz force, even if only temporarily, since they should gain microscopic velocity
while being delocalized, and thus contribute to the Hall voltage. Therefore, the primary important
factor for the observation of a Hall effect in organic semiconductors is not having a negative slope
of mobility(T) dependence, but rather to have carrier delocalization over some appreciable length
scale.

S4.

In addition to revealing the carrier type, the Hall effect measurements provide an estimate for the
charge-carrier mobilities (ar = 0.05 — 0.3 cm?V*s™) and the carrier densities (npai = (3.5 —
8)x10%° cm™®) in doped polymers investigated in this study (Fig. 4 in paper). One should keep in
mind though that these values do not necessarily represent the mobility of individual mobile (that
is, delocalized) carriers or their actual density. A Hall voltage in heavily disordered systems forms
as a result of a competition between subpopulations of band-like and hopping carriers, coexisting
in a sample.’® Therefore, these values can only be used for relative sample comparison. It is also
worth noting that Hall effect measurements carried out for the polymer PBTTT, doped with a
different strong electron acceptor (FATCNQ), using the same ac-Hall apparatus revealed p-type
charge transport.!* This lends credibility to the observation of an electron-type Hall effect in this
work, but shows that the emergence of electron conduction in an electron acceptor-doped
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polymer, although occurring in many systems, still depends on the type of the host matrix, the
dopant and the doping level.

S5:

A series of experiments were carried out to explore if FeCls was responsible for the observed
electron conduction in the FeCls-doped polymer films. The first point of evidence against FeCls
phases leading to electron transport arises from the assumption that if FeCls contributes to
transport, then the change from positive to negative Seebeck coefficients should occur for any CP
that can be heavily doped with FeCls. However, we see that for RR-P3HT, RRa-P3HT, and MEH-
PPV the Seebeck remains positive with FeCl; doping at all concentrations. The electrical
conductivity due to FeCls/FeCls should be relatively similar in all polymers, with some variation
expected due to morphology and doping efficiency. In this case, polymers with lower electrical
conductivities should be more likely to show negative Seebeck coefficients with high FeCls loading,
as the FeCl; component would be contributing more to the total electrical conductivity. However,
some polymers with lower electrical conductivities, such as RRa-P3HT and MEH-PPV, do not show
negative Seebeck coefficients. Another point of evidence is that if electron transport through
FeCl; was dominating the electrical conductivity, then we should see that pure FeCls, FeCly/FeCls
blends, or partially reduced FeCls’/FeCls films show electrical conductivities that approach those
for the FeCl; doped polymers. However, we see that in all cases the electrical conductivity remains
two to five orders of magnitude lower than what is observed for the FeCl; doped conjugated
polymers. The electrical conductivity of pure FeClz and FeCls/FeCl, blends is <1x103 S cm™ for pure
FeCls; and FeCls/FeCl, blends vs. 0.1 to 56 S/cm for highly doped polymers. These FeCls/FeCl; films
were fabricated with and without the presence of an insulating polymer host (polyethyleneimide)
to further manipulate the FeCls/FeCl, morphology and connectivity, but electrical conductivities
remained <1x1073 S/cm. Partially reduced FeCls films were fabricated using Spiro-OMeTAD as the
reducing agent. Here, Spiro-OMeTAD is a low mobility (~1x10* cm?Vs?) small organic molecule
with an IE of 5.06 eV?° that will lead to the introduction of FeCls  states without allowing significant
hole transport through the Spiro-OMeTAD. These blends showed electrical conductivities of <0.05
S/cm, which further supports that it is unlikely that FeCls/FeCls” can contribute to the electrical
conductivity enough to influence the Seebeck coefficient in the doped polymers.

To further rule out the possibility that the negative Seebeck coefficients arise due to transport
through FeCls, we looked at NOBF, doping. NOBF, doping of PDPP-4T at 0.67 and 1.0 doping ratios
also results in negative a (Supplementary Fig. S7). The fact that both FeCl; and NOBF, dopants
lead to negative Seebeck coefficients, combined with the previously discussed points regarding
transport through FeCls, strongly support that charge transport is dominated by the conjugated
polymers. Furthermore, the fact that multiple dopants can lead to n-type behavior in p-doped CPs
shows the generality of this approach.

S6:

The temperature dependence of a can provide more insight into the transport mechanism in
materials. It has been reported that semi-crystalline polymers can show a combination of
transport behavior and the temperature dependent a measurements can be fit based on Equation
52.16-18

a=A +Z2+ANT+A,T  Equation S2
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Here A;, A;, Az and A4 are fitting parameters and T is temperature in K. Metallic type transport
shows a linear response of the Seebeck coefficient to temperature, 3D variable range hopping
transport shows a square root response to temperature, and 1D hopping type transport shows an
inverse dependence of @ on temperature. Our temperature dependent measurements cover a
range of 70K (246 to 318 K) for two different polymers, RR-P3HT and PDPP-4T, doped with FeCls.
Given the limited range of our temperature dependent o measurements, we evaluate the data
more qualitatively. Fig. S13e shows temperature dependent Seebeck coefficient measurements
for RR-P3HT doped with FeCl; normalized to their value at 302 K. As temperature decreases, o for
0.05% doped P3HT increases which suggests that 1D hopping transport is dominant. At
concentrations of 0.1 and 0.4 « is nearly flat with temperature, which is not entirely consistent
with pure metallic or pure hopping type transport. At these intermediate doping concentrations
both transport mechanisms could be playing a significant role, potentially counteracting each
other to lead to a near temperature independent a over the temperature range probed. At the
highest doping ratio of 0.67, the behavior becomes slightly more metallic in nature as o decreases
slightly with decreasing temperature. However, the temperature dependence of a is still not fully
metallic, as the decrease in a is only observed below 270 K. For PDPP-4T the 0.05 doped sample
shows a large increase in a beyond 280 K, but below 280 K a shows smaller variation. Such
behavior is again inconsistent with one form of transport. The PDPP-4T 0.67 FeCls; doped sample
does not show a clear trend in a with varying temperature, as a shows slow oscillations over the
temperature range probed. In general, these temperature dependent Seebeck measurements
are supportive of mixed transport mechanisms, but they also highlight the need for
measurements to be conducted over a broader temperature range to obtain further insight.
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