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S1 Materials and experimental methods

S1.1 Materials and sample preparation
Poly(3-hexylthiophene-2,5-diyl) (P3HT, >96% regioregularity,
weight-average molecular weight Mw of ca. 40 kDa, poly-
dispersity index (PDI) of 2.1, Rieke Metals, RMI-001EE) was
used for doping studies with tris(pentafluorophenyl)borane (BCF,
98% purity, Tokyo Chemical Industry) and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4TCNQ, 97% purity, Sigma-
Aldrich). Solutions were prepared in chloroform (CF, anhydrous,
≥99%, Sigma-Aldrich) or in o-dichlorobenzene (oDCB, anhy-
drous, ≥99%, Sigma-Aldrich). The sample preparation was per-
formed in an inert N2 atmosphere.
Solutions and films of doped P3HT prepared from chloro-
form were obtained by mixing stock solutions of 6 mg mL−1

P3HT (stirred at 40 °C until dissolved) with 2 mg mL−1 BCF or
0.5 mg mL−1 F4TCNQ in different proportions to achieve doping
ratios of 103, 2.5·103, 5·103, 102, 2.5·102, 5·102 and 101. Solutions
and films of doped P3HT prepared from o-dichlorobenzene were
obtained by mixing stock solutions of 4 mg mL−1 P3HT (stirred at
40 °C until dissolved) with 2 mg mL−1 BCF or 1 mg mL−1 F4TCNQ
in different proportions to achieve the desired doping ratios. For
both solvents, all final solutions were at a constant concentration
of P3HT of 2 mg mL−1 (ca. 11.9 mM).
Samples for the X- and Q-band EPR measurements were prepared
by transferring 25 µL of doped P3HT solution into 2.9 mm OD,
2.2 mm ID quartz tubes shortly after mixing. The solvent was
evaporated under vacuum to create a film on the inside of the
EPR tube, followed by back-filling with helium and flame-sealing
of the tube. The film samples were stored at −80 °C between
measurements.
For solution measurements, the tubes were sealed with critoseal®

and stored inside the glove box until the EPR measurements (per-
formed within a couple of hours from mixing of the solutions, ex-
cept for the measurements on P3HT solutions doped with BCF in
chloroform, which were performed on the next day due to slower
doping for BCF in this solvent1).
Samples for the W-band measurements were prepared by trans-

ferring 1-2 µL of doped P3HT solution into 0.87 mm OD, 0.7 mm
ID quartz tubes, evaporating the solvent under vacuum and seal-
ing the tube with critoseal® inside a glove box. Powder samples
were prepared from drop-cast films by scratching fragments of
the films off a glass substrate and transferring them into 0.87 mm
OD, 0.7 mm ID quartz tubes that were subsequently sealed with
critoseal®. The quality of the powder samples was verified by
checking for invariance of the recorded EPR spectrum for two dif-
ferent sample orientations differing by 90°.
For reference measurements on the radical anion of F4TCNQ,
F4TCNQ was dissolved in deuterated tetrahydrofuran (THF-d8)
(0.5 to 2 mM) resulting in partial reduction to the radical anion,
as verified by UV-vis measurements. 1 Measurements were per-
formed on solutions and on films generated by solvent evapora-
tion.

S1.2 Continuous wave EPR measurements
X-band continuous wave EPR measurements were performed on
a laboratory-built spectrometer consisting of a Bruker ER 041 MR
microwave bridge with an ER 048 R microwave controller and
an AEG electromagnet with a Bruker BH15 Hall effect field con-
troller, using a Bruker ER 4122 SHQE resonator. A Stanford Re-
search SR810 lock-in amplifier in combination with a Wangine
WPA-120 modulation amplifier was used for field modulation
and lock-in detection. Low temperature measurements were per-
formed with a continuous flow helium cryostat (ESR900, Oxford
Instruments) and temperature controller (ITC503, Oxford Instru-
ments). The field was calibrated with a standard N@C60 sam-
ple with a known g-value.2 Spin quantification was performed
with reference to a standard sample of TEMPOL in toluene with a
known spin concentration, taking into account the quality factor
(Q-factor) of the resonator, determined from a Lorentzian fit of
the mode picture recorded for each measurement. 3 Spin concen-
trations were calculated based on the mass of P3HT in a sample
and assuming a mass density ρ =1.1 g cm−3 for P3HT4 (resulting
in a number density of 4 · 1027 thiophene units per m3).
The spectra were acquired at a microwave frequency of
ca. 9.4 GHz at a microwave power adjusted to well below satu-

S1

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2021



ration for the different samples and measurement temperatures.
A 100 kHz modulation frequency and modulation amplitudes of
0.040 mT and 0.025 mT/0.150 mT were used for the film samples
of P3HT:BCF and P3HT:F4TCNQ (CF/oDCB), respectively.
W-band continuous wave EPR measurements were performed
on a Bruker ElexSys E680 spectrometer with a Teraflex EN600-
1021H resonator and equipped with a helium-flow cryostat. The
spectra were acquired at a microwave frequency of ca. 94 GHz
with a microwave power of 9.98 µW, a modulation frequency of
100 kHz and modulation amplitudes of 0.10 to 0.20 mT. A back-
ground correction was performed using a reference measurement
on the empty resonator. Field calibration was again performed
with a N@C60 standard sample.2

S1.3 Pulse EPR measurements
Pulse EPR measurements were performed at Q-band on a Bruker
ElexSys E580 spectrometer with a home-built Q-band ENDOR
resonator with large sample access (3 mm).5 The measurements
were performed at cryogenic temperatures (10 K unless oth-
erwise specified) using a continuous-flow helium cryostat and
temperature-control system from Oxford Instruments.
Pulse EPR spectra were recorded as echo-detected field sweeps
using a Hahn echo sequence with pulse lengths of tπ/2 =32 ns
and tπ =64 ns, an inter-pulse delay τ of 400 ns, a two-step
phase cycle and an echo integration window of 330 ns. Addition-
ally, echo transients were also recorded separately, Fourier trans-
formed and projected onto the magnetic field axis to obtain the
EPR spectrum following the procedure described by Bowman et
al.6 to avoid distortions observed in the spectra obtained by echo
integration for BCF-doped P3HT at high doping concentrations.
For highly doped film samples, a strong FID signal was observed
and FID-detected EPR spectra were measured by recording the
FID after a 32 ns or 200 ns π

2
pulse with a four-step phase cycle,

followed again by Fourier transformation and projection onto the
field axis.6

Echo decay measurements were performed using the pulse se-
quence π

2
− τ − π − τ−echo with tπ/2 =32 ns, tπ =64 ns,

τ0 =200 ns and a two-step phase cycle.
Inversion recovery measurements were performed with an ini-
tial inversion pulse of tπ,inv =64 ns and an echo detection se-
quence with tπ/2 =64 ns, tπ =128 ns and τ =400 ns. FID-
detected inversion recovery measurements were performed using
a tπ/2 =200 ns or tπ/2 =32 ns detection pulse. Typically, two
or more inversion recovery traces with different time increments
and lengths were recorded and stitched together.
Davies ENDOR measurements were performed with the pulse se-
quence π−T − π

2
−τ−π−τ−echo with tπ/2 =64 ns, tπ =128 ns,

τ =300 ns and a 23 µs radiofrequency π pulse applied during the
delay T . The radiofrequency pulse length was adjusted for 1H
using a Rabi nutation experiment.
Three-pulse ESEEM measurements were performed with the
pulse sequence π

2
− τ − π

2
− T − π

2
− τ−echo with tπ/2 =32 ns

and τ =140, 180 and 240 ns. The delay T was incremented from
64 ns with steps of 8 ns and an eight-step phase cycle was used to
remove unwanted contributions from crossing echoes. The time-

domain ESEEM data was baseline corrected using a stretched ex-
ponential and the frequency-domain spectra were obtained af-
ter apodisation with a Hamming window, zero-filling and Fourier
transform using the cross-term averaging procedure 7 as imple-
mented in EasySpin.8

Nutation experiments were performed using the PEANUT
pulse sequence9 π

2
− τ−HTA(+x)−HTA(−x) − τ−echo with

tπ/2 =60 ns, τ =300 ns and an overall length of the HTA pulse
of 3 µs. The microwave power during the HTA pulse was adjusted
to correspond to a π pulse length of approximately 24 ns for an
S = 1

2
signal. The position of the phase inversion was incre-

mented from t0 =1 µs to 2 µs with increments ∆t =2 ns. A two-
step phase cycle on the first pulse was used to remove unwanted
contributions. The frequency-domain nutation spectra were ob-
tained from the acquired time-domain data after polynomial base-
line correction, apodisation with a Hamming window, zero-filling
and Fourier transformation.

S1.4 Data analysis and spectral simulations

Spectral simulations of the cw EPR, ENDOR and three-pulse ES-
EEM data were performed with the EasySpin8,10 Matlab toolbox.

S1.4.1 Simulations of cw EPR spectra with partial alignment

Simulations of the cw EPR spectra for the BCF-doped P3HT films
deposited on the inside of EPR tubes under consideration of par-
tial alignment of the P3HT molecules were performed by approx-
imating the cylindrical geometry of the inner wall film spectrum
as the sum over spectra of a planar substrate rotated with respect
to the sample tube axis (zsample ⊥ B, see Fig.3 in the main text).
Two possible orientations of the g-matrix frame, as well as the
molecular frame, with respect to the substrate expected for edge-
on orientations of P3HT are depicted in Fig. 3 of the main text.
For the simulations the orientation of the principal g-axes with
respect to the substrate frame was defined by three angles.

The EPR spectra were obtained by generating a complete set of
orientations of the P3HT g-matrix in the substrate frame and com-
puting the corresponding spectra using EasySpin, considering ro-
tation of the substrate around the sample axis from 0◦ (magnetic
field B in the substrate plane) to 90◦ (magnetic field B perpen-
dicular to the substrate plane) in 5◦ increments. The spectra were
then weighted by an orientational distribution function F (Ω),
where Ω corresponds to the three angles defining the orientation
of the g-matrix in the substrate frame, determined by a Gaussian
probability distribution for each angle. A least-squares fitting rou-
tine was used to determine the centre and FWHM for each angu-
lar distribution giving the best agreement with the experimental
results. A convolutional broadening was used as additional fitting
parameter, while the principal g-values were fixed at the values
determined from the low temperature W-band powder EPR spec-
tra (gx = 2.0029, gy = 2.0020 and gz = 2.0010).

The probability distribution of the gz axis orientation (parallel
to the polymer backbone) in the laboratory frame is shown in
the insets of Fig. 3 in the main text for the best fit orientational
distribution function.
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S1.4.2 Determination of spin delocalisation from ENDOR.

The 1H ENDOR data was simulated following the approach used
by Aguirre et al. 11 for the analysis of ENDOR spectra of I2-doped
P3HT films, and previously used to determine the extent of spin
delocalisation in doped regioregular and regiorandom P3HT in
solution.1 Since the hyperfine coupling of aromatic α-protons is
determined by spin polarization in the C-H bond, the isotropic
hyperfine coupling aiso can be directly estimated from the spin
density on the adjacent carbon atom, ρC, using the McConnell
equation

aiso = QρC (S1)

where Q is the McConnell constant.12 The full anisotropic hyper-
fine coupling for α-protons in π-electron systems can be modelled
using the following equations:13

Ax = (1− α) aiso Ay = (1 + α) aiso Az = aiso (S2)

where α is an anisotropy parameter, usually assumed to be
ca. 0.5, and the principal hyperfine axes are determined by the
out-of-plane axis of the aromatic system (z), the in-plane axis
parallel to the C-H bond (x) and the in-plane axis perpendicular
to the C-H bond (y) (see Fig.1 in the main text).

In order to determine the spin density distribution from the EN-
DOR data and take the uncertainties of the parameters used for
estimating the hyperfine couplings into account, a library of EN-
DOR spectra was generated and compared to the experimental
spectra. The library contained spectra calculated for a range of
different distributions of the spin density on the P3HT backbone
using values of Q, ρC/ρthiophene and α randomly varied within
their estimated uncertainty intervals. The distributions within a
factor two of the root-mean square deviation between the exper-
imental data and the best-fit simulation were then considered to
describe the extent of delocalisation on the P3HT backbone.

Based on data from quantum chemical calculations, 14,15 spin den-
sity distributions with different extents of delocalisation over a
number N of thiophene rings were modelled with Gaussian or
super-Gaussian functions

y = exp

(
−
(
−4 ln 2 (x− x0)

2

FWHM2

)n)
(S3)

where FWHM is the full-width at half maximum (for n = 1) and
the order n was varied between 1 (Gaussian) and 3 (distribution
with a flat top). The hyperfine couplings of the α-protons on the
P3HT backbone were then calculated based on equations (S1)
and (S2) assuming ρC = 0.23 ± 0.02 ρthiophene, Q = −72.9 ±
0.5 MHz and α = 0.50± 0.05 (based on reference 11).

The ENDOR spectra were simulated with EasySpin using the esti-
mated hyperfine values and the relative orientations of the prin-
cipal g- and A-axes depicted in Fig. 1 (Euler angles for trans-
formation from the g- to the A-frame: α = 90◦, β = 90◦ and
γ = −57◦). The principal g-values for P3HT used in the simula-
tions were gx = 2.0029, gy = 2.0020 and gz = 2.0010 and the
ENDOR spectra were simulated for a field position correspond-
ing to the maximum of the EPR spectrum. The resulting simula-
tions were multiplied by the Davies ENDOR blind-spot function

to account for the suppression of small hyperfine couplings.16 For
a better fit of the ENDOR spectra of the doped P3HT films, the
library of model distributions also contained weighted sums of
distributions with different FWHM values.

S1.4.3 PEANUT simulations.
The PEANUT data for a coupled spin pair was simulated using a
home-written Matlab program that solves the Liouville-von Neu-
mann equation and is based on the EasySpin pulse EPR simulation
routines.10,17 The static Hamiltonian used in the simulations in-
cluded the electron Zeeman interactions for the two spin centres,
a dipolar electron-electron interaction and the exchange coupling
between the two spins:

H =
µB

h
Bg1S1 +

µB

h
Bg2S2 + S1DS2 + JS1S2 (S4)

The simulations were performed in a rotating frame offset by
0.6 GHz from the microwave frequency of the experiment and in-
cluded powder averaging over all three Euler angles defining the
relative orientation of the laboratory and molecular frames. The
pulse sequence parameters used in the simulations matched the
parameters used in the experiment. The principal g-values used
were gx = 2.0029, gy = 2.0020 and gz = 2.0010 for P3HT and
gx = 2.0030, gy = 2.0030 and gz = 2.0024 for F4TCNQ (see Fig.1
in the main text for the orientation of the g-matrix with respect to
the molecular structure). The relative orientations of the g- and
the dipolar interaction frames were chosen to model the relative
orientations of the P3HT backbone and the F4TCNQ molecule in
doped films determined by Hamidi-Sakr et al.18.

S3



S2 Additional supporting data and figures

S2.1 Doping of P3HT with BCF
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Fig. S1 Proposed reaction mechanism for doping of P3HT with BCF involving protonation of a polymer segment by a BCF(OH2) complex followed by
electron transfer from a different polymer segment resulting in formation of the P3HT radical cation observed by EPR and elimination of H2 from the
protonated chain segment, returning the neutral polymer. 1,19 Marqués et al. concluded from a theoretical study that stabilisation of [BCF(OH)]− by
complexation with another BCF molecule, resulting in complexes of the type [BCF(OH)(OH2)BCF]− or [BCF(OH)BCF]−, is required for the protonation
step to be feasible. 19 They also propose various scenarios for H2 elimination through reaction of two neutral protonated radicals, two protonated cationic
polymers or a neutral and a cationic protonated polymer. 19
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S2.2 X-band continuous-wave EPR

Fig. S2 shows a comparison of the normalised room temperature
X-band cw EPR spectra recorded for the BCF- and F4TCNQ-doped
P3HT films. The spectra obtained for the BCF-doped P3HT films
can be simulated by taking the full g-matrix with the principal
values of gx = 2.0029, gy = 2.0020 and gz = 2.0010 determined
from the W-band cw EPR spectra as well as partial alignment
of the P3HT backbones into account. A reasonable agreement
with the experimental spectra for F4TCNQ-doped P3HT films
prepared from oDCB can be obtained both for simulations tak-
ing separate contributions of the F4TCNQ radical anion and the
P3HT radical cation into account as well as for simulations per-
formed for exchange-coupled spins on F4TCNQ and P3HT with
|J | ≫ |g1 − g2|µBB. In both cases a Lorentzian convolutional
broadening was used in the simulations. While for low doping
ratios simulations performed for a linear combination of spectra
reproduce the experimentally observed asymmetries slightly bet-
ter, the large linewidth and absence of any distinguishing features
for higher doping ratios does not allow any conclusions regard-
ing the spectral assignment based on the X-band cw EPR data. For
F4TCNQ-doped P3HT films prepared from CF, similar conclusions
can be drawn for the lowest and highest doping ratios, however,
the experimental spectra observed for intermediate doping ratios
can only be simulated by considering exchange-coupled spins on
F4TCNQ and P3HT.

The room temperature cw EPR spectra recorded for solutions of
doped P3HT and the corresponding films are compared in Fig.S3.
In contrast to the EPR spectra recorded for F4TCNQ-doped P3HT
films, the EPR spectra for the corresponding solutions include a
contribution of free F4TCNQ radical anions with a resolved hy-
perfine structure attributed to the coupling to the four equivalent

nitrogen and the four equivalent fluorine nuclei in this molecule.1

The relative contribution of free F4TCNQ•− amounts to about 1%
for both F4TCNQ-doped P3HT in oDCB and CF and decreases
slightly with increasing doping ratios.
The variation of the resonator Q-values as a function of doping
ratio for the different investigated film samples are compared in
Fig. S4. Sample conductivity contributes to the loaded Q of an
EPR resonator, 3 and since all other contributions are equivalent
for the investigated samples the changes in the Q-value deter-
mined from the reflected power as a function of microwave fre-
quency can be attributed to changes in the conductivity of the
P3HT films. The decrease in Q-values for increasing doping ra-
tios observed for all samples indicates increased conductivity, in
agreement with conductivity measurements reported on doped
films in the literature. The temperature-dependence of the Q-
values is also shown in Fig.S4 and reveals a decrease in conductiv-
ity for decreasing temperatures. Below about 50 K, no differences
between doped films at different doping ratios and for different
dopant-solvent combinations are observed.
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Fig. S2 (top) Comparison of the spectral shapes of the X-band room temperature cw EPR spectra recorded for BCF- and F4TCNQ-doped P3HT films at
different doping ratios (prepared from oDCB or CF). (bottom) Comparison of the experimental results (solid coloured lines) with simulations (dashed
black lines) performed for the P3HT radical cation with gx = 2.0029, gy = 2.0020 and gz = 2.0010 and with partial alignment of the P3HT chains for
the BCF-doped samples and for a linear combination of P3HT and F4TCNQ signals (dashed grey lines) and for exchange-coupled P3HT and F4TCNQ
radicals (dashed black lines) for the F4TCNQ-doped samples.
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Fig. S3 Comparison of the spectral shapes of the X-band room temperature cw EPR spectra recorded for BCF- and F4TCNQ-doped P3HT solutions in
oDCB and CF and the corresponding films at different doping ratios.
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Fig. S4 Resonator Q-values measured at X-band for doped P3HT films deposited on the inside of a 2.9 mm OD, 2.2 mm ID quartz EPR tube. (left) Q-
values as a function of the concentration of P3HT radical cations determined from the EPR spectra for BCF- and F4TCNQ-doped P3HT films prepared
from oDCB or CF. (right) Changes in Q-value with temperature in the range from 6 K to room temperature for each dopant-solvent combination. The
Q-value of the empty resonator at room temperature typically corresponds to about 7500.
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Fig. S5 Comparison of EPR spectra recorded at different temperatures within the range from 6 K to room temperature for BCF- and F4TCNQ-doped
P3HT films prepared from oDCB or CF (the displayed spectra are normalised to the maximum to highlight changes in spectral shape).
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S2.3 Relaxation time measurements

The results of echo-decay and inversion recovery measurements
performed on the BCF- and F4TCNQ-doped P3HT films at differ-
ent doping ratios at Q-band at T =10 K are shown in Fig.S6. The
relaxation traces were recorded at a field position corresponding
to the maximum of the P3HT radical cation EPR signal, only small
differences in spin-spin and spin-lattice relaxation times were ev-
ident from measurements at other field positions (see Fig. S7 for
the results of field-dependent inversion recovery measurements
on representative samples).

The phase memory times Tm were determined from a stretched
exponential fit of the echo decay traces:

I (2τ) = exp

(
−
(

2τ

Tm

)x)
(S5)

The spin-lattice relaxation times T1 were estimated from biexpo-
nential fits of inversion recovery traces, compared to the exper-
imental data in Fig. S6. The experimental results could not be
fitted adequately with a monoexponential function and no sig-
nificant improvement was obtained by including more than two
exponential terms. Given the heterogeneity of the spin environ-
ments expected for film samples and demonstrated by the EPR
results of this study, the inversion recovery measurements likely
contain contributions from spin centres with a range of different
relaxation times and this distribution of relaxation times leads to
the observed apparent biexponential behaviour. The two T1 val-
ues determined from the biexponential fits and shown in Fig. 6
in the main text should therefore be considered to approximately
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Fig. S6 Relaxation time measurements for BCF- and F4TCNQ-doped
P3HT films (prepared from oDCB or CF) at Q-band (T =10 K). (left) Echo
decay traces and stretched exponential fits. The decay traces were nor-
malised to the intensity at τ =0 ns extrapolated from the fits. (right) In-
version recovery traces and biexponential fits. The traces are normalised
with respect to the mean intensity after complete recovery. All measure-
ments shown here were recorded at a field position corresponding to the
maximum of the P3HT EPR spectrum (ca. 1213.4 mT).

define the range of relaxation times for film samples with a given
doping concentration rather than actual T1 relaxation times.
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Fig. S7 Inversion recovery measurements as a function of magnetic field
for a BCF-doped P3HT film and a F4TCNQ-doped P3HT film and solution
(CF) recorded at Q-band (T =10 K). The initial part of the inversion
recovery trace is shown and slices at different field positions are compared
in the side panels (after normalisation to the mean intensity after full
recovery).
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S2.4 Pulse EPR spectra for doped P3HT in solution
The results of Q-band echo-detected pulse EPR measurements for
frozen solutions of BCF- and F4TCNQ-doped P3HT in oDCB and
CF are compared in Fig. S8. The results are also compared to
the spectrum recorded for the isolated F4TCNQ radical anion in
frozen THF solution. The spectra observed for F4TCNQ-doped
P3HT can be reconstructed as a linear combination of the spec-
trum for the corresponding BCF-doped sample and the spectrum
of F4TCNQ•−. In contrast to the significant differences in inten-
sity between the spectra for F4TCNQ-doped P3HT films prepared
from oDCB or CF reported in the main text, the intensities of the
spectra recorded for the two frozen solutions were comparable.
The relative intensity of the F4TCNQ•− contribution compared to
the P3HT•+ spectrum increases for increasing doping concentra-
tions, as the relaxation time for P3HT•+, and correspondingly
the overall echo intensity, decreases. In the case of F4TCNQ-
doped P3HT in oDCB solution at the highest doping ratio, only
the F4TCNQ•− signal is observed, while for the corresponding CF
solution both contributions are still visible. Doping-induced ag-
gregation in highly doped P3HT solutions is well-known to occur
and was clearly visible in the samples used for the EPR measure-
ments, therefore the EPR results on frozen solutions are expected
to converge towards the results obtained for the corresponding
films. The absence of a P3HT•+ signal for the oDCB solution
with the highest doping concentration and the significantly lower
echo intensities in the films prepared from this solvent are there-
fore consistent and suggest differences in the morphology of the
aggregates and then films prepared from this solvent, compared
to those prepared from CF, that lead to increased relaxation and
prevent echo-detected pulse EPR measurements.
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Fig. S8 Q-band echo-detected field-swept EPR spectra recorded for frozen
solutions of P3HT doped with BCF and F4TCNQ in oDCB and CF at dif-
ferent doping ratios (T =10 K). The Q-band echo-detected spectrum
recorded for the F4TCNQ radical anion in THF solution is shown at the
bottom for comparison. The grey and green vertical lines indicate the
principal g-values determined for the P3HT radical cation and F4TCNQ
radical anion, respectively.
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S2.5 Echo- and FID-detected pulse EPR spectra

Echo and FID transients recorded as a function of magnetic field
for BCF- and F4TCNQ-doped P3HT films are compared in Fig. S9
along with the corresponding spectra obtained by Fourier trans-
form and projection onto the field axis as described by Bowman et
al.6. The relative intensity of the echo signal compared to the FID
decreases significantly for increasing doping ratios for all dopant-
solvent combinations, and for the F4TCNQ-doped P3HT films no
echo signal could be detected at doping ratios above 2.5 ·10−2. In
all cases, the spectra determined from the echo and FID transients
for the lowest shown doping ratio of 10−2, as well as the spectra
obtained by echo integration, are essentially identical.

For both BCF- and F4TCNQ-doped P3HT films, at higher doping
ratios the FID transients contain an additional contribution with
alternating positive and negative signal intensities. The FID tran-
sients shown in Fig.S9 were recorded after a soft, selective 200 ns
pulse; Fig. S10 contains a comparison with the FID transients
obtained for a harder 32 ns pulse for selected samples. For the
shorter excitation pulse of 32 ns, the FID corresponding to the
inhomogeneously broadened P3HT•+ signal observed via echo
detection decays within the deadtime and is thus not observed,
while for the 200 ns pulse it extends beyond the deadtime. The
FID contribution observed for both types of pulses is due to a
different species characterised by a narrower, possibly homoge-
neously broadened, EPR line.

The EPR spectrum derived from this FID signal for the BCF-doped
P3HT film is characterised by partially resolved peaks at field posi-
tions corresponding to the principal values of the P3HT g-matrix,
with increased intensity for the peak corresponding to the lowest
g-value (gx) as also observed in the W-band cw EPR data recorded
on film samples and attributed to partial alignment.
For the F4TCNQ-doped P3HT films, the additional FID signal and
the corresponding spectrum are centred at g = 2.0027, the same
g-value as the single EPR line observed in X- and W-band cw EPR
spectra for films obtained with this dopant.
Fig.S11 compares FID-detected inversion recovery measurements
on this signal with echo-detected inversion recovery measure-
ments on the P3HT•+ signal and shows spin-lattice relaxation
times reduced by factors of about 40 and 10 for F4TCNQ-doped
P3HT films prepared from oDCB at doping ratios of 2.5 ·10−2 and
5 · 10−2, respectively. Assuming the FID to be due to a homoge-
neous line, a spin-spin relaxation time Tm of about 10 to 20 ns
can be estimated from the signal decay. The spin centres con-
tributing to the FID signal therefore appear to be characterised by
increased relaxation compared to the hole on P3HT observed via
echo detection. This would be in agreement with assignment of
this signal to exchange-coupled P3HT and F4TCNQ, which con-
stitute the main contribution of the cw EPR signals for F4TCNQ-
doped P3HT films.
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Fig. S9 Echo and FID transients recorded as a function of field at Q-band (T =10 K) for BCF- and F4TCNQ-doped P3HT films prepared from oDCB or
CF at different doping ratios and comparison of the echo and FID skew projection spectra obtained by Fourier transform of the corresponding transients
and projection onto the magnetic field axis according to the procedure described by Bowman et al. 6 The echoes were recorded for a pulse sequence with
tπ = 2tπ/2 =64 ns and τ =400 ns, the FIDs were recorded after a tπ/2 =200 ns pulse. The intensities are scaled to match the experimentally observed
relative intensities of the FID and echo signals for each doping ratio. The grey and green vertical lines indicate the principal g-values determined for
P3HT•+ and F4TCNQ•−, respectively.
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Fig. S11 Echo- and FID-detected Q-band inversion recovery data for
F4TCNQ-doped P3HT films prepared from oDCB at doping ratios of 2.5 ·
10−2 and 5·10−2 (T =10 K). The inversion recovery measurements were
performed with an inversion pulse tπ =64 ns and detection sequences
with tπ = 2tπ/2 =128 ns and tπ/2 =32 ns for echo and FID detection,
respectively. The field positions for the measurements are indicated with
respect to the echo and FID skew projection spectra shown in the panels
on the left. The T1 values determined from a biexponential fit of the
inversion recovery traces are plotted on the right.
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S2.6 Q-band 1H ENDOR measurements
Fig.S12 and Fig.S13 show the dependence of the 1H Davies EN-
DOR spectrum for BCF-doped P3HT films prepared from oDCB
at a doping ratio of 10−2 on temperature and on magnetic field
position. No changes in the ENDOR spectrum could be detected
within the range of temperatures for which the experiment could
be performed. A comparison of ENDOR spectra recorded at differ-
ent magnetic fields across the P3HT•+ spectrum at Q-band only
shows minor orientation selection effects, as also previously ob-
served at W-band.11
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Fig. S12 Q-band 1H Davies ENDOR spectra for a BCF-doped P3HT film
prepared from oDCB at a doping ratio of 10−2 recorded at different tem-
peratures (T =10 K, 50 K and 100 K). The ENDOR spectra were recorded
at the magnetic field position corresponding to the maximum of the P3HT
radical cation signal.
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Fig. S13 Q-band 1H Davies ENDOR spectra for a BCF-doped P3HT film
prepared from oDCB at a doping ratio of 10−2 recorded at different field
positions as indicated on the spectrum in the top panel (T =10 K).
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Fig. S14 Results of the determination of the extent of spin delocalisation from the Q-band 1H ENDOR data for BCF- and F4TCNQ-doped P3HT films (solid
lines) and solutions (dashed lines). The experimental spectra are compared to the best-fit ENDOR simulations calculated for the range of distributions
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ratio (bottom-right). The shaded regions depict the range of distributions and simulated ENDOR spectra in agreement with the experimental data.
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S2.7 EPR characterisation of the F4TCNQ radical

The F4TCNQ radical anion generated by ionisation in THF solu-
tion was characterised by cw and pulse EPR to aid identification
of contributions from F4TCNQ•− in the EPR data obtained for
F4TCNQ-doped P3HT. The results of multifrequency cw EPR mea-
surements on solutions and films, as well as Davies ENDOR and
three-pulse ESEEM measurements are shown in Fig.S15.

The solution cw EPR spectra recorded at X- and W-band show
a clearly resolved hyperfine structure arising from the hyperfine
coupling to the four equivalent fluorine and the four equivalent
nitrogen nuclei in the F4TCNQ molecule. The isotropic g-value
and the isotropic hyperfine coupling constants aiso for the two
types of nuclei could be accurately determined from comparison
with simulations and are reported in Table S1.

The W-band cw EPR spectra recorded on a frozen solution of
F4TCNQ in THF and on a film obtained after evaporation of the
solvent under vacuum are characterised by an approximately ax-
ial g-matrix. The orientation of the g-matrix in the molecular
frame is determined by the symmetry of the molecule, as con-
firmed by DFT calculations at the B3LYP/EPR-III level of the-
ory20,21, and is depicted in Fig.S15.

The principal values of the 19F hyperfine coupling matrix were
determined from a global fit of Q-band Davies ENDOR and field-
dependent W-band Davies ENDOR measurements. The principal
values of the 14N hyperfine coupling matrix were estimated based
on a global fit of the time- and frequency-domain Q-band three-
pulse ESEEM data from measurements performed for different τ

values on the signal maximum. The nuclear quadrupole interac-
tion parameters for 14N, as well as the orientations of the hyper-
fine coupling and nuclear quadrupole matrices were fixed at the
values determined by DFT calculations.

Table S1 Experimentally determined g-values, hyperfine and nuclear
quadrupole coupling parameters for the 19F and 14N nuclei in the
F4TCNQ radical anion.

14N 19F
giso 2.00280 aiso (MHz) 3.13± 0.05 4.34± 0.05
gx 2.0030 Ax (MHz) −1.17± 0.10 3.44± 0.10
gy 2.0030 Ay (MHz) −1.87± 0.10 3.34± 0.10
gz 2.0024 Az (MHz) 12.43± 0.10 6.24± 0.10

e2Qq/h (MHz) −1.00± 0.10
η 0.33± 0.10
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Fig. S15 Characterisation of the F4TCNQ radical anion by EPR, ENDOR and ESEEM at multiple frequencies. (top, centre) Molecular structure of F4TCNQ
and principal axes of the g-matrix, 19F hyperfine matrix and 14N hyperfine and nuclear quadrupole matrices. (left) Experimental X- and W-band cw
EPR spectra recorded on solutions of F4TCNQ in THF-d8 (0.25 mg mL−1) at room temperature and 80 K and on a film. (centre) Q- and W-band Davies
ENDOR spectra recorded on frozen solutions of F4TCNQ in THF-d8 at 40 K and 80 K, respectively. The field positions for the ENDOR measurements are
indicated with respect to the echo-detected field-swept spectra. (right) Q-band three-pulse ESEEM time traces and spectra recorded on a frozen solution
of F4TCNQ in THF-d8 at 40 K for τ values of 118 ns, 142 ns, 238 ns and 302 ns. The experimental results are compared to simulations (in red-orange)
with parameters optimised by a global fit and listed in Table S1.
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S2.8 Additional ENDOR and ESEEM data for F4TCNQ-
doped P3HT
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Fig. S16 Q-band Davies ENDOR recorded as a function of magnetic field for
P3HT doped with F4TCNQ in chloroform solution at a doping ratio of 10−2

(T =10 K). Slices selected at the indicated field positions are compared in
the side panel and show contributions from 1H and 19F nuclei coupled to
the P3HT radical cation and the F4TCNQ radical anion, respectively.
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Fig. S17 Three-pulse ESEEM time domain traces and FT spectra recorded at
Q-band for BCF- and F4TCNQ-doped P3HT solutions and films (T =10 K).
ESEEM traces were recorded at different field positions indicated by the
markers on the EPR spectra. The three-pulse ESEEM data recorded on the
F4TCNQ radical anion in THF solution is shown for comparison. The time
traces are shown for τ =140 ns and the frequency domain spectra are the
summed over τ values of 140 ns, 180 ns and 240 ns.
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Fig. S18 Three-pulse ESEEM spectra recorded as a function of magnetic
field for a BCF-doped P3HT film (from oDCB) and a F4TCNQ-doped P3HT
film (from CF) at Q-band (T =10 K). ESEEM traces were recorded for τ
values of 140 ns, 180 ns and 240 ns and summed after FT. The signals
around 13 MHz observed for both samples at field positions correspond-
ing to the P3HT radical cation are assigned to contributions from natural
abundance 13C.
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S2.9 Additional PEANUT measurements and simulations
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Fig. S19 EPR spectra (left) and frequency-(centre) and time-domain (right) data recorded at Q-band (T =10 K) for BCF- and F4TCNQ-doped P3HT
films prepared from oDCB or CF. The results of PEANUT measurements at different field positions indicated on the corresponding spectra are compared
for each sample.

1211 1212 1213 1214 1215
B  (mT)

0
1211 1212 1213 1214 1215

B  (mT)

0

1211 1212 1213 1214 1215
B  (mT)

0
1211 1212 1213 1214 1215

B  (mT)

0
1211 1212 1213 1214 1215

B  (mT)

0

1211 1212 1213 1214 1215
B  (mT)

0
1211 1212 1213 1214 1215

B  (mT)

0

2.004 2.002 2.000
g

2.004 2.002 2.000
g

2.004 2.002 2.000
g

2.004 2.002 2.000
g

2.004 2.002 2.000
g

2.004 2.002 2.000
g

2.004 2.002 2.000
g

1

2

2

1

2

2

1

2

2

1

2

2

1

2

2

1

2

2

1

2

2

/
1

nu
t /

1
nu

t

/
1

nu
t /

1
nu

t

/
1

nu
t /

1
nu

t

/
1

nu
t

P3HT:BCF (oDCB)
5.10-2

P3HT:F4TCNQ (oDCB)
10-2

P3HT:F4TCNQ (CF)
5.10-3

P3HT:F4TCNQ (CF)
2.5.10-3

P3HT:F4TCNQ (CF)
10-2

P3HT:F4TCNQ
(oDCB)
10-2

P3HT:F4TCNQ (CF)
10-2

PEANUT on doped P3HT films

PEANUT on doped P3HT solutions
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a better display of the weak contributions from the broad underlying signal in the film prepared from CF, the intensities in the 2D plots are clipped at
10% of the maximum intensity (marked by a dashed line in the side panels). The experimental nutation frequency for an S = 1

2
spin centre corresponds

to ν1 ≈21 MHz.
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J = 0 MHz, D = 50 MHz 
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Fig. S21 Simulations of two-dimensional Q-band PEANUT spectra for a pair of coupled P3HT and F4TCNQ radicals with different dipolar and exchange
coupling strengths. The principal g-values used for the simulations were gx = 2.0029, gy = 2.0020 and gz = 2.0010 for P3HT and gx = 2.0030,
gy = 2.0030 and gz = 2.0024 for F4TCNQ, the relative orientation of the molecules used for the simulations corresponds to an orthogonal arrangement
of P3HT and F4TCNQ as described by Hamidi-Sakr et al. 18
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