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1 Introduction

Spin—spin interactions and spin delocalisation in
a doped organic semiconductor probed by
EPR spectroscopyf

Claudia E. Tait, @2 *2® Anna Reckwitz, (22 Malavika Arvind, {2 ¢ Dieter Neher, (2 ¢

Robert Bittl 2 ¢ and Jan Behrends (2 *@

The enhancement and control of the electrical conductivity of organic semiconductors is fundamental
for their use in optoelectronic applications and can be achieved by molecular doping, which introduces
additional charge carriers through electron transfer between a dopant molecule and the organic
semiconductor. Here, we use Electron Paramagnetic Resonance (EPR) spectroscopy to characterise the
unpaired spins associated with the charges generated by molecular doping of the prototypical organic
semiconductor poly(3-hexylthiophene) (P3HT) with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4,TCNQ) and tris(pentafluorophenyl)lborane (BCF). The EPR results reveal the P3HT radical cation as the
only paramagnetic species in BCF-doped P3HT films and show evidence for increased mobility of the
detected spins at high doping concentrations as well as formation of antiferromagnetically coupled spin
pairs leading to decreased spin concentrations at low temperatures. The EPR signature for F,TCNQ-
doped P3HT is found to be determined by spin exchange between P3HT radical cations and F4TCNQ
radical anions. Results from continuous-wave and pulse EPR measurements suggest the presence of the
unpaired spin on P3HT in a multitude of environments, ranging from free P3HT radical cations with
similar properties to those observed in BCF-doped P3HT, to pairs of dipolar and exchange-coupled spins
on P3HT and the dopant anion. Characterisation of the proton hyperfine interactions by ENDOR allowed
quantification of the extent of spin delocalisation and revealed reduced delocalisation in the F4,TCNQ-
doped P3HT films.

describe molecular doping of organic semiconductors: integer
charge transfer (ICT), involving complete transfer of one electron
between host and dopant molecules to generate a charge carrier on

Improvement of the electrical conductivity of organic semi-
conductors through controlled and stable doping is a crucial
requirement for their widespread use in optoelectronic devices.
The basic idea behind molecular doping of organic semi-
conductors is the introduction of additional mobile charge carriers
by electron transfer from a donor molecule for n-type doping, or to
an acceptor molecule for p-type doping. However, the exact
mechanistic details of the doping process and their dependence
on the properties of the organic semiconductor material and the
molecular dopant, as well as on processing conditions, are still not
fully understood. Two different mechanisms have been invoked to
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the host and an ionised dopant molecule, and charge-transfer
complex (CTC) formation, based on an overall electrically neutral
ground-state charge-transfer complex of host and dopant that
requires additional thermal or optical excitation to lead to charge
carriers on the host.>™ While it was initially believed that doping
proceeds either via ICT or CTC formation for a given host-dopant
pair, there is now mounting evidence for the concurrent
presence of both mechanisms for organic semiconductors
based on m-conjugated polymers, with the prevalence of one
or the other determined by the local morphology of the polymer
chain, and thus dependent on processing conditions.””
Efficient doping not only requires the ICT mechanism to
prevail, but also relies on the separation of the host-dopant ion
pair to generate free mobile charge carriers in the host matrix.>® In
contrast to inorganic semiconductors, organic semiconductors are
characterised by a low permittivity and therefore Coulomb inter-
actions between the ionised dopant molecules and the charge
generated on the polymer backbone can prevent charge separation
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and impede charge transport through localisation of charge
carriers in the potential well of the dopant ion.”™

Since successful doping of organic semiconductors leads to an
unpaired electron on the host and typically also on the dopant
molecule, Electron Paramagnetic Resonance (EPR) spectroscopy
can be used for an accurate determination of charge carrier
concentrations as well as for the characterisation of the para-
magnetic species generated by doping and their interactions with
the molecular environment. The potential of this technique in the
characterisation of unpaired electrons in conductive polymers has
been recognised early on,">™* and over time the development of
more advanced EPR methods has enabled new insights to be
gained, for example through the determination of the extent of
spin delocalisation on doped polymers.”*>¢

In this work, we report a comparative EPR study of the proto-
typical electron donor polymer poly(3-hexylthiophene) (P3HT) doped
with the widely investigated m-electron acceptor 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F,TCNQ)"” and the Lewis acid
tris(pentafluorophenyl)borane (B(CcF5)s, BCF)'**° (see Fig. 1).

Doping of P3HT with F,TCNQ has previously been demon-
strated to occur mostly via ICT with a high ionization efficiency of
around 50-75%""*°*! determined from the F,TCNQ radical anion
contribution to the UV-vis absorption spectrum. However, a large
discrepancy between the amount of ionised F,TCNQ molecules
and the number of mobile charge carriers determined by admit-
tance measurements was observed and attributed to a significant
fraction of bound hole-F,TCNQ anion pairs.'”"”*> X-ray diffraction
studies revealed structural changes in the crystalline regions of P3HT
upon doping that were initially interpreted in terms of intercalation
of the planar F,TCNQ molecules between the n-n-stacked thiophene
backbones.”*?* Later studies however concluded that the F,TCNQ
anions reside between the P3HT side chains instead.”>*® Hamidi-
Sakr et al. demonstrated an orthogonal arrangement of the transi-
tion dipole moments of P3HT and the F,TCNQ anion by polarised
UV-vis-NIR spectroscopy,® further supporting this conclusion and
providing evidence for an arrangement of the F,TCNQ anions with
the long molecular axis perpendicular to the polymer backbone.
The lower energy polaron absorption peak P; in optical

Fig.1 Molecular structures of the polymer poly(3-hexylthiophene)
(P3HT) and the dopants 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino-
dimethane (F4,TCNQ) and tris(pentafluorophenyl)borane (B(CgFs)s, BCF).
The principal axes of the g-matrix are indicated for P3HT and F4,TCNQ, as
well as the principal hyperfine axes for the proton on the P3HT backbone.
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absorption spectra of doped P3HT, assigned to the transition
from the valence band to the lower unoccupied intragap state
of a P3HT cation and typically centred in the range from 0.3
to 0.5 eV, is known to be sensitive to changes in polaron
delocalisation. Scholes et al. modelled the position and inhomo-
geneous broadening of this peak as a function of the distance
between the polymer backbone and a negative point charge
representing the dopant anion and causing localisation of the
polaron, and showed that the experimental results were consistent
with a distance of 6-8 A between the F,TCNQ anion and the
polymer backbone.>®> While doping of P3HT with F,TCNQ
proceeds mostly by ICT, several recent studies have provided
evidence for the coexistence of ICT and CTC formation, with a
ratio depending on the microstructure of the film, and therefore
processing conditions. In crystalline regions of the film, doping
was shown to proceed preferentially via ICT, while increased
CTC formation was found in amorphous regions, where the
polymer backbones are twisted out of planarity and char-
acterised by a larger degree of disorder.>®>°

A significantly different behaviour was observed for P3HT films
doped with the bulky Lewis acid tris(pentafluorophenyl)borane
(B(CeFs)s3, generally referred to as BCF), which, for films prepared
by mixed-solution doping, exhibited higher hole mobilities and
conductivities compared to the corresponding F,TCNQ-doped
films."® A detailed investigation of the doping of poly[2,6-(4,4-
bis(2-hexadecyl)}-4H-cyclopenta[2,1-b;3,4-b"|dithiophene)-alt-4,6(2,1,3-
benzothiadiazole)] (PCPDTBT) with BCF recently led to the proposal
of a multi-step doping mechanism involving formation of a
BCF-OH, adduct, which acts as a Brgnsted acid and protonates
the polymer backbone at a thiophene ring, followed by electron
transfer from a neutral polymer segment to the protonated
segment to generate a radical cation on the former and a neutral
protonated radical on the latter.>® In a recent paper we have
shown that results obtained for BCF-doped P3HT in solution are
consistent with this general mechanism, but the absence of any
EPR signatures beyond that of the P3HT radical cation sug-
gested further reaction of the radical on the protonated chain,
likely leading to elimination of H, and leaving only neutral
P3HT chains in addition to the P3HT radical cation (see Fig. S1
in the ESIt for a schematic representation of the proposed
doping mechanism).” A recent computational study confirmed
that H, loss resulting in the formation of a single spin-carrying
charged species is required to drive the doping reaction with
BCF to completion, and additionally revealed that in order for the
protonation reaction to occur, the resulting counterion needs to be
stabilised by formation of a bridged complex involving two BCF
molecules ([BCF(OH)BCF]~ or [BCF(OH)(OH,)BCF] ).*!

The presence of only a single paramagnetic species, the
P3HT radical cation, for BCF-doped P3HT, and of both P3HT*"
and F,TCNQ*" for F,TCNQ-doped P3HT provides the ideal
opportunity for an investigation of the effect of the charged
dopant radical on the properties of the spin centres introduced
on the organic semiconductor.

In this study, we first identify and assign the spectral signatures
of the paramagnetic species generated by doping of P3HT with
BCF and F,TCNQ by continuous wave X- and W-band EPR.

This journal is © the Owner Societies 2021
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We investigate the effect of increased spin concentration on the
properties of the spin centres on the P3HT backbone by
comparing P3HT films with different doping ratios. Addition-
ally, to help distinguish effects due to different dopants from
differences resulting solely from changes in morphology, we
also compare P3HT films generated by solution processing
from two commonly used solvents, o-dichlorobenzene and
chloroform. Temperature-dependent cw EPR measurements
are performed to investigate dynamics of the spins associated
with the charge carriers in the doped P3HT films and to verify
the presence of interactions between spin centres. We then go
on to use a series of advanced pulse EPR techniques at Q-band
to gain additional insights into the interactions of the spins
with their molecular environment by characterisation of the
electron-nuclear hyperfine interactions. We use 'H ENDOR
measurements to quantify the extent of spin delocalisation on the
P3HT backbone and '°F ENDOR and "*N ESEEM measurements to
identify contributions of the dopant radical anion F,TCNQ®~ to the
pulse EPR spectra. Overall, our in-depth characterisation of elec-
tron-electron and electron-nuclear hyperfine interactions provides
insights into carrier-dopant and carrier—carrier interactions as well
as charge carrier delocalisation and attempts to unravel their
dependence on the nature of the dopant as well as the microscopic
order of the organic semiconductor matrix.

2 Results

2.1 Quantitative X-band cw EPR at room temperature

P3HT films doped with either BCF or F,TCNQ, deposited on the
inner walls of an EPR tube by solvent evaporation from mixed
solutions of host and dopant in o-dichlorobenzene (0DCB) or in
chloroform (CF), were initially characterised by room tempera-
ture continuous wave (cw) EPR spectroscopy. The EPR spectra
obtained for doping ratios in the range from 10> to 10" dopant
molecules per thiophene unit are compared in Fig. 2 and show
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clear differences for films obtained using different dopants and
solvents (see also Fig. S2 in the ESIf for a more detailed
comparison of the spectral shapes).

The BCF-doped P3HT films are characterised by EPR spectra
centred at a g-value of 2.0021. For films prepared from CF, the
spectra consist of a single approximately Gaussian line with a
peak-to-peak linewidth that decreases from 0.25 mT for the lowest
doping ratio to 0.18 mT for the highest. The spectra for BCF-doped
P3HT films prepared from oDCB are almost identical to those of
the films prepared from CF for doping ratios below 102, while for
more highly doped films an increasingly pronounced additional
feature appears close to the zero-crossing point.

The spectra recorded for the F,TCNQ-doped P3HT films are
characterised by predominantly Lorentzian lineshapes and, in
the case of the films prepared from oDCB as well as highly
doped films prepared from CF, are significantly broader com-
pared to those of BCF-doped P3HT films. For films prepared
from both solvents, the position of the EPR line shifts from a g-
value of about 2.0022 to about 2.0027 for increasing doping
ratios. The spectra of F,TCNQ-doped P3HT films prepared from
CF initially narrow for increasing doping ratios up to 10~> and
then broaden significantly from a peak-to-peak linewidth of
0.15 mT to 0.30 mT. The films prepared from oDCB broaden
from a peak-to-peak linewidth of about 0.30 mT for the lowest
doping ratio up to 0.50 mT for a doping ratio of 5-10 >,

The cw EPR spectra of doped P3HT films show strong
similarities with the spectra obtained for the corresponding
solutions (see Fig. S3 in the ESIT). In a previous investigation of
P3HT doping in solution, we assigned the EPR spectra observed
for BCF-doped P3HT to the P3HT radical cation, while the
observed shift in g-value for F,TCNQ-doped P3HT was attributed
to exchange interactions between P3HT radical cations and
F,TCNQ radical anions.”

The spin concentration determined from the double integral
of the recorded EPR spectra is shown as a function of doping
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Fig. 2 X-band room temperature cw EPR data for BCF- and F,TCNQ-doped P3HT films prepared by solution processing from o-dichlorobenzene
(oDCB) or chloroform (CF). (left) Comparison of EPR spectra for each dopant—solvent pair at different doping ratios (note the difference by a factor three
in the width of the displayed field range for the BCF- and F4,TCNQ-doped samples) and direct comparison of normalised EPR spectra for different
dopant-solvent combinations at a low and a high doping ratio. (right) Spin concentration as a function of doping ratio, for BCF-doped P3HT this
corresponds to the concentration of P3HT radical cations, for F,TCNQ-doped P3HT it includes the contribution from F;,TCNQ®~ (see text for details). The
doping efficiencies are determined from the displayed fits. The grey shaded region indicates typical spin concentrations determined for undoped P3HT films.
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ratio in Fig. 2 and increases linearly across almost the complete
range of investigated doping concentrations. The doping
efficiency #, defined as the number of radical cations generated
on P3HT per added dopant molecule was determined from a
linear fit within this region (Npsut spins = # Ndopants)- Assuming
that the P3HT radical cation is the only contribution to the EPR
spectra recorded for the BCF-doped P3HT films, doping
efficiencies of 0.28 & 0.03 and 0.32 £ 0.05 are obtained for
films prepared from oDCB and CF, respectively. Based on the
assignment of the EPR spectra obtained for F,TCNQ-doped
P3HT films to exchange-coupled P3HT and F,TCNQ, the spin
concentration determined for the F,TCNQ-doped P3HT films
was assumed to be due in equal parts to the P3HT and FATCNQ
radicals. This assumption was previously validated by the
excellent agreement of ionisation efficiencies determined by
UV-vis-NIR spectroscopy with doping efficiencies measured by
EPR for doped P3HT solutions.” The resulting doping efficiencies
for the F,TCNQ-doped P3HT films prepared from oDCB and CF
are therefore 0.40 + 0.04 and 0.41 + 0.06, respectively. The
determined doping efficiencies are in good agreement with
previous results from optical spectroscopy, admittance measure-
ments and quantitative EPR on BCF- and F,TCNQ-doped P3HT
films that found 20-70% of dopants leading to P3HT polarons and
5-18% leading to mobile holes, with some dependence on the
P3HT batch used."”"’

A qualitative comparison of the conductivity for the different
samples based on the reduction in the resonator quality factor (Q)
for increasing doping concentrations is also consistent with trends
in conductivity reported in the literature (see Fig. S4 in the ESIY).
Lower Q-values observed for BCF-doped P3HT films compared to
F,TCNQ-doped films with similar concentrations of P3HT radical
cations indicate increased conductivity for the BCF-doped films, in
agreement with previous observations of &3 times higher conduc-
tivity for BCF-compared to F,TCNQ-doped films,"® and the lower
Q-values for F,TCNQ-doped films prepared from CF compared to
oDCB are in line with the increased conductivity previously deter-
mined for films prepared from CF compared to chlorobenzene.*>

2.2 W-band cw EPR measurements

The increased g-resolution for EPR measurements at W-band
frequencies was exploited to gain additional insight into the nature
of the paramagnetic species observed in the doped P3HT films and
to provide further evidence for the spectral assignments.

The P3HT radical cation is known to be characterised by
an orthorhombic g-matrix'>** and W-band measurements on
BCF-doped P3HT films prepared from oDCB (Fig. 3, left) clearly
display features at the g-values reported in the literature for
I,-doped drop-cast P3HT films (g, = 2.0029, g, = 2.0019 and
g, = 2.0011)." However, the relative intensities of the observed
features do not match the spectrum expected in the presence of
randomly oriented P3HT radical cations, but indicate partial
alignment of the polymer backbones in the film samples. This
was confirmed by comparison to measurements on powders
obtained from drop-cast films, shown in grey in Fig. 3.

Solution processed P3HT films consist of crystalline domains
embedded in an amorphous matrix with a preference for an

13830 | Phys. Chem. Chem. Phys., 2021, 23,13827-13841
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Fig. 3 (top) X- and W-band cw EPR spectra for films of BCF-doped P3HT
prepared from oDCB at doping ratios of 1072 and 2.5-1072 and corres-
ponding simulations performed assuming partial alignment of the P3HT
backbones (dashed lines). Spectra recorded on the corresponding powders
are shown in grey in the background. The distribution of g, orientations
with respect to the sample frame considered in the simulations are shown
in the insets. (bottom) Schematic representation of the doped P3HT films
deposited on the inside of an EPR tube and orientation of the P3HT
g-matrix with respect to the sample tube for two possible edge-on
orientations of the P3HT film.

edge-on orientation of the crystallites with respect to the
substrate.”>** The reduced intensity of the features at g, and
g with respect to the feature corresponding to gy, which based
on DFT calculations®® corresponds to the direction of the alkyl
chains, would be in agreement with an edge-on orientation of
P3HT with respect to the walls of the EPR tube (Fig. 3, bottom).
This is confirmed by simulations of the W-band EPR spectra
of the BCF-doped P3HT films that further indicate a slight
preferential orientation of the g, axis, corresponding to the long
axis of the P3HT backbone,'® along the sample tube axis (see
insets in Fig. 3).

The presence of partial alignhment also explains the feature
appearing at the centre of the EPR line in the X-band spectra
of highly BCF-doped P3HT films prepared from oDCB. The
orientational distribution functions obtained in this case show
some similarities with the ones obtained for the W-band data,
in particular at the higher doping ratio; they are however
significantly narrower and the spectra contain reduced contri-
butions from the extreme values of the g-matrix (leading to
distributions with g, centred at around 40° from the sample
axis for both the W-band data at the doping ratio of 2.5-10 >
and the X-band data). These differences are likely a result
of motional averaging due to hopping of the hole across
crystallites with different orientations with respect to the
magnetic field at a rate that leads to increased averaging at
X- compared to W-band (due to the different relative magnitude
of the inverse of the correlation time compared to the spectral
anisotropy at the two frequency bands®®), as well as more
significant averaging at higher doping concentrations due to
increased mobility (vide infra).

This journal is © the Owner Societies 2021
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Further evidence for the presence of motional averaging is
provided by doping ratio and temperature-dependent W-band
EPR measurements on powders of BCF-doped P3HT films
prepared from oDCB (see Fig. 4). At low doping concentrations,
the spectral shapes with principal g-values corresponding to
gx = 2.0029, g, = 2.0020 and g, = 2.0010 are independent of
temperature and in excellent agreement with literature on
I,-doped P3HT (g, = 2.0029, gy = 2.0019 and g, = 2.0011 for
drop-cast films at 100 K)."> At doping ratios above 10>, the
room temperature spectra clearly show partial averaging of the
g-anisotropy, suggesting fast hole hopping at rates exceeding
the difference in electron Zeeman interaction between P3HT
chains with different orientations with respect to the magnetic
field. The g-anisotropy is almost fully recovered at 100 K,
indicating a decrease in mobility with decreasing temperature,
in agreement with a corresponding decrease in conductivity
inferred from the changes in resonator Q-values with decreasing
temperature (Fig. S4 in the ESIT).

Comparison of the W-band EPR data for BCF-doped and
F,TCNQ-doped P3HT films provides clear evidence for the
correct interpretation of the X-band data in terms of exchange-
coupled P3HT and F,TCNQ. Fig. 4 shows the W-band cw EPR
spectra of F,TCNQ-doped P3HT powder samples prepared from
0DCB as well as reference spectra for PSHT*" (obtained for BCF-
doped P3HT) and F,TCNQ®~ (measured on a film of partially
ionised F,TCNQ prepared from THF). In contrast to the results
for BCF-doped P3HT films, the spectra are characterised by a
single line centred at a g-value of about 2.0027 independent of
doping ratio and on whether the sample consists of a powder or a
film. An averaging of the g-matrices characteristic of two different
spin centres is expected in the presence of an exchange inter-
action J exceeding the difference in the electron Zeeman inter-
actions giugB, i.e. |J| > |g1 — £2|usB,*® and has previously been
reported for organic charge-transfer salts.’”*® The observation

g9 g9
2004 2003 2,002 2001 2.004 2003  2.002

P3HT:BCF (0DCB) P3HT:F,TCNQ (0DCB) |

2.5-10? 2.5-10?
100K

200K

2.001

100K

3352 3354
B (mT)

T T T
3354 3356 3356

B (mT)

3350 33:52 3358 3350 3358

Fig. 4 W-band cw EPR spectra recorded at room temperature, 200 K and
100 K for powders of BCF- and F4,TCNQ-doped P3HT films at different
doping ratios (prepared from oDCB). Reference spectra for the P3HT
radical cation (BCF-doped P3HT with a doping ratio of 5:10~* at 100 K)
and for F4,TCNQ*™~ (film sample prepared from a solution of F4,TCNQ in
THF) are shown at the bottom. The grey vertical lines indicate the principal

g-values determined for P3HT by simulation.
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of an EPR line centred at a g-value intermediate between those
of P3HT*" (g, = 2.0029, g, = 2.0020, g = 2.0010) and F,TCNQ"~
(g« =2.0030, g, = 2.0030, g, = 2.0024, see Section S2.7 in the ESIY)
both at X- and W-band supports the presence of exchange
interactions between the spins on host and dopant and places
a lower limit of about 100 MHz on J.

2.3 Temperature-dependent X-band cw EPR measurements

In order to gain further insights into spin-spin interactions in doped
P3HT, temperature-dependent X-band cw EPR measurements were
performed and the results are shown in Fig. 5. A comparison of EPR
spectra recorded at different temperatures reveals increasing line
narrowing for increasing temperatures for almost all of the consid-
ered samples. This would suggest motional and/or exchange narrow-
ing to be the main mechanism determining the observed linewidth.
An exception to this is the BCF-doped P3HT film prepared from
oDCB with the highest doping concentration (0.1 dopants per
thiophene unit), where the EPR line broadens and becomes less
structured as the temperature increases, likely indicating a con-
tribution of lifetime broadening due to fast relaxation. A different
behaviour is also displayed for the F,TCNQ-doped P3HT films
prepared from oDCB, where the linewidth remains almost invar-
iant across the whole temperature range from 6 K to room
temperature. The Lorentzian lineshape of these spectra, as well
as the significant broadening compared to the other film sam-
ples, might in this case be determined by lifetime broadening.

The change in EPR signal intensity as a function of tem-
perature deviates from the Curie-law behaviour expected for
isolated spin centres (I o< T~') for all of the measured samples
and indicates the presence of significant spin-spin interactions.
The relative change in integrated intensity for decreasing tempera-
tures is displayed with respect to the inverse of the measurement
temperature in Fig. 5.

The reversible decrease in spin concentration with decreas-
ing temperatures observed for the BCF-doped P3HT films
indicates formation of spin pairs with an antiferromagnetically
coupled ground state. The stronger deviations from the Curie
behaviour observed for increasing doping ratios suggest increased
spin pairing at higher spin concentrations. The spin concentration
dependence and the observation of the P3HT radical cation as the
only paramagnetic species present in the BCF-doped P3HT films
indicate that the observed temperature dependence is due to
interactions between spins on the P3HT backbone.

Deviations from the Curie law are also observed for the
temperature-dependence of the EPR signal intensities for
F,TCNQ-doped P3HT films, where they are however less pro-
nounced and show no clear systematic dependence on doping
ratio. Similar temperature-dependences of the EPR intensity
and EPR spectra determined by an averaged g-matrix have
previously been observed in charge transfer molecular crystals
consisting of parallel alternating stacks of donor and acceptor
molecules®”° and have been interpreted in terms of exchange
coupled spins with a diamagnetic singlet ground state and a
thermally accessible triplet state, with a singlet-triplet energy
gap corresponding to the exchange coupling constant J.
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Fig. 5 Temperature-dependent X-band cw EPR measurements on BCF- and F,TCNQ-doped P3HT films. (top) Comparison of EPR spectra recorded at
different temperatures within the range from 6 K to room temperature for selected doping ratios (the displayed spectra are normalised to the maximum
to highlight changes in spectral shape, see Fig. S5 in the ESI{ for the full set of spectra). (bottom) Relative integrated EPR intensity (double integral,
normalised to the room temperature value) as a function of temperature for samples with different doping ratios. The dashed line indicates the Curie law

dependence (I « T~') expected for isolated S = 1/2 spin centres.

The EPR signal intensity for the thermally excited triplet state is
expected to vary with temperature as**™*

T T7! [3 +exp(kBJT)}l (1)

and values of J ranging from 20 to 200 meV have been reported
for different charge transfer molecular crystals,®” such as for
example TMPD-TCNQ (tetramethyl-p-phenylenediamine-tetracyano-
quinodimethane) with J = 68 meV.*® A similar fit of the temperature-
dependent EPR intensity of F,TCNQ-doped P3HT films in the range
from room temperature to 100 K (at lower temperatures con-
tributions from isolated spins become more prominent and
deviations from eqn (1) are observed) leads to estimates for J of
the order of meV, lower than the values reported for charge
transfer salts but much larger than the lower limit of 100 MHz
(0.4 peV) determined above. While F,TCNQ was initially
proposed to intercalate between the P3HT backbones forming
a co-crystal,>®?** recent evidence suggests a placement within
the side chains®>*’ that would lead to decreased wavefunction
overlap, and therefore decreased exchange coupling, compared
to a stacked configuration. The observation of more pronounced
deviations from the Curie law for F,TCNQ-doped P3HT films
prepared from CF compared to films prepared from oDCB
suggests increased spin-spin interactions in the former.

In summary, the cw EPR data reveals significant differences
for P3HT films doped with BCF and F,TCNQ, with clear evidence
for the P3HT radical cation being the only paramagnetic species
present in the BCF-doped P3HT films, while the spectra for
F,TCNQ-doped P3HT films indicate the presence of exchange
interactions between P3HT radical cations and dopant radical
anions. The temperature-dependence of the EPR intensity suggests
the formation of antiferromagnetically coupled spin pairs in both
BCF- and F,TCNQ-doped P3HT films, with pairing between spins

13832 | Phys. Chem. Chem. Phys., 2021, 23, 13827-13841

on P3HT for the BCF-doped films and between spins on P3HT and
on the dopant anion for F,TCNQ-doped P3HT.

2.4 Q-band pulse EPR spectra

For a more in-depth characterisation, pulse EPR measurements
for the determination of the relaxation properties and the
hyperfine interactions of the spin centres in doped P3HT were
performed at Q-band.

The echo-detected Q-band pulse EPR spectra recorded at
10 K for the different samples are compared in Fig. 6 and 7.
Fig. 6 also shows the dependence of the signal intensities, the
phase memory times determined from two-pulse echo decay
measurements and the spin-lattice relaxation times from inver-
sion recovery measurements on the doping ratio for the different
doped films. The dependence of the echo intensity on the doping
ratio shows an initial increase followed by a steep decrease
determined by shorter phase memory times for increasing spin
concentrations. The trends observed for BCF-doped P3HT films
prepared from both oDCB and CF and for F,TCNQ-doped films
prepared from CF are very similar, however, the echo intensities
observed for the F,TCNQ-doped films prepared from oDCB are
significantly lower across all doping ratios despite longer spin-
spin and spin-lattice relaxation times. The comparable spin con-
centrations determined by cw EPR for all samples, combined with
the significant differences in echo intensities, suggest that only a
small fraction of the spins detected by cw EPR contribute to the
pulse EPR data for F,TCNQ-doped P3HT films prepared from
oDCB. This is in agreement with the observation of cw EPR spectra
with Lorentzian lineshapes and widths that translate to spin-spin
relaxation times T, in the range of 10 to 20 ns (ABpp = i)

V3T
for these samples. For F,TCNQ-doped films prepared from CF with
doping ratios above 2.5-10 %, the cw EPR spectra are also Lorentzian

This journal is © the Owner Societies 2021
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Fig. 6 Q-band pulse EPR measurements (T = 10 K) on BCF- and F,TCNQ-doped P3HT films prepared from solutions in oDCB or CF at different doping ratios.
(top) Echo-detected field-swept spectra (t, = 2t,» = 64 ns, © = 400 ns). The spectra are displayed with the actual relative integrated echo intensities to allow a
semiquantitative comparison of the intensities. The grey lines indicate the principal g-values determined for the P3HT radical cation. (bottom, left to right) Spin
concentration determined at 10 K from the X-band cw EPR data as a function of doping ratio, integrated intensities of the echo-detected field-swept spectrum,
phase memory times (from a stretched exponential fit to echo decay traces) and spin—lattice relaxation times T; (both values obtained from a biexponential fit of
inversion recovery traces are shown to indicate the range of what is likely a distribution of relaxation times, see Section S2.3 in the ESIt for details) as a function of
spin concentration for the different dopant and solvent combinations. (See Fig. S6 in the ESIt for the experimental echo decay and inversion recovery traces and fits.)

with widths corresponding to T, relaxation times of 20 to 30 ns and
again no corresponding echo signals could be observed.

The spectral shapes of the Q-band echo-detected pulse EPR
spectra, compared in Fig. 7, show no significant dependence on
type of dopant, solvent or doping concentration and are
assigned to the P3HT radical cation based on agreement with
the g-values determined by W-band cw EPR as well as ENDOR
spectra showing hyperfine interactions with the protons on the
P3HT backbone (vide infra). For F,TCNQ-doped P3HT films
prepared from CF, a weak and broad underlying signal with
clear contributions at lower fields is also observed. The strong
similarities of the echo-detected pulse EPR spectra for films
doped with BCF or F,TCNQ despite significant differences in
the cw EPR spectra indicate a difference in the species observed
with the two methods. In particular, for the F,TCNQ-doped P3HT
films, the exchange-coupled pairs of P3HT and F,TCNQ observed by
cw EPR appear to relax too quickly to give a measurable echo signal
even at low temperatures. In contrast to the results obtained for the
film samples, measurements on frozen solutions of F,TCNQ-doped
P3HT clearly reveal a contribution at g-values corresponding to
F,TCNQ*~ in addition to the P3HT*" signal also observed in films
(see Section S2.4 for details, ESIT).

Pulse EPR with echo detection therefore appears to be
selective for isolated P3HT radical cations and F,TCNQ radical
anions, while the faster relaxation induced by spin-spin inter-
actions for exchange coupled spins prevents detection of an echo
signal. However, for samples with high doping concentrations,
strong FID signals were observed in addition to or in the absence
of echo signals. Echo and FID transients recorded as a function of
magnetic field are compared in Fig. 7 for F,TCNQ-doped P3HT
films at three different doping ratios (see Section S2.5 in the ESIt
for results on films with other dopant-solvent combinations and
for additional details). Fourier transform of the echo or FID signals
followed by projection onto a magnetic field axis and summation

This journal is © the Owner Societies 2021

results in pulse EPR spectra with increased sensitivity, and in some
cases increased resolution, compared to standard pulse measure-
ments performed by echo integration.”> For F,TCNQ-doped P3HT
films at a doping ratio of 102, both the echo as well as the FID after
a selective pulse (¢, = 200 ns) give the same spectrum as obtained by
echo integration. At a doping ratio of 2.5-10 >, the echo intensity has
significantly decreased compared to the FID intensity on account of
the faster spin-spin relaxation, and an additional contribution to the
FID transients becomes evident. This contribution is centred at a
lower magnetic field compared to the echo signal and is charac-
terised by alternating positive and negative transients depending on
field position. For a doping ratio of 5-1072, this is the only
contribution present in the FID measurements and no echo signal
could be detected. The spectrum resulting from this FID signal
consists of a relatively narrow line centred at a g-value of about
2.0027 (shown as dashed line in Fig. 7). This signal is clearly shifted
with respect to the signal of the P3HT radical cation and centred at
the same g-value as the X- and W-band cw EPR spectra for the
F,TCNQ-doped P3HT films. A similar FID contribution is also
observed for F,TCNQ-doped films prepared from oDCB, and FID-
detected inversion recovery measurements for films with doping
ratios of 2.5-10”% and 5-10 > show spin-lattice relaxation times of
the order of tens of microseconds, compared to hundreds of
microseconds determined for the corresponding echo signals (see
Fig. S11 in the ESIt). The FID signals observed for the F,TCNQ-
doped films are therefore assigned to fast-relaxing exchange-
coupled P3HT and F,TCNQ spins that constitute the main
contribution to the cw EPR spectra. Unfortunately, the fast
relaxation times prevented measurements for further character-
isation and confirmation of this assignment.

2.5 Characterisation of the proton hyperfine interactions

While the nearly identical echo-detected Q-band pulse EPR spectra
for all investigated combinations of dopants and solvents clearly

Phys. Chem. Chem. Phys., 2021, 23,13827-13841 | 13833
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Fig. 7 (top) Q-band pulse EPR spectra (T = 10 K) for BCF- and F,TCNQ-
doped P3HT films at different doping ratios (prepared from oDCB or CF). Echo-
detected or echo skew projection spectra®® are shown as solid lines and FID
skew projection spectra as dashed lines. The FID skew projection spectra are
shown for highly F,TCNQ-doped P3HT samples for which no echo signal could
be detected. (bottom) Echo and FID transients as a function of magnetic field for
F4sTCNQ-doped P3HT films (prepared from CF) at doping ratios of 1072,
2.5:1072 and 5-102. Positive signal intensities are shown in blue, negative signal
intensities in red. Echoes were recorded for a pulse sequence with t, = 2t,» =
64 ns and t = 400 ns, FIDs were recorded after a t,» = 200 ns pulse. The
intensities are scaled to match the experimentally observed relative intensities of
the FID and echo signals for each doping ratio (see Section S2.5 in the ESIt for
additional data). The grey and green vertical lines indicate the principal g-values
determined for P3HT*" and F4,TCNQ"®~, respectively.

indicate that the P3HT radical cation is detected in all cases, an
additional characterisation of the hyperfine interactions to magnetic
nuclei is necessary to resolve any dopant- or solvent-dependent
changes in the molecular environment of the unpaired electron
spin on the P3HT backbone. The measurement of hyperfine
couplings to protons on polymer backbones by Electron Nuclear
DOuble Resonance (ENDOR), combined with simulations based on
quantum chemical calculations, can be used to estimate the extent
of spin delocalisation.

The ENDOR spectra of P3HT radical cations are mainly deter-
mined by the hyperfine couplings of the protons on the thiophene
rings of the P3HT backbone. The principal hyperfine values for
aromatic o-protons can be estimated from the spin density on the
adjacent carbon atom, pc, using the following equations:***>

diso = QpC (2)
Ay = (1 + a)aiso

- a)aiso Az = diso
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where Q is the McConnell constant and « is an anisotropy
parameter usually assumed to be about 0.5. The orientation of
the principal hyperfine axes is depicted in Fig. 1. The extent of spin
delocalisation in P3HT can be determined from agreement of
spectral simulations for protons with hyperfine couplings calculated
for a specific distribution of spin density across multiple thiophene

rings with the experimental ENDOR spectrum. Previous ENDOR
studies on I-doped P3HT," light-induced polarons in P3HT:PCBM

blends* and BCF- and F,TCNQ-doped regioregular and regioran-
dom P3HT in solution” based on this approach have shown that the
extent of spin density delocalisation in P3HT can vary between
about 18 thiophene rings for radical cations generated by light
excitation, 12-13 thiophene rings for radical cations in doped P3HT
solutions and films and only about 6 thiophenes for radical
cations in the regiorandom form of P3HT, which is characterised
by increased backbone disorder.

Fig. 8 shows the results of low temperature 'H Davies
ENDOR measurements for BCF- and F,TCNQ-doped P3HT films
prepared from oDCB and CF with different doping ratios, as well
as for the corresponding frozen solutions at a doping ratio of 10>,
The ENDOR spectra are all characterised by a relatively featureless
absorption centred at the proton Larmor frequency, as expected
for a distribution of proton hyperfine couplings with varying
strengths. Extensive spin delocalisation over multiple thiophene
units leads to a large number of weakly coupled protons, while
fewer contributions from more strongly coupled protons are
expected for localisation of the spin density on a small number
of thiophene units. Since the overall width of the ENDOR spectrum
is determined by the largest hyperfine couplings, narrower spectra
therefore indicate increased spin density delocalisation. The
widths of the experimental ENDOR spectra for the different
investigated samples vary from about 3 MHz for the spectra
recorded on both BCF- and F,TCNQ-doped P3HT in 0DCB solution
to between 5 and 6 MHz for F,TCNQ-doped P3HT films, indicating
differences in the extent of spin delocalisation.

In order to estimate the extent of spin delocalisation for the
different samples investigated here, ENDOR spectral simula-
tions were performed based on eqn (2) for a range of model
spin density distributions, and compared to the experimental
data (see Section S1.4.2 in the ESI{ for details). The resulting
estimated distributions of spin densities are shown in Fig. 8.

Comparison of the ENDOR results for frozen solutions of
BCF- and F,TCNQ-doped P3HT in oDCB and CF shows a clear
difference in the extent of spin delocalisation on the P3HT
backbone between the two types of solvents, while the spectra
obtained for the two different dopants are almost identical.
Doped P3HT in frozen oDCB solution is characterised by the
largest extent of delocalisation, over about 18 thiophene units,
while delocalisation is reduced to about 12 thiophene units in
frozen CF solution. The absence of a dependence of the extent of
delocalisation on the type of dopant indicates that, in solution,
the molecular environment experienced by the spin on P3HT is
similar despite the different nature of the counter ion.

The low temperature ENDOR results on the doped films
show only minor differences for films prepared from different
solvents, but a clear dependence on the dopant, with broader
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(left) Q-band H Davies ENDOR spectra recorded at 10 K for BCF- and F,TCNQ-doped P3HT films prepared from oDCB or CF. The ENDOR

spectra are compared for each dopant—solvent pair at different doping ratios and for film samples (solid lines) and the corresponding frozen solutions
(dashed lines). All ENDOR spectra were recorded at a field position corresponding to the maximum of the P3HT radical cation EPR spectrum (ca.
1213.4 mT). (right) Comparison of experimental ENDOR spectra recorded on films (solid lines) and frozen solutions (dashed lines) for selected doping
ratios and of the distributions of spin density derived from simulation and fitting as described in Section S1.4.2 in the ESI. The shaded regions cover the
range of distributions in agreement with the experimental data (see Fig. S14 in the ESI¥).

spectra observed for F,TCNQ-doped films. Compared to the
frozen solution ENDOR results, the film spectra are characterised
by a more gradual decrease in intensity in the wings of the
spectrum that can only be modelled by considering contributions
for different extents of delocalisation, including more localised
spin density distributions, in agreement with the expected greater
heterogeneity of molecular environments. The dependence of the
ENDOR spectra on the doping ratio is relatively minor, except for
a decrease in delocalisation for highly BCF-doped P3HT films
prepared from oDCB. The ENDOR spectrum for F,TCNQ-doped
P3HT films prepared from oDCB at a doping ratio of 10~ is also
characterised by a clearly different shape that appears to result
from a combination of contributions from P3HT in environments
similar to those of the corresponding BCF-doped film as well as
those observed for the F,TCNQ-doped films at higher doping
concentrations. The spin density distributions determined for
BCF-doped P3HT films extend over about 12 thiophene units, in
agreement with a delocalisation over 12-13 units previously
determined for I,-doped P3HT films" and for BCF- and
F,TCNQ-doped P3HT in CF solutions.” In F,TCNQ-doped
P3HT films, the extent of delocalisation is reduced to about
8-10 thiophene rings.

The observation of the narrowest ENDOR spectra for doped
P3HT in oDCB solutions is consistent with observations from
UV-vis-NIR spectroscopy indicating the presence of isolated
solvated P3HT chains in chlorobenzene,” which would allow for
increased spatial separation from the counter ion and facilitate
increased delocalisation of the unpaired spin on the P3HT
backbone. The determined extent of delocalisation over about
18 thiophene units closely matches the one reported for light-
induced polarons in P3HT:PC¢;,BM blends, where the more exten-
sive delocalisation has been attributed to the absence of counter ions
in the vicinity of the polymer backbone.’* The UV-vis-NIR

This journal is © the Owner Societies 2021

spectra for doped P3HT in chloroform, on the other hand, are
characteristic of P3HT aggregates,” which explains the strong
similarities between the ENDOR data for BCF-doped solutions and
films prepared from this solvent and the decreased delocalisation.
The broader ENDOR spectra observed for F,TCNQ-compared to
BCF-doped P3HT films suggest a role of the F,TCNQ molecule in
limiting delocalisation, either through changes in film morphol-
ogy or through localisation of the hole on P3HT as a result of a
nearby dopant anion.

The absence of any features that can be attributed to fluorine
hyperfine couplings in the ENDOR spectra recorded at the field
position corresponding to the maximum of the P3HT radical
cation signal in F,TCNQ-doped P3HT films (the '°F Larmor
frequency is about 3 MHz lower than the 'H Larmor frequency
at the magnetic field of the experiment) indicates either the
absence of F,TCNQ molecules in the direct vicinity of the detected
P3HT radical cations or their random distribution with respect to
the P3HT backbone, leading to extensive signal broadening that
prevents detection.

2.6 Contributions from F,TCNQ in pulse EPR of doped P3HT
solutions and films

The Q-band echo-detected pulse EPR spectra for the doped
P3HT films were shown to be dominated by the signal of the
P3HT radical cation, however, the spectra recorded for F,TCNQ-
doped P3HT in solution additionally contain a signal at g-values
in agreement with those determined for the F,TCNQ radical
anion. Additionally, the spectra for the F,TCNQ-doped films
prepared from CF also contain a weak, broad signal with
contributions at lower magnetic fields compared to P3HT.
This prompted a more detailed investigation of the origin of
the additional signals observed when F,TCNQ is used as the
dopant.

Phys. Chem. Chem. Phys., 2021, 23,13827-13841 | 13835
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Attempts to separate different signal contributions based
on differences in relaxation times were not successful, as field-
dependent inversion recovery measurements did not show signifi-
cant differences in spin-lattice relaxation times across the spectrum
(Fig. S7 in the ESIt). However, the F,TCNQ molecule contains four
fluorine and four nitrogen nuclei, which provides the opportunity
for distinguishing any spectral contributions from F,TCNQ based
on the presence of the corresponding hyperfine couplings. As a
reference, the g-values, °F hyperfine interaction parameters and **N
hyperfine and nuclear quadrupole interaction parameters of the
isolated F,TCNQ radical anion were initially determined by X-,
Q- and W-band cw EPR, Q- and W-band *°F ENDOR and Q-band
N ESEEM measurements and are reported in Section S2.7 in
the ESIL.{

Fig. 9 shows the Q-band echo-detected EPR spectra for
F,TCNQ-doped P3HT in CF solution and for the corresponding
film as well as the results of magnetic field-dependent ENDOR
and three-pulse ESEEM measurements.

For the frozen solution sample, the additional signal
observed at lower fields compared to the P3HT radical cation
is associated with peaks in Davies ENDOR spectra centred at
the fluorine Larmor frequency. Field-dependent ENDOR mea-
surements allow clear separation of this contribution from the
P3HT radical cation spectrum (see Fig. S16 in the ESIt). The '°F
hyperfine couplings determined by simulation of the experi-
mental data are in close agreement with those determined for
F,TCNQ* ", confirming assignment of this signal. Three-pulse
ESEEM measurements on the frozen solutions of F,TCNQ-
doped P3HT also show modulations due to nitrogen hyperfine
couplings that closely resemble the results obtained for the
isolated F,TCNQ radical anion (see Fig. S17 in the ESIY). Field-
dependent ESEEM measurements again allow a clear distinction
between the F,TCNQ®~ contribution with “*N hyperfine couplings
and the P3HT*" contribution with a weak ESEEM signal due to
natural abundance **C (Fig. 9).

For the F,TCNQ-doped P3HT films prepared from CF, Davies
ENDOR measurements show a sharp peak at the fluorine Larmor
frequency both at lower and higher fields compared to the P3HT
spectrum. The ENDOR spectrum recorded at about 1211.7 mT,
corresponding to the weak shoulder observed on the lower field
end of the EPR spectrum, additionally includes a signal at
frequencies lower than the fluorine Larmor peak with a position
and shape that closely resembles the fluorine ENDOR contribution
for the frozen solution sample. The field-dependent ESEEM mea-
surements show a contribution around the "*C Larmor frequency
for field positions corresponding to P3HT, as already observed in
the corresponding frozen solution spectra. However, instead of the
nitrogen ESEEM peaks at about 1.6, 2.4, 6.6 and 8.8 MHz observed
at field positions corresponding to the F,TCNQ*~ g-values for the
frozen solution sample, the ESEEM data for the film sample is
characterised by two pronounced and one slightly weaker peak
at frequencies of 2.2, 5.3 and 8.0 MHz spanning the field range
from about 1211 to 1215 mT and extending to both sides of the
P3HT spectrum.

Magnetic-field-dependent nutation experiments were per-
formed to provide additional insights into the origin of this
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Fig. 9 Q-band °F ENDOR and *N ESEEM data for F,TCNQ-doped P3HT
in CF solution and for the corresponding film (T = 10 K). (top) Echo-detected
pulse EPR and Davies ENDOR spectra recorded at different magnetic fields.
The experimental ENDOR data is compared to *°F ENDOR simulations (in
red-orange) for F,TCNQ*~ (left) and for a coupled pair of P3HT** and
FATCNQ*™ with D = 80 MHz and J > 500 MHz (right). The principal values
of the °F hyperfine matrix used in the simulations are A, = 3.75 MHz,
A, =367 MHz and A, = 6.00 MHz and A, = 3.62 MHz, A, = 3.54 MHz and
A, = 5.86 MHz, respectively. (bottom) Three-pulse ESEEM spectra as a
function of magnetic field. ESEEM spectra at selected field positions are
compared to simulations for F4,TCNQ*~ and a coupled spin pair in the side
panels. The principal values of the N hyperfine matrix used in the
simulations are A, = —1.17 MHz, A, = —1.87 MHz and A, = 12.43 MHz with
the nuclear quadrupole interaction parameters Q = —1.00 MHz and
n = 0.33 (principal axes orientations are displayed in Fig. S15 in the ESI¥).

signal. The results of phase-inverted echo-amplitude detected
nutation (PEANUT) experiments for F,TCNQ-doped P3HT films
prepared from oDCB, where only the P3HT signal is detected,
and for films prepared from CF, where the additional broad
underlying contribution characterised by both fluorine and
nitrogen hyperfine couplings is present, are compared in
Fig. 10. The spectrum for the film prepared from CF clearly
contains contributions at a nutation frequency of v2v; at both
lower and higher fields compared to the intense P3HT*" signal
at v4, where v, corresponds to the nutation frequency of an
S = 1/2 spin. The contribution at v/2v; could only be identified
in the PEANUT spectra for F,TCNQ-doped P3HT films prepared
from CF, while it is absent for films prepared from oDCB and
for BCF-doped films (see Fig. S19 and S20 in the ESIY).
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