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studies where experimental in-plane alignment of polymer
backbones lead to a further substantial mobility increase in
this particular transport direction. 18…20In addition to the importance
of polaron delocalization for effici ent transport of charges in organic
semiconductors, there are several experimental results and theore-
tical models suggesting that extended delocalized states take part in
the ultra-fast charge separation process at the donor…acceptor
interface in organic solar cells.21…26As both charge separation
and transport are fundamental processes in functional devices,
deeper insight into the delocalization of charges would signifi-
cantly improve the understanding of the operation of organic
solar cells, transistors, and light-emitting diodes.

A material that has been intensively studied in the past years
with respect to fundamental correlations between molecular
structure and charge carrier transport and to applications in
organic solar cells, is the conjugated polymer poly(2,5-bis(3-
alkylthiophene-2-yl)thieno[3,2-b]thiophene) (PBTTT) (Fig. 1). Its
characteristic semicrystalline morphology in thin polymer
layers comprising of p-stacked polymer chain lamellae has
been put forward as one explanation for the high hole mobility
of up to 1 cm2 V�1 s�1 measured in field-e�ect transistors. 27…38

It was also proposed from theoretical modeling that a low
density of trap states and high delocalization of charges along
the planarized chains in closely packed lamellar structures is
responsible for the improved mobility in PBTTT.39 It is there-
fore highly desirable to have a direct measure of the polaron
(de)localization in PBTTT in order to correlate with the struc-
ture and transport properties of the polymer.

While a wealth of studies focused on a structural analysis in
order to explain the high charge carrier mobility in PBTTT, the
fundamental phenomenon of charge delocalization along the
backbone has to date only been accessed theoretically.39,40 Very
recently, we reported the synthesis of BTTT oligomers to shed
light on the evolution of crystalline behavior, morphology, and
interaction with the fullerene acceptor as the molecular con-
jugation length increases.41 In turn, this series of compounds
now enables us to investigate directly the delocalization of
charges in PBTTT in a systematic way via electron nuclear
double resonance (ENDOR) spectroscopy, without having to
rely exclusively on advanced modeling. In conjugated polymers,
the length of the polymer chain can severely influence factors

such as solubility, film formation , crystallinity, and consequently
charge transport or carrier generation in functional devices. 42 By
investigating two molecular weight fractions of PBTTT (Mn = 15 kDa
and 20 kDa), we illustrate a case where two chemically similar
polymers show a di�erent degree of polaron localization. In
combination with complementary quantum chemical calcula-
tions of the well-defined oligomer molecules, we have been able
to gain deeper insight into the factors that limit delocalization
along the polymer chain and how delocalization depends on
structure in thin films. In addition, our discussion presents a
general guideline illustrating the pitfalls and opportunities
when trying to deduce polaron localization lengths from hyper-
fine coupling spectra of conjugated polymers.

2. ENDOR spectroscopy to determine
charge localization

An early attempt to reveal the localization of polarons in several
conjugated polymers made use of a correlation between the
energy of photo- or doping-induced polaron absorption 43…46

and the effective conjugation length, 47 stimulating further
investigations.48…51 Here, we apply an alternative technique
based on electron paramagnetic resonance (EPR), which has
proven to be very successful in determining the extension of
excited species, especially in bio-related molecules/systems.52…54

In general, EPR is capable to identify unpaired electrons due to
the Zeeman splitting under an applied magnetic field by micro-
wave spin manipulation; in this context, it has been demon-
strated to reliably detect photo-generated polarons in different
types of organic solar cells.55,56 The interaction between the
magnetic dipole of a nucleus (with nonzero spin), bound to
the chemical structure of the material, and the spin of a charge
carrier leads to the formation of additional hyperfine sublevels,
which increases the number of EPR transitions. In case of a
hydrogen nucleus (I = 1/2) in the vicinity of an unpaired electron
(S = 1/2), the hyperfine interaction leads to an additional splitting
of the spin up and the spin down state, respectively, resulting in
two EPR and two NMR transitions (see Fig. 2). The magnitude of
the energetic splitting a (hyperfine splitting constant) depends
on the strength of the dipole…dipole interaction and can be

Fig. 1 Chemical structures of the BTTT oligomers/polymers blended at 1 : 1 weight ratio with a fullerene acceptor.
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Interestingly, the two molecular weight ( Mn) fractions of PBTTT
present remarkable di�erences in their hyperfine coupling spectra.
By extrapolating the e�ective localization length Ne� , it can be
concluded that the lower Mn fraction of PBTTT shows a localiza-
tion length of ca. 4 nm, corresponding to 3.1 BTTT units, i.e.
almost identical to BTTT3, although the chain is approx. 7 times
longer than this particular oligomer. However, delocalization in
the PBTTT with the higher molecular we ight extends significantly
farther to 4.8 nm, corresponding to 3.7 BTTT units.

The di�erent degree of delocalization in the two chemically
equivalent polymers can be explained by the influence of mole-
cular weight on the structure formation and ordering of the films.
To gain deeper insight into this process, we measured the UV-vis
absorption of thin PBTTT:[60]PCBM films (see Fig. 3b). The 20 kDa
fraction shows a very pronounced red-shifted vibronic progression,
which is usually attributed to increased film crystallinity and
p-stacking of polymer chains,72…74while the 15 kDa PBTTT absorp-
tion appears rather unstructured. The ENDOR spectra presented in
Fig. 3a are measured on thick films, which dried from solution
inside EPR quartz tubes under vacuum. This difference in pre-
paration makes the direct comparison to spin coated thin films
questionable as structure formation can critically depend on the
drying time of the solvent. Therefore, we adapted a technique that
is used e.g. for the sample preparation of conjugated polymer layers
on transmission electron microscopy grids. PBTTT:[60]PCBM films
were spin coated on PEDOT:PSS, floated in water, and wrapped
around a thin 1 mm quartz tube which was inserted in the
measurement tube and then evacuated and sealed under
helium atmosphere as usual. In fact, the resulting ENDOR
spectra measured on those thin films are identical to the ones
measured on the thick films with considerable longer drying
times (see ESI,† Fig. S3). This in turn means, that the electronic
structure of the polaron is in our case independent of the
preparation conditions. It also suggests, that the local chain
morphology is retained and UV-vis measurements on thin films
are applicable here in order to learn about the different degree
of PBTTT backbone planarization due to p-stacking.

We can now conclude that the polaron delocalization in
PBTTT (15 kDa) is limited by structural disorder in the polymer
layer, leading to an e�ective conjugation length close to the
BTTT3 oligomer. On the other hand, the situation for PBTTT
(20 kDa) is not as clear since the spatial extent of the wave
function, while more strongly delocalized, can still be limited
by torsions along the backbone or alternatively by intrinsic
decoherence mechanisms. Therefore, we now turn to a more
detailed analysis of the oligomer ENDOR spectra in order to
shed light on the di�erent spectral contributions and the
limiting mechanisms of charge delocalization. We also take
advantage of the oligomer spectra to further test the adequacy
of long-range corrected DFT functionals in assessing charge
delocalization in p-conjugated systems.

dBTTT1/BTTT1 ENDOR and influence of molecular
conformation

BTTT1 is the shortest and most simple molecule in this series,
with six hydrogen nuclei directly bound to the aromatic ring

system (two per each thiophene and two at the thienothiophene
unit). Due to the symmetry of the molecule, it is su�cient to
consider only the coupling of three inequivalent protons. The
main spin density of the polaron is expected to be located along
the p-orbital system of the conjugated backbone. However, the
solubilizing side chains of BTTT1 also carry 13 protons per
chain, which can give rise to the appearance of additional
couplings in the ENDOR spectra. One usually expects only very
weak charge density at the position of side chain protons
because of the aliphatic nature of the side chains (also known
as matrix contribution close to a = 0). For this reason, side
chains are usually omitted, truncated, or substituted by methyl
groups when simulating ENDOR spectra with DFT.66 However,
there are several examples of conjugated bio-molecules (such as
flavines) where considerable polaron density is found at the side
chain protons close to the aromatic units. 75 The mechanism
responsible for this e�ect is hyperconjugation; in the case of
overlap/alignment of orbitals, charge is partially transferred from
the C…H side chains -bond to the p-orbital of the sp 2 hybridized
carbon in the aromatic ring structure, which stabilizes the
ground state due to increased spread of electron density. The
transferred charge density r at the position of the proton (and
therefore the coupling strength aH) depends to a first approxi-
mation on dihedral angle j according to aH B cos2(j),76 which
opens additional potential for structural investigations of organic
radicals. This dependence, however, illustrates the potentially
large influence of side chain proton couplings on ENDOR spectra
for specific geometric arrangements (conformations). To exclude
side chain couplings in our ENDOR spectra for a preliminary
analysis and to quantify the contribution of those couplings
depending on the conformation of the molecule, we synthesized
the deuterated oligomer dBTTT1 where the side chain hydrogens
atoms are replaced by deuterium (details on the synthesis can be
found in the ESI†). The difference in magnetic moment shifts the
resonance position of the free deuteron by a factor of 6.5 to lower
RF frequencies (at Q-band to approx. 8 MHz), which gives
the possibility to investigate polaron couplings to the polaron
to 1H and 2H nuclei separately in ENDOR spectra.

For a reliable simulation of ENDOR spectra, one has to
consider specific suppression e�ects caused by the measure-
ment technique itself. If the inversion pulse of the Davies
sequence excites or inverts (due its bandwidth) both EPR transi-
tions simultaneously (see Fig. 2), the ENDOR e�ect vanishes. Small
couplings susceptible to this suppression e�ect arise most likely
for distant H nuclei (non-conjugated side chains or molecular
surrounding). While this suppression e�ect should result in van-
ishing ENDOR intensity at n = 0, experimental ENDOR always show
finite, but di�cult to predict residual intensity. Consequently, we
have chosen to assume complete suppression atn = 0 in our
simulations a Lorentzian line centered at n = 0 with the width
defined by to the excitation bandwidth (see above). Choosing
increasingly longer microwave pulses would enhance the sensitivity
for weakly coupled protons, but would also lead to an unwanted
orientation selectivity rendering the spectra di�cult to interpret. 77

In the ESI† (Fig. S4) we show an example of the influence of the
suppression e�ect on the expected simulated spectra for dBTTT1.
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Fig. 4a shows the chemical structure of the dBTTT1 oligomer
with the aromatic hydrogens Ha, Hb and HTT and the deuterium
atoms D1, D2,. . . etc. bound to the side chains. Recent X-ray
di�raction investigations on the conformation of the non-
deuterated oligomer have shown that the thiophene rings adapt
a cis conformation with respect to the sulfur in the thienothio-
phene unit while the side chains arrange at an angle of 1051
with respect to the molecular plane. 78 We use this structure as
the basis for our simulations and optimize the geometry of the
cation at the LC-BLYP/6-31G(d) level of theory while keeping the
angle of the side chains fixed (even if this assumption were to
be incorrect, we will later see that the arrangement of the side
chains has only very little influence on the HFCs of Ha, Hb and
HTT). As we have recently shown, long-range corrected (LRC)
functionals are essential in order to describe polaron delocali-
zation in PBTTT.40 Here, we have chosen the LC-BLYP level of
theory for all DFT calculations. Note that the di�erences
between tuned LRC-functionals are in general small. However,
in the present case, LC-BLYP seems to perform slightly better in
comparison to the LC-oPBE and wB97X-D functionals, which
were also used in the previous investigation (see ESI†).

Fig. 4a shows the LC-BLYP charge/spin density of the hole
wave function, which is delocalized over the whole molecular
backbone as well as the first …CD2 part of side chains. The
highest coupling is to the outer hydrogen Ha while Hb and HTT
show less spin density and therefore weaker coupling. We used
the calculated isotropic and aniso tropic HFC values to simulate the
experimental 1H ENDOR spectrum of the dBTTT cation (Fig. 4b)
using the EPR software package easyspin.79 The simulated
spectrum reproduces the shape of the experimental spectrum.
Both weaker couplings to Hb and HTT are obviously affected
by the suppression effect close to a = 0 discussed above. Note
that we do not observe a significant difference in the simulated
HFC spectra between dBTTT in cis and trans configurations
(see ESI,† Fig. S5); thus, we cannot distinguish experimentally
between the two forms.

The experimental data on dBTTT1 revealed the coupling
of the polaron spin with the 1H nuclei in the aromatic ring
system. We now turn to the measurement and analysis of the
coupling to the 2H nuclei at the side chains of the oligomer.
Together with appropriate simulations, we are able to check
independently if the assumption on the side chain arrange-
ment adapted from XRD on single crystals still holds for
dBTTT1 mixed with PCBM. As pointed out earlier, the coupling
to 1H and 2H can be investigated separately in ENDOR spectra
because of the di�erence in the free Larmor frequency of the
nuclei (factor of 6.5). Also, the 2H ENDOR spectrum is narrowed
by the same factor although the spin density at the position of
the nucleus stays unchanged.

We calculated the HFC of the first four deuterium nuclei to
the polaron spin in dBTTT as function of the side chain angle
(see Fig. 5a) at the LC-BLYP level. The two2H close to the
aromatic ring (D1, D2) exhibit the largest coupling, modulated
by the expected cos2(j) behavior.76 The maximum appears for
parallel alignment of the C…2H dihedral angle with the aromatic
p-orbitals, and the minimum when the bond lies in the mole-
cular plane. In coplanar arrangement of the side chains with the
backbone, both C…2H bonds point out of the plane to a higher
degree than in the perpendicular case, which explains the
different levels of the curve intersection points. For the more
distant deuterium atoms 3 and 4, nearly no hyperconjugation
(overlap of orbitals) takes place, which results in a very weak hole
density and very little HFC at their positions.

The measurements of the 2H ENDOR spectra (Fig. 5b) were
performed with a slightly altered pulse sequence (MIMS ENDOR)
that is especially sensitive to small hyperfine couplings. 57,80 In
contrast to Davies ENDOR, it does not produce a single central
blind spot but several periodic blind spots depending on the
specific pulse sequence time delayt. One can therefore reduce
the width of the central suppression e�ect and resolve weaker
couplings; on the other hand, this procedure induces additional
blind spots at 1/(2t), which in our case are located at�1.66 MHz

Fig. 4 (a) LC-BLYP DFT optimized chemical structure of the deuterated dBTTT1 cation in cis conformation with the side chain angle fixed to 1051 (taken
from XRD measurements78). Also shown is the spin density of the positive polaron calculated at the LC-BLYP level of theory. (b) The graph shows a
simulation of the dBTTT cation 1H Davies ENDOR spectrum considering three aromatic protons (Ha, Hb, HTT) visualizing contributions of the three
different nuclei. The bottom graph shows the sum spectrum (green) in comparison to the experiment (black). Green bars represent the individual
1H isotropic couplings used to simulate the spectrum. All simulated spectra include complete ENDOR effect suppression around a = 0 (Davies inversion
p-pulse 128 ns).
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dynamics data implies that this tilt angle is retained in a
mixture with PCBM. 81 Based on the nomenclature introduced
in Fig. 5a, PBTTT side chains arrange in a nearly perpendicular
fashion (901) as shown in Fig. 8a in the case of BTTT3. We
performed a DFT optimization for the geometry of the BTTT3
cation with this constraint and again evaluated the HFC of all
hydrogen spins with the polaron. The results of the 1H Davies
ENDOR spectra simulation are shown in Fig. 8b. A first com-
parison, focusing on the conformationally more insensitive
1H spins bound to the conjugated backbone (see Fig. 6), reveals
that those mainly contribute larger couplings to the BTTT3
spectrum. The inclusion of the HFC of the side chain protons in
the simulation leads to a robust description of the complete
BTTT3 ENDOR spectrum by adding weaker couplings due to
the perpendicular arrangement. It is obvious that any other
molecular conformation of the side chains than that depicted
in Fig. 8a would lead to the appearance of larger couplings in
the spectra, according to the cos2(j) behavior. Assuming that
the BTTT3 conformation is very similar to PBTTT therefore
seems very reasonable.

4. Conclusion

We have shown that considerable care has to be taken for
deducing polaron localization lengths from hyperfine coupling
spectra of conjugated polymers. This is especially true when
investigating 1H couplings, which may consist to a significant
degree of couplings to protons in the non-conjugated side chains.
Those couplings are, however, very sensitive to the structural
arrangement with respect to the conjugated backbone. Therefore,
reliable simulations of conjugated polymer ENDOR spectra need
to be combined with independent structural investigations on
the organic compounds. In our case, we have been able to take
advantage of the PBTTT oligomer series and the deuterated
molecule dBTTT1 to disentangle these di�erent contributions
to the ENDOR spectra. On that basis, we can directly draw
conclusions on the extent of the polaron wavefunction in PBTTT
as function of the film morphology.

The consistent simulation of the individual oligomer spectra
confirms that long-range corrected DFT functionals can properly
describe the change in coupling strength with increasing oligomer
size. For shorter oligomers as BTTT1/BTTT2, B3LYP seems to
work comparably well as both B3LYP and LC-BLYP reproduce the
1/N behavior of the calculated maximum HFC in this oligomer
length regime (see ESI,† Fig. S9). However, since B3LYP tends to
overdelocalize wave functions, it start failing on longer oligomers
where LC-BLYP predicts a limited polaron size and saturation of
the HFC. We can therefore compare the experimental results on
two PBTTT samples of di�erent molecular weight, to the polaron
polymer limit deduced from long -range corrected DFT calcula-
tions. In the lower molecular weigh t sample, the delocalization of
the polaron extends over 3.1 BTTT units, that is about over 12
thiophene rings; it is clearly limite d by structural disorder, leading
to twists and kinks along the polymer backbone that break the
conjugation (Fig. 9). Since such defects are di�cult to model
a priori with DFT, calculations on rather disordered or amor-
phous conjugated polymers might overestimate the actual
polaron localization length.

The main reason for the farther delocalization of the hole in
higher molecular weight PBTTT films likely is the increased
degree of order, which leads in this particular case to a polaron

Fig. 8 (a) LC-BLYP optimized chemical structure of the BTTT3 cation with side chains constrained to a nearly perpendicular arrangement (analog to
PBTTT as described in the main text81). The spin density of the positive polaron is visualized. (b) The upper graph shows separate simulations of BTTT3
cation 1H Davies ENDOR spectra considering seven aromatic protons Ha, Hb, Hb0, Hb00, HTT1, HTT2, HTT3 and the HFC caused by side chain protons in
nearly perpendicular arrangement. The lower graph shows the complete simulation (green) of the experimental BTTT3 spectrum (black) with LC-BLYP.
Green bars represent the individual 1H isotropic couplings to simulate the spectrum. All simulated spectra include complete ENDOR effect suppression
around a = 0 (Davies inversion p-pulse 128 ns).

Fig. 9 Schematic representation of the polaron delocalization length in
the two PBTTT samples with different molecular weights.
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size of 3.7 BTTT units, that is, over about 15 thiophene rings.
Previous DFT calculations on BTTT cations have shown that
saturation of polaron delocalization starts at a length of BTTT4, 40

which is very close to the maximum experimental value measured
here for the 20 kD Mn PBTTT. This implies that in highly ordered
PBTTT films positive polarons can reach their intrinsic delocaliza-
tion limit, which matches that predicted by DFT calculations. Our
results underline the importance o f achieving planarization of the
polymer backbone in order to reach a high degree of polaron
delocalization and to maximize charge transport.

To summarize, we exploited ENDOR techniques to measure
reliably polaron delocalization in PBTTT samples and to correlate
the extent of delocalization with the polymer film morphology.
Our study forms a useful basis for further studies on the
hyperfine coupling spectra of conjugated polymers. Polaron
delocalization is expected to have a strong influence on phenom-
ena such as charge transport and charge generation in functional
organic devices. However, at this time, a convincing experimental
correlation between these processes and charge delocalization
remains missing.
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