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Abstract

Semiconducting polymers promise to revolutionise the way electronic devices can be built and deployed for a vast array
of applications ranging from light-energy conversion to sensors to thermoelectric generators. Conjugated push-pull
copolymers consisting of alternating donor and acceptor moieties are at the heart of these applications, due to the large
tunability of their electronic structure. Hence, knowing the electronic structure of these materials is essential for a detailed
understanding of the structure—function relationship of conjugated polymers used in organic electronics applications.
Often, a single repeat unit closely resembles the electronic structure of the polymer, but different repeat units exist with
markedly different characteristics. Therefore, spectroscopic tools providing the necessary molecular resolution that allows
to discriminate between different repeat units and to decide which one actually resembles the electronic structure of the
polymer are of utmost importance. Time-resolved electron paramagnetic resonance (TREPR) spectroscopy is perfectly
suited for this task and outperforms optical spectroscopy in this case, particularly when supported by quantum-chemical
calculations. This is due to its molecular resolution and unique capability of using light-induced triplet states to probe
the electronic structure as well as the impact of the local environment. Here, we demonstrate the power of this approach
for the polymer PNDIT2 (poly[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-
bithiophene)) revealing NDI-T2 unambiguously as the repeat unit representing the polymer. The alternative building
block T-NDI-T has a markedly different electronic structure. These results are of high importance for the rational design
of conjugated polymers for organic electronics applications.

Keywords: conjugated push-pull copolymers, repeat unit, building block, electronic structure, triplet states, electron
paramagnetic resonance

electronic structure, i.e. their HOMO or LUMO level,
ultimately leading to better efficiency compared to
homopolymers for many applications.[4, [, [6] However,
this comes at the prize of a much more complicated
electronic structure. While different repeat units result
in the same polymer, for push-pull copolymers often a
single repeat unit can serve as a model for the actual
polymer [7, [§] dictating the electronic structure, as shown
for PCDTBT [9, 10] and PNDIT2 [11]. Investigating
representative repeat units instead of the entire polymer
is relevant both from a theoretical and experimental
perspective. Quantum-chemical calculations depend
non-linearly on the number of atoms, and the computing
time dramatically increases by a factor of 10-50 between

1. Introduction

Ever since the discovery of conducting polymers [I} [2]
that consecutively led to awarding the Nobel prize in
chemistry to Alan J. Heeger, Alan G. MacDiarmid and
Hideki Shirakawa in 2000 have these materials inspired
the imagination of physicists, chemists, and engineers
alike.  (Semi-)conducting polymers not only allow to
address fundamental questions of physics and chemistry
of soft matter, but open the doors to an entirely new
class of devices,[3] combining the power of tremendously
miniaturised electronic circuits with the flexibility and
ease of processing of polymeric materials. While in the
first decades, mostly homopolymers have been investi-

gated, more recently, push-pull copolymers consisting of
alternating donor and acceptor moieties are increasingly
important. They offer much better tunability of their
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fragments consisting of n repeat units with n = 1 and
n = 3, the latter serving as model for the polymer
chain.  Usually, calculations for n = 1 already take
a few hours. In order to obtain reliable results from
quantum-chemical calculations, functionals and basis sets
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for DFT and potentially even methods need to be varied,
sampling a large parameter space. Furthermore, advanced
calculations are only feasible for small molecules.[12]
From an experimental point of view, small molecules
often exhibit better signal-to-noise ratio in spectroscopy
compared to polymers. Furthermore, additional effects
e.g. from morphology [13] 14] and exciton mobility[15] [13]
can be excluded. Therefore, it is of utmost importance
to unequivocally identify the repeat unit resembling the
electronic structure of the polymer and only use this for
further detailed investigation. This requires a combined
approach of spectroscopic methods with sufficient resolu-
tion to discriminate between different possible candidates,
synthetic chemistry providing the different structures, and
comparison with the polymer. Here we demonstrate the
power of this approach for the polymer poly[N,N’-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5’-(2,2’-bithiophene) (PNDIT2) and two
possible repeat units, namely T-NDI-T and NDI-T2
(cf. Fig. , using time-resolved EPR spectroscopy and
quantum-chemical calculations.  The clearly superior
molecular resolution of TREPR spectroscopy compared
to optical methods proves crucial and allows for un-
equivocally identifying the repeat unit representing the
electronic structure of the polymer.

PNDIT?2 is a prominent example of naphthalenediimide
(NDI) based polymers [16] predominantly used as acceptor
materials [I7, 18] or n-type semiconductors [19] in organic
electronics. It is renowned for its excellent electron mobil-
ity |14, 111, 20}, 2], 22] 23] 24] and consists of alternating
units of NDI and thiophenes (T) which themselves act as
electron acceptors (A) and donors (D), respectively. The
interaction of these units determines the electronic struc-
ture of the polymer, hence a detailed characterisation and
understanding is of utmost importance for guiding the tar-
geted design of new materials.
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Figure 1: Chemical structures of NDI-T2 and T-NDI-T. The
molecules each consist of one naphthalenediimide (NDI) and two
thiophene units (T), respectively. Whereas the NDI moiety acts as
an electron acceptor (A), the T units act as donors (D). The pic-
tograms shown in the top right corner of each of the structures are
used hereafter for simplicity.

In case of the polymer PNDIT2, two potential repeat
units are possible: T-NDI-T and NDI-T2 as presented
in Fig. While upon polymerisation both units result
in the same polymer, the molecules as such are two dis-

tinct chromophores with tremendously different electronic
structure. This immediately raises the question which
one reflects the electronic structure of the polymer PN-
DIT2. Steady-state optical spectroscopy is of no help
here, as it lacks the resolution necessary to reveal the de-
tails of the electronic structure. Therefore, time-resolved
electron paramagnetic resonance (TREPR) spectroscopy
[25], 26], 27] complemented by quantum-chemical calcula-
tions was employed on both small molecules and compared
with the results previously obtained for the polymer [I1]
to address this question. Due to its molecular resolu-
tion, EPR spectroscopy is superior here to optical spec-
troscopy suffering from broad, overlapping and often un-
structured lines. Light-induced short-lived triplet states
probed by TREPR spectroscopy have been shown to be
particularly sensitive to the local molecular environment,
both in terms of morphology [14] 28, [I3] and electronic
structure [I1], 10}, 15} 29]. Therefore, TREPR spectroscopy
in conjunction with quantum-chemical calculations is the
method of choice for analysing the electronic structure of
both potential repeat units of PNDIT2 with molecular res-
olution, and for answering the question which of them is
the repeat unit that best represents the electronic struc-
ture of the polymer.

2. Materials and Methods

2.1. Synthesis

NDI-T2 and T-NDI-T were synthesised according to
published procedures [30, 31].

2.2. UV-VIS spectroscopy

NDI-T2 and T-NDI-T were dissolved in 1-
chloronaphthalene  (1-CN) with a  concentration
¢ =13 mg/mL (NDI-T2) and ¢ = 1.0 mg/mL (T-NDI-T),
respectively. UV-VIS experiments were performed with
commercially available spectrometers at room temper-
ature. For details of the experimental setup see the

SL

2.3. TREPR spectroscopy

Samples were prepared identically to those of the opti-
cal experiments in terms of concentrations and filled into
synthetic-quartz-glass tubes. TREPR experiments were
carried out on frozen solutions at cryogenic temperatures
(80 K). For better comparison with the previous exper-
iments [I1], samples were flash-frozen in liquid nitrogen
to preserve the morphology in solution. Each sample was
excited at the maximum of its charge transfer (CT) band
with a pulse energy of 1 mJ, using an optical parametric
oscillator (OPO) pumped by a Nd:YAG laser. The laser
light was depolarised in order to prevent polarisation ef-
fects as PNDIT2 and its building blocks have been shown
to be sensitive to remaining polarisation of the laser light
used for excitation [32]. Preprocessing of the TREPR data



was carried out using the trEPR toolbox.[33] Spectral sim-
ulations have been fitted to the experimental data using
the Tsim program [34] B5] which builds upon the pepper
routine of the EasySpin toolbox [36]. Further details of
the experimental setup and parameters are given in the
SI.

2.4. DFT calculations

All initial molecular geometries were created with Avo-
gadro 1.2.0 [37]. DFT calculations were carried out us-
ing the ORCA program package [38]. In a first step,
the geometries of the singlet ground state and the triplet
state were optimised using the B3LYP functional [39] 40],
6-31G** basis set [41], [42] and D3 dispersion correction
[43]. Afterwards, linear response TDDFT calculations
were performed on the optimised singlet geometries us-
ing the Tamm-Dancoff approximation [44] in conjunction
with B3LYP/6-31G** as functional and basis set, respec-
tively. The Coulomb term was handled with the resolution
of identity chain of spheres approximation (RIJCOSX) [45]
to increase calculation speed. Geometries and spin den-
sity delocalisations of the triplet states of all considered
rotamers are shown in Figs. S2-4. All figures showing
molecular geometries and spin densities were created us-
ing UCSF Chimera 1.11.2.[40]

3. Results

For a first overview, steady-state absorption spectra in
the UV /visible region were recorded for both possible re-
peat units of PNDIT2 (cf. Fig.[2). Both show an absorp-
tion band in the visible region which can be ascribed to a
charge-transfer (CT) band [II]. The CT band of NDI-T2
is red-shifted and broader compared to that of T-NDI-T,
hinting at a larger delocalisation of the singlet exciton in
the former molecule. The absorption bands in the near-UV
with the two characteristic features at 357 and 377 nm are
assigned to a n—n* transition of the NDI moiety [47] and
more pronounced in case of T-NDI-T. As in other studies
of push—pull copolymers [0, 10, 1], the intensity of the
n—n* transition is larger than that of the CT band. This
effect is more prominent for NDI-T2. Absorption spectra
of the polymer are qualitatively identical, with a broad
CT band in the visible wavelength range, red-shifted as
expected compared to both possible repeat units, and a
sharp n—* transition in the near UV region [II]. Sim-
ply comparing the spectra shown in Fig. 2| with the one
of the polymer does not allow to conclude which molecule
is the repeat unit resembling the electronic structure of
PNDIT2, and the differences in delocalisation provide no
hint in this regard, as T-NDI-T and NDI-T2 are identical
in length and comparable in their planarity. Therefore,
we used TREPR spectroscopy known for its high molecu-
lar resolution to investigate the light-induced, short-lived
triplet states of both molecules and compared the result
with those obtained previously for the polymer|[14, 11].
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Figure 2: Absorption spectra of T-NDI-T and NDI-T2 in 1-CN. The
prominent absorption band in the visible range of the spectrum cen-
tred at about 486 and 523 nm, respectively, is attributed to a charge-
transfer (CT) between donor and acceptor moieties. The band in the
near-UV region is attributed to a n—n* transition of the NDI moiety.
For comparison, both spectra are normalised on the same CT band
maximum. The vertical dotted lines in the visible range represent
the excitation wavelengths used for TREPR spectroscopy (486 and
523 nm, cf. Fig. . Those at 357 and 377 nm mark the transitions
attributed to the NDI moiety.

TREPR spectroscopy is one of the few methods that
allows to directly probe and unequivocally assign light-
induced short-lived triplet states. While the time-
dependent EPR signal intensity is recorded for subsequent
magnetic field positions, often only slices along the mag-
netic field axis are investigated, as they allow to extract
the relevant parameters. Furthermore, triplet state ki-
netics cannot readily be extracted from the TREPR time
profiles.[48]

TREPR spectra of the light-induced triplet states of
T-NDI-T and NDI-T2 are shown in Fig. [B] together
with the spectrum obtained previously for the polymer
[I4, 11]. The spectra have been extracted from the full
two-dimensional dataset (time vs. magnetic field) at the
time position of the signal maximum. Both spectra exhibit
the typical characteristics of light-induced triplet states
[25] and can be unequivocally assigned to a single triplet
species each. The spectral shape is entirely dominated by
the zero-field splitting (ZFS) interaction arising from the
dipolar coupling between the spins of both unpaired elec-
trons [49]. The most important parameter in the Hamilto-
nian describing this interaction is the traceless ZFS tensor
D characterised by the two parameters D and F. The
former is proportional to r—3 with r being the distance
between both unpaired electrons [49] and can therefore
be related to the delocalisation length of the triplet ex-
citon. The parameter E describes the rhombicity of the
ZFS tensor. A vanishing E value leads to an axial sys-
tem with D, equal to D,, whereas large E values give
rise to a rhombic system. The ratio % is hence a mea-
sure for the rhombicity and can not surpass the value of
% by definition. The rhombicity has proven to be a sen-
sitive probe for the molecular environment of the triplet
exciton, including backbone planarity and aggregation ef-



fects 10} 29 50, 14, 25]. Both parameters can be ex-

tracted from the experimental data by fitting spectral sim-
ulations. Comparing the spectra recorded for both poten-
tial repeat units with those previously reported for the
polymer [1], I4] reveal the similarity between the spectra
of NDI-T2 and PNDIT2, hinting at a similar electronic
structure, while the spectrum for T-NDI-T is clearly dif-
ferent from the spectra of both, NDI-T2 and polymer (cf.

Fig. 3)).
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Figure 3: TREPR spectra of light-induced triplet states of T-NDI-T
and NDI-T2 together with simulations (red lines) and the polymer
PNDIT2. As TREPR spectroscopy uses a direct detection scheme,
the spectra show emissive (E) and enhanced absorptive (A) signals
directly. All samples were dissolved in 1-CN, flash-frozen and mea-
sured at 80 K with excitation at the maximum of their respective
CT band. For simulation parameters, cf. Table [I] and for details of
the fitting and simulations procedures, see the SI. Data for PNDIT2
were taken from Ref. [IT].

For the spectra of both possible repeat units, simulations
have been fitted to the experimental data. The simulation
parameters are listed in Tab. [I} together with those for
the polymer and other relevant building blocks. A larger
D value is found for T-NDI-T, indicating a more localised
triplet exciton compared to NDI-T2, in line with the re-
sults from optical spectroscopy (Fig. . Also a smaller
rhombicity is found for the latter closer to that of the
polymer, whereas T-NDI-T shows a fully rhombic spec-
trum. Large Gaussian line widths have been obtained
for all simulations indicating the absence of aggregation
in either of the compounds dissolved in 1-CN. Ounly one
triplet sublevel of both possible repeat units is populated
via inter-system crossing (ISC), ps for T-NDI-T and p3 for
NDI-T2, respectively, pointing towards different orbitals

being involved in the ISC process. Comparing this to
the situation in the polymer and the molecule T2-NDI-
T2, respectively,[I1] provides further insight: While the
triplet state populations of NDI-T2 and PNDIT2 are sim-
ilar, with p3 dominating, those of T-NDI-T resemble the
situation in T2-NDI-T2, having the largest fraction on ps.
Taken together, both the rhombicity and the zero-field
triplet sublevel populations of NDI-T2 are closer to the
values obtained for the polymer than those of T-NDI-T.
To get further insight, density-functional theory (DFT)
calculations of the singlet and triplet states and time-
dependent DFT (TDDFT) calculations of the singlet
ground state have been carried out for T-NDI-T, NDI-
T2, as well as a polymer fragment. Different rotational
conformers of the possible repeat units and the polymer
fragment were geometry-optimised in their singlet ground
state. For the polymer, a fragment of three monomers was
used to represent the full molecule. Geometries and energy
differences obtained for the singlet ground states are shown
in Figs. S2 and S3. All geometries including the polymer
fragment consist of flat NDI and thiophene moieties with
substantial dihedral angles between adjacent units. Since
further calculation of properties led to similar results for
each conformer, only one conformer of each molecule was
considered. The conformations chosen were those with the
sulphur of the thiophenes pointing towards the oxygen of
the NDIs, depicted in Fig. [4] consistent with the literature
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Figure 4: Natural transition orbitals (NTOs) of the hole-particle
pairs of T-NDI-T, NDI-T2, and the polymer in their first excited
singlet states. The B3LYP functional with the 6-31G** basis set
was used. The corresponding eigenvalues A\ denote the amount the
two NTOs contribute to the transition. They are 0.9803 for T-NDI-
T, 0.9892 for NDI-T2, and 0.9448 for the polymer. The NTOs are
displayed for a threshold level of £0.03, red denotes a positive and
blue a negative sign.

Single-point TDDFT [52] calculations allow to distin-
guish the orbitals involved in the electronic transition.



Table 1: Comparison of the simulation parameters of the triplet spectra of PNDIT?2 and some of its fragments. The simulation
parameters for the polymer PNDIT2 (n = 13) as well as the fragments NDI and T2-NDI-T2 are reproduced from Ref. [II]. The same trend
already obvious from Fig. [3| can be seen in the simulation parameters: While the spectral shape and hence simulation parameters for NDI-T2
clearly resemble those of the polymer PNDIT2, the alternative repeat unit T-NDI-T has a distinct electronic structure clearly different from
the polymer. Aex (in nm) is the excitation wavelength used, corresponding to the maximum of the CT-band, D and E are the ZFS parameters
(in MHz), I't, and I'g are the Lorentzian and Gaussian line widths (in mT) and pi,2,3 are the populations of the triplet sublevels ordered

from lowest to highest energy.

Aex [D] |E] |E|/|D] la Iy P1,2,3
T-NDI-T 486 1500 + 0.8 500 £ 0.3 0.333 8.0+£0.3 3.0+0.2 0.00,1.00,0.00
NDI-T2 523 1143 + 2.0 308 £2.0 0.270 109+0.6 6.5+0.5 0.00,0.00,1.00
PNDIT?2 622 1095+ 4.3 226 £ 2.4 0.206 70+£0.8 21404 0.00,0.24,0.76
NDI 355 2073 £ 2.1 0 0.000 57+0.3 2.8+0.3 0.00,0.50,0.50
T2-NDI-T2 554 1010+ 87.0 328+84.9 0.325 1144+£06 3.0+0.6 0.00,0.59,0.41

The natural transition orbitals [53] (NTOs) of the holes
and the particles for the first excited states are shown in
Fig. |4l the corresponding excitation wavelengths are 524,
619 and 736 nm for T-NDI-T, NDI-T2 and the polymer
fragment respectively. Compared with the experimentally
obtained maxima of the CT band, all calculated excita-
tions are red-shifted by several tens of nanometres, but still
in the range of the CT band. While this overestimation of
the B3LYP functional is known [54], range-separated hy-
brid functionals like CAM-B3LYP [55] or wB97X [56] did
not yield better results. The holes, describing the NTO
of the remaining non-excited electron, are mainly located
on the donors. The particles, describing the NTO of the
excited electron, are localised on the acceptors as expected
for a CT transition [9, 57, 54]. Upon closer inspection of
the holes, small delocalisations over the NDI units can be
seen, most prominent for T-NDI-T. Also the thiophene to
the left side of T-NDI-T is contributing more than the one
on the right. For NDI-T2 and the polymer, the two linked
thiophenes seem to act as one donor moiety, with a large
contribution to the hole and only a very small contribution
to the particle.

To investigate the triplet states of the molecules, the
same conformers as for the singlet state were considered.
These conformers were geometry-optimised in the triplet
state accordingly and spin-density distributions calculated
afterwards. For both potential repeat units and the poly-
mer fragment, the Mulliken spin density of the triplet
states of each atom, except the hydrogens, and the percent-
age of spin density on each unit is shown as a histogram in
Fig.[fl T-NDI-T exhibits a fairly symmetrical distribution
with respect to the axis connecting both nitrogen atoms of
the NDI moiety. The triplet exciton is mostly localised on
the NDI moiety with 72% and the amount of spin density
on each single atom reflects the previously mentioned sym-
metrical distribution. NDI-T2 on the other hand exhibits
a balanced distribution of spin density over both acceptor
(48%) and donor (52%), with a localisation around the
NDI-thiophene bond. Similar to other investigated poly-
mers [10, 29], delocalisation of the triplet in the polymer

is mostly restricted to one acceptor and the neighbour-
ing donors, but otherwise pretty similar to that of NDI-
T2. The main difference between the polymer and NDI-
T2 is the additional spin density on the second T2 unit
adjacent to the NDI moiety, but with one T2 unit clearly
favoured. For both, NDI-T2 and polymer, the spin density
remaining on the NDI stays nearly the same (only 4% dif-
ference), while the symmetrical spin-density distribution
observed for T-NDI-T (and T2-NDI-T2 [11]) vanishes en-
tirely. Taken together, quantum-chemical calculations are
consistent with the TREPR-spectroscopic investigations
pointing towards a great similarity between NDI-T2 and
PNDIT?2 revealing a clearly asymmetric electronic struc-
ture, contrastring with T-NDI-T and T2-NDI-T2 being
symmetrical.

4. Discussion

Optical spectroscopy reveals differences in the delocal-
isation of the exciton of T-NDI-T and NDI-T2 that are
consistent with the triplet exciton delocalisation probed by
TREPR spectroscopy, but it is inconclusive with respect
to revealing details of the electronic structure and its sim-
ilarity to that of the polymer. TREPR spectroscopy, in
contrast, provides the necessary molecular resolution and
unequivocally reveals NDI-T2 to be the repeat unit of PN-
DIT2 resembling the electronic structure of the polymer,
as obvious from comparing the TREPR spectra of T-NDI-
T, NDI-T2, and the polymer PNDIT2 (Fig. [3). The sim-
ulation parameters reported in Tab. [I] confirm this result.
The rhombicity and also the zero-field triplet sublevel pop-
ulations of NDI-T2 are closer to those of the polymer than
those of T-NDI-T. DFT calculations of the spin density
lead to the same conclusion. The only 48 MHz smaller D
value (approx. 5%) for the polymer, compared to NDI-T2,
indicates that the triplet exciton is only slightly more de-
localised in the polymer. The same is reflected in the spin
density distribution of the polymer, where 83% remain on
the NDI-T2 fragment and only 17% extend to the other
neighbouring T2. These findings again confirm that par-
ticularly for push-pull polymers, already a single repeat
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Figure 5: Mulliken spin density of both potential repeat units and
the polymer. The atoms of the molecules have been labelled from
left to right (for a detailed scheme, cf. Fig. S5). Geometries were
optimised with the B3LYP functional and 6-31G** basis set. The
numbers below the different units are the sum of the absolute values
of the spin density localised on each of the moieties. For a more
conventional depiction of the spin densities, cf. Fig. S4.

unit can often serve as a model for the entire polymer in
terms of its electronic structure.

T-NDI-T shows a larger D value than NDI-T2 indicating
a more localised triplet exciton, consistent with the strong
localisation of 72% the spin density on the NDI moiety
predicted by DFT calculations. Both results hint at NDI
and T-NDI-T having a similar electronic structure. Com-
paring their TREPR spectra [II] reveals, however, clear
differences: While NDI shows a larger D value than T-
NDI-T, to be expected due to the smaller size, its spectrum
is fully axial in stark contrast to the fully rhombic one of T-
NDI-T. Also the zero-field triplet sublevel populations are
different with po and ps being populated equally for NDI,
whereas only ps is populated for T-NDI-T (Tab. , point-
ing towards different orbitals involved in the ISC transi-
tion. NDI and T-NDI-T hence clearly have a markedly
different electronic structure. A second building block T-
NDI-T should be compared to is the larger D-A-D system
T2-NDI-T2 [II]. The TREPR spectrum of the latter re-
sembles that of T-NDI-T, particularly when comparing the

rhombicity and triplet sublevel populations, leading to the
same conclusion: the two repeat units of PNDIT2 consid-
ered here, T-NDI-T and NDI-T2, strongly differ from each
other with respect to their electronic structures. This pro-
vides interesting hints for understanding the markedly dif-
ferent electronic structure of T2-NDI-T2 compared to PN-
DIT2 and all other fragments investigated previously:[IT]
The electronic structure of PNDIT2 is dominated by an
intrinsically asymmetric repeat unit, NDI-T2, with a sin-
gle T2 unit predominantly acting as donor for one NDI
acceptor unit.

Furthermore, the results of quantum-chemical calcula-
tions confirm the differences in exciton delocalisation be-
tween NDI-T2 and T-NDI-T. Delocalisation seems to be
connected to the strength of the donor—acceptor interac-
tion and hence CT character: the larger the CT character,
the larger the delocalisation, as revealed by comparing the
NTOs (Fig. ). Additionally, the more localised singlet
exciton on the acceptor moiety for T-NDI-T could explain
the better resolved vibrational structure of the NDI unit
in this molecule. Similarly, the localised spin density of
the triplet exciton of T-NDI-T represents a weak donor—
acceptor interaction and the broad homogeneous distribu-
tion of NDI-T2 a strong one. This is in line with previous
investigations of PCDTBT, another push—pull copolymer,
with a strong localisation of the spin density on the domi-
nant acceptor and donor units of the molecule [I0]. Taken
together, these results show a strong donor—acceptor in-
teraction to be characterised by a homogeneous spin den-
sity distribution on donor and acceptor moieties. Further-
more, the consistency between optical and TREPR spec-
troscopy nicely demonstrates the validity and relevance
of the results obtained by investigating the triplet states
for the overall electronic structure of the molecule and
demonstrates TREPR spectroscopy to be superior to op-
tical spectroscopy in this respect.

5. Conclusions

Knowing the repeat unit of a conjugated push-pull
copolymer that resembles its electronic structure is essen-
tial for a detailed understanding of the structure—function
relationship of, but not resticted to, conjugated polymers
used in organic electronics applications and for the ratio-
nal design of these polymers. Both, theoretical and ex-
perimental investigations are often performed on building
blocks rather than entire polymers, and for good reasons.
Hence, spectroscopic tools providing the necessary molec-
ular resolution that allows to discriminate between dif-
ferent building blocks and to decide which one actually
resembles the electronic structure of the polymer are of
utmost importance. Here, we demonstrate TREPR spec-
troscopy to be perfectly suited for this task, due to its
molecular resolution combined with its unique capability
of using light-induced triplet states to probe the electronic
structure as well as the impact of the local environment,



and to be clearly superior to steady-state optical spec-
troscopy in this respect. Once the actual repeat unit in
terms of its electronic structure has been identified, it can
serve as a model for the entire copolymer with alternating
donor and acceptor moieties.[I1} [0} 29] Our results for
the polymer PNDIT2 and the two possible repeat units T-
NDI-T and NDI-T2 reveal NDI-T2 unambiguously as the
actual repeat unit of the polymer in terms of its electronic
structure. This is essential for getting insight into the
structure—function relationship of the polymer. Further-
more, TREPR spectroscopy and accompanying quantum-
chemical calculations reveal the asymmetry of the NDI-T2
moiety to dominate the electronic structure of the poly-
mer, providing guidelines for the rational design of new
and improved materials.
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