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ABSTRACT: We explore the photophysics of P(NDI2OD-
T2), a high-mobility and air-stable n-type donor/acceptor
polymer. Detailed steady-state UV−vis and photolumines-
cence (PL) measurements on solutions of P(NDI2OD-T2)
reveal distinct signatures of aggregation. By performing
quantum chemical calculations, we can assign these spectral
features to unaggregated and stacked polymer chains. NMR
measurements independently confirm the aggregation phe-
nomena of P(NDI2OD-T2) in solution. The detailed analysis
of the optical spectra shows that aggregation is a two-step
process with different types of aggregates, which we confirm by time-dependent PL measurements. Analytical ultracentrifugation
measurements suggest that aggregation takes place within the single polymer chain upon coiling. By transferring these results to
thin P(NDI2OD-T2) films, we can conclude that film formation is mainly governed by the chain collapse, leading in general to a
high aggregate content of ∼45%. This process also inhibits the formation of amorphous and disordered P(NDI2OD-T2) films.

■ INTRODUCTION

Structural elucidation has emerged as a substantial topic in the
field of today’s soft matter physics. Understanding the relation
between form and function of biomolecules like proteins and
nucleic acids is at the core of biochemical research. Equivalent
effort is underway to accurately understand the structure of
synthetic organic macromolecules designed for functional
electronic devices, such as organic solar cells (OSCs), organic
light-emitting diodes (OLEDs), and organic field-effect
transistors (OFETs).1 From these studies, it was found that
certain synthetic π-conjugated polymers tend to adopt
numerous nonplanar conformations, resulting in disordered
films with poor interchain order. On the other hand, strong
intermolecular interactions between functional units (e.g., side
chains) or the aromatic rings in the backbone of conjugated
polymers (π−π stacking) can lead to local ordering
phenomena. These competing processes can induce a strong
dependency of the material microstructure in a thin film on the
preparation conditions. Besides the challenge of controlling and
characterizing the semiconductor microstructure, a detailed
understanding of its influence on device performance is
essential. It is well documented that the charge transport
properties of conjugated polymers are severely influenced by
the microstructure of the semiconducting layer.2−9 For
example, Rivnay et al. proposed that structural imperfections
in semicrystalline conjugated polymers can induce additional

states within the bandgap that act as traps and consequently
reduce the mobility.10 However, regular close packing of the
polymer chains not only will reduce the width of the density of
tail state distributions but also can enhance the overlap of π
electron orbitals, increasing the transfer integral for charge
hopping dramatically.
In 2009, Facchetti and co-workers reported a novel n-type

polymer, P(NDI2OD-T2) (also known as Polyera ActivInk
N2200), that exhibited a large electron field-effect mobility of
up to 0.85 cm2/Vs.11 A series of publications followed,
shedding light on the injection and transport of charges,12−17

energetic disorder,18−20 and film morphology or texture.21−25

By combining time-of-flight and single-carrier device measure-
ments, we could show that the bulk transport in P(NDI2OD-
T2) perpendicular to the layer plane is trap-free and likewise
outstanding, with mobility values above 10−3 cm2/Vs.12 A
narrow distribution of transport states was later deduced from
Kelvin probe studies18 and temperature-dependent OFET
measurements.19 The polymer was further applied as the
electron-accepting component in OSCs, though with rather low
power conversion efficiencies.25−29 Based on the results
reported in this study, we were recently able to achieve an
increased power conversion efficiency of 1.4% for a poly(3-
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hexylthiophene) (P3HT):P(NDI2OD-T2) bulk heterojunction
solar cell, with a remarkable fill factor of 70%.30

While it was initially believed that layers from P(NDI2OD-
T2) are mostly amorphous,11 grazing incidence X-ray
diffraction (GIXD) studies by Rivnay et al. on P(NDI2OD-
T2) layers showed an exceptional in-plane order with distinct
“π-stacking” of the naphthalene diimide (NDI) cores.21 In fact,
rylene dyes have been the focus of scientific investigation and
commercial application for decades. Their optical properties
can be widely tuned, e.g., by changing the solubilizing
substituents. This behavior is commonly explained by different
types of aggregates that are formed by these planar dye
molecules, depending on their specific chemical structure.31−37

If this strong tendency to form aggregates or supramolecular
structures is preserved in the rylene-containing copolymer,
intermolecular interactions should largely determine the
morphology and consequently the optical and electrical
properties of P(NDI2OD-T2). However, a more recent study
by Schuettfort et al., combining GIXD and near-edge X-ray
absorption fine structure, indicated that a significant proportion
of polymer chains are contained in amorphous areas, both in
the near-surface regions and in the bulk of the film.22 These
authors also compared the OFET properties of P(NDI2OD-
T2) layers annealed at 220 and 320 °C followed by rapid
cooling. While the former layer exhibited well-resolved
diffraction peaks in GIXD studies, the sample cooled from
320 °C (above the melting temperature, Tm) appeared to be
quite amorphous. Despite these structural differences, these
layers had rather similar mobilities, differing by a factor less
than 3. The authors concluded that the high mobility of
P(NDI2OD-T2) is not simply related to high structural order
in the film. Quantifying the absolute crystalline amount can
significantly enhance the understanding of the outstanding
performance of this material.
We approach this issue through a detailed spectroscopic

study of P(NDI2OD-T2). Our approach is motivated by the
detailed understanding of chain aggregation in P3HT in
solution and solid state based on optical spectroscopy.38,39 It
is well established that the optical absorption of P3HT in a
good solvent exhibits a broad and featureless absorption, while
aggregation of the polymer chains induces an additional low-
energy vibronic progression.40 A model of weakly interacting

H-aggregates developed by Spano has been successfully applied
to analyze the optical absorption properties of P3HT layers
with regard to their nanostructure and crystallinity.41,42

Information gained from these studies for films cast from
various solvents or on fractions of different molecular weight
could be well correlated with hole transport properties.43

Spectral signatures of aggregation have also been investigated
for other conjugated polymers like polyphenylene vinylene44−51

or polyfluorene derivates.52−54 On the other hand, detailed
investigations on the spectroscopic changes upon aggregation
are very rare for low-bandgap copolymers. Notably, a red-shift
of the low-energy absorption in high-performance OSCs
comprising such polymers is commonly ascribed to an
increased interaction of the chains and a higher degree of
crystallinity.55−61

■ EXPERIMENTAL SECTION
P(NDI2OD-T2) of different molecular weights (Mw) was synthesized
according to a modified procedure.29 The Mw was determined by a
Waters gel permeation chromatography (GPC) system (Waters pump
510) in chloroform (CF) at room temperature vs polystyrene
standards. The Mw and polydispersity index (PDI) of the conventional
P(NDI2OD-T2) (mid-Mw batch in this study) were found to be 181
kDa and 5.0, respectively, and it was synthesized by reacting NDI2OD-
Br2 (1.10 equiv) with 5,5′-bis(trimethylstannyl)-2,2′-bithiophene
(1.00 equiv) using the conditions of ref 29. Under similar synthetic
conditions but using a stoichiometric amount of the two monomers
(at a ratio of 1.00 equiv/1.00 equiv), a high-molecular-weight
P(NDI2OD-T2) batch was obtained with Mw = 1105 kDa and PDI
= 2.1. The low-molecular-weight P(NDI2OD-T2) batch, with Mw =
118 kDa and PDI = 4.0, was obtained by concentrating the filtrate of
the precipitation of the mid-weight polymer:CF solution in a mixture
of THF and methanol (2:1, v/v). All solvents used in this study were
obtained from Sigma Aldrich and used as received.

Information about the methods used for the preparation of polymer
solutions and films and the measurement techniques employed in this
study can be found in the Supporting Information.

■ RESULTS
Absorption and Fluorescence in Different Solvents.

Figure 1a shows UV−vis absorption and near-infrared (NIR)
fluorescence spectra of P(NDI2OD-T2) dissolved in a variety
of common solvents at a concentration of 1 g/L (correspond-
ing to a molar concentration of the repeat units of 10−3 mol/L).

Figure 1. (a) Absorption and (b) fluorescence spectra of P(NDI2OD-T2) in various solvents at a concentration of 1 g/L. The photoluminescence
spectra were recorded for an excitation wavelength of 560 nm. Film spectra are also displayed for comparison. The inset in panel a shows a
photograph of the solutions under investigation (with CN on the left to toluene on the right). The chemical structure of P(NDI2OD-T2) is shown
in the inset of panel b.
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As for other copolymers comprising donor and acceptor units,
the absorption spectrum of P(NDI2OD-T2) in any solvent is
characterized by two spectral features, a high-energy peak
attributed to the π−π* transition and a broad, low-energy band
ascribed to the charge-transfer (CT) transition that evolves
significant redistribution of electrons from the donor moiety to
the acceptor unit along the main chain.62 In toluene or
chlorobenzene, the absorption spectrum extends into the red to
NIR, with a peak at 710 nm and a shoulder at ∼800 nm. The
spectra of these solutions roughly resemble the absorption of
P(NDI2OD-T2) in the solid state. In contrast, the absorption
of the polymer in chloronaphthalene (CN) lacks these low-
energy features, and the spectrum in the visible is determined
by a broad and featureless band centered at 620 nm.
Similar spectral changes are seen in the fluorescence spectra

of P(NDI2OD-T2) shown in Figure 1b. As for the absorption,
going from CN to toluene leads to a pronounced red-shift of
the emission maximum. The photoluminescence (PL) in CN is
characterized by a single band with a maximum at 720 nm and a
broad tail extending to 1000 nm. The spectrum in toluene, on
the other hand, exhibits a rather structured emission, with the
maximum at 860 nm and a second peak at ∼950 nm. Again, the
emission in toluene exhibits spectral features similar to those
seen in thin solid films. Therefore, we propose that aggregated
chain segments dominate the emission of P(NDI2OD-T2) in
toluene at a concentration of 1 g/L. The emission spectra in the
other solvents are rather complex. At the first sight, these
spectra cannot be described by a simple superposition of the
emission spectra in CN and toluene. Noticeably, the PL
spectrum in trichlorobenzene (TCB) shows distinct peaks at
720, 780, and 860 nm, and these features also seem to
contribute to the PL measured in dichlorobenzene (DCB).
Solvatochromism is a well-known effect, where the

absorption of a chromophore strongly depends on the choice
of solvent.63,64 For molecules that exhibit unequal dipole
moments in the ground and excited states, solvatochroism is
caused by electrostatic interactions with the surrounding
solvent molecules. In this case, the absorption bands move
continuously to higher (or lower) wavelengths depending on
the polarity of the solvent. At a first glance the observed
absorbance shifts in Figure 1 seem to correlate with the
polarities of the chosen solvents (except for CF; see Supporting
Information for table). However, there is solid experimental

evidence that the distinct optical properties of P(NDI2OD-T2)
in different solvents are primarily caused by chain aggregation,
that the absorption and fluorescence in CN can be attributed to
nonaggregated chains, and that a large fraction of chain
segments is aggregated in toluene solution. Three key
observations support this conclusion:

(a) Fluorescence excitation spectra in CN measured for
emission at 710, 770, and 830 nm are identical and
follow exactly the absorption (Figure S1a). This means
that the entire emission is caused by a single absorbing
species, which is the nonaggregated chain. On the other
hand, excitation spectra of P(NDI2OD-T2) in toluene
vary significantly when the emission wavelength is shifted
to the red. This is clearly seen in Figure S1b, suggesting
that the polymer in toluene exists in at least two distinct
states with characteristic absorption and emission.

(b) Raising the temperature induces a continuous decrease of
the long-wavelength absorption features (at 710 and 810
nm) for P(NDI2OD-T2) in toluene, while it does not
affect the positions of the absorption bands (Figure 2a).
This is consistent with increased solubility for a higher
solvent temperature, decreasing the fraction of polymer
in an aggregated state.

(c) The absorption has a significant dependence on polymer
Mw (Figure 2b). Similar effects have recently been
reported for P3HT fractions of different molecular
length.65 The absorption spectra of these fractions
could be separated into contributions from non-
aggregated and aggregated chains, with higher Mw

causing a higher percentage of chains to form aggregates
at a given concentration.

On the other hand, changing the P(NDI2OD-T2)
concentration does not alter the absorption significantly
(Figure 2b), though higher concentrations will potentially
increase the likeliness of intermolecular aggregation. We
therefore conclude that varying degrees of chromophore
aggregation, as evidenced by prominent changes in absorption
and emission, are intrachain phenomena and related to different
conformations of individual chains (depending on the quality of
the solvents). This is different for the soluble poly(p-phenylene
vinylene) derivative MEH-PPV, where distinct optical changes

Figure 2. (a) Absorption of P(NDI2OD-T2) with a nominal Mw = 181 kDa in toluene at a concentration of 0.001 g/L for different temperatures.
(b) Absorption spectra of two fractions (Mw = 118 and 1105 kDa) of P(NDI2OD-T2) in toluene, trichlorobenzene (TCB), and chloronaphthalene
(CN) at three different concentrations. The absorption spectra are normalized to the absorbance at 550 nm.
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in absorption were attributed to a conformational transition
driven by both intrachain and interchain interactions.66

Quantum Chemical Calculations. Insight into the
intrinsic photophysics of isolated P(NDI2OD-T2) can be
gained by quantum chemical (QC) density functional theory
(DFT) calculations. As computational costs increase poly-
nomially with increasing oligomer length, conclusions on the
photophysics of polymers are typically drawn via the oligomer
approach.67 A more recent review devoted to QC calculations
on low-bandgap polymers68 shows that DFT is capable of
providing an accurate description of the photophysics of
donor/acceptor copolymers designed for application in
OSCs.62,69−89

We used DFT to calculate the vertical transition energies for
a series of oligomers from monomer to hexamer. The ground-
state geometries, as shown for the hexamer in Figure 3b, were
optimized for all oligomers with the B3LYP functional90,91 and
the SVP92,93 basis set as implemented in TURBOMOLE6.3.94

Absorption spectra were calculated with TD-CAM-B3LYP,95

within the GAUSSIAN09 program package,96 since it has
proven to be a suitable DFT functional for CT transitions.97

The discrete transition energies have been broadened by a
Gaussian distribution with σ = 100 meV. The calculated spectra
as shown in Figure 3a generally resemble the shape of the
measured spectra, with the high-energy π−π* transition and the

low-energy CT transition. The TD-DFT calculations also reveal
additional states with negligible oscillator strength, which will
not be discussed in the following. As the chain length is
increased, the excited states become more delocalized, resulting
in a red-shift of both transitions. The energy of the CT
transition converges rapidly with increasing chain length, and at
convergence the transition energy is only 0.2 eV higher than
the energy of maximum absorbance in CN, where in solution
no additional vibronic structure is observed. A detailed TD-
DFT benchmark study on an extended set of molecules
revealed that CAM-B3LYP delivers transition energies with a
mean absolute error of ∼0.25 eV.98 Within the accuracy and
capability of this QC approach, and considering also that the
hexamer might be below the polymer limit, the measured
absorbance in CN is consistent with the predictions for
electronic transitions on nonaggregated free P(NDI2OD-T2)
chains, strongly supporting the assignment we made in the
previous section.
In addition, optimization of the ground-state geometry and

calculation of the transition energies have been performed for
the trimer in different solvents (see Supporting Information).
These calculations showed only a small shift of the absorbance,
depending on the solvent polarity. This finding is in full support
of our interpretation that chain collapse and “chromophore”

Figure 3. (a) Calculated vertical transition energies for a series of P(NDI2OD-T2) oligomers (vertical lines), broadened in energy by σ = 100 meV
(lines). (b) HOMO, LUMO, and LUMO+10 which mainly contribute to π−π* and CT transitions, calculated for the hexamer with CAM-B3LYP/
SVP.

Figure 4. (a) DFT-optimized structures of a single P(NDI2OD-T2) trimer and a trimer stack. Red lines indicate the tilt of the NDI units, while
yellow lines illustrate the planarization of thiophene rings upon stacking. (b) Corresponding calculated vertical transition energies.
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aggregation rather than polarisation effects explain the solvent
dependence of optical properties.
Figure 3b also shows pictures of the HOMO, LUMO, and

LUMO+10 for the hexamer in vacuum. While the HOMO is
mainly localized on the dithiophene unit, the LUMO is located
on the NDI. This again underlines the distinct CT character of
the main electronic transition of this conjugated polymer. The
strong localization of the frontier orbitals also suggests that
charge transport may be very efficient between coplanar and
closely spaced NDI units of adjacent chains.69 Consequently,
electron transport in P(NDI2OD-T2) should be considerably
influenced by thin-film morphology and spatial arrangement of
neighboring NDI units, in the direction perpendicular to the
chain backbone.
We note that Caironi et al. calculated optical transitions of

P(NDI2OD-T2) via the semiempirical ZINDO method19 and
in a subsequent paper Fazzi et al. also applied DFT (various
functionals were used, and the 6-31G* basis was implied).20

The π−π* and CT transitions were well described in both
cases. Nevertheless, caution should still be exercised in making
comparisons with experimental data, as all the different
theoretical approaches so far have not considered the influence
of intermolecular states on the absorption spectrum, which
clearly can be important for this polymer.
To address the effect of intermolecular interactions on the

absorption spectrum, we performed geometrical optimization
of a P(NDI2OD-T2) trimer stack. The trimer stack was
optimized with B3LYP/SVP with dispersion correction (DFT-
D2)99 as implementened in TURBMOLE6.3. In agreement
with DFT calculations by Schuettfort et al.,22 our optimized
stacks of P(NDI2OD-T2) oligomers exhibit a close proximity
of the NDI units in the stack (Figure 4a), suggesting a favorable
structure for interchain electron transport. Furthermore,
distinct changes in the oligomer conformation occur. In
comparison to a single trimer, the planar NDI units tilt out
of the polymer plane by 11°, while the side view demonstrates a
reduction of the thiophene twist angle from 44° to 34°. Figure
4b shows the calculated UV−vis absorption spectra of these
two structures (black and red curves). Upon stacking, the CT
transition is red-shifted by 80 meV. In order to distinguish
whether this shift in mainly caused by a conformational change
or by additional electronic interactions between adjacent

chains, we separated one trimer from the stack and calculated
the absorption without further geometry optimization (blue
curve). This comparison clearly suggests that the main
contribution to the red-shift of the absorption is a change in
conformation of the oligomer upon stacking. This behavior is in
fact very comparable to the spectral changes of polythiophenes
upon aggregation. Detailed studies on the thermochroism of
polythiophenes could identify the planarization of the chains as
the main conformational change, leading to an increased
conjugation length and shifting the absorption to longer
wavelengths.100−105

Thus, our DFT calculations suggest that the absorbance seen
in CN is caused by intrachain excitons on isolated P(NDI2OD-
T2) chains. Conformational changes upon aggregation are
proposed as the main reason for the red-shifted absorption.

Nuclear Magnetic Resonance in Solutions. In this
section, we provide further evidence for the aggregation of
P(NDI2OD-T2) in solution, independent of optical spectros-
copy. Nuclear magnetic resonance (NMR) spectroscopy probes
the local electronic environment of an atom with nonzero
nuclear spin. For this reason, NMR spectroscopy is not only
applied to the identification of molecules but also utilized
complementary to X-ray crystallography for structural analysis
of proteins or nucleic acid fragments106−109 and self-
organization processes of small synthetic molecules.37,110,111

Recently 1H NMR spectroscopy was employed to resolve the
aggregation mechanisms and structures of polyfluorene and
poly(p-phenylene vinylene) derivatives in solution.112−115 In
addition, solid-state NMR spectroscopy was used to obtain
detailed knowledge about the correlation between thermochro-
ism and molecular structure of polythiophenes.116,117 More-
over, solid-state NMR was applied to understand the exact
stacking of and interaction between neighboring polymer
chains of a novel donor/acceptor copolymer.118 In order to
check the molecular arrangement of P(NDI2OD-T2) stacks
suggested by DFT geometry optimization, we combined 1H
NMR spectroscopy on solutions of varying solvent quality with
theoretical calculations on the expected chemical shifts.
Figure 5a shows the 1H NMR spectra of P(NDI2OD-T2) in

deuterated DCB at 130 °C, 70 °C, and room temperature. Our
investigation is focused on the chemical shift of protons
attached to the aromatic rings (thiophene and the NDI core

Figure 5. NMR spectra of P(NDI2OD-T2) (a) in deuterated dichlorobenzene measured at 130 °C, 70 °C, and room temperature and (b) in
deuterated dichlorobenzene, chloroform, and toluene at room temperature (concentration 15 g/L). Apparent solvent peaks are indicated by an
asterisk. The graphs also show NMR-DFT (B3LYP/SVP) calculations for a P(NDI2OD-T2) trimer (gray bars) and the central trimer in a stack
(blue bars). The structures and assignments to the atom numbers can be found in the Supporting Information.
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protons), since π−π stacking directly leads to shielding/
deshielding due to induced aromatic ring currents of the
neighboring molecules.119−123 From the previous UV−vis
analysis, DCB can be considered as a tolerably good solvent
for this material. Nevertheless, clear resolution of the three
aromatic peaks is reached only at a high temperature of 130 °C.
Furthermore, Figure 5b shows the 1H NMR spectra in CF and
toluene at room temperature, with distinct new peaks
appearing. This effect is indicative for the formation of an
additional chemical environment. Broadening of the peaks is
observed upon decreasing solvent quality. Here we will focus
on the appearance of new chemical shifts, while the origin of
this broadening will be discussed in a subsequent study.
A detailed understanding of the 1H NMR spectra can be

obtained by comparison with theoretical predictions on the
chemical shifts based on DFT calculations. 1H NMR shielding
tensors are computed with the Gauge-Independent Atomic
Orbital (GIAO) method124 as implemented in Gaussian 09.96

Here B3LYP/SVP was again used for the theoretical method.
The NMR shieldings were referenced to tetramethylsilane.
Figure 5a shows the calculated chemical shifts of the aromatic
protons for a P(NDI2OD-T2) trimer. The calculated shifts for
a single trimer are in good agreement with experimental data in
high-temperature DCB, and therefore this is taken as the NMR
spectrum of nonaggregated P(NDI2OD-T2). The experimental
peak at 8.85 ppm can be clearly assigned to protons attached to
the NDI unit, while the peaks at 7.38 and 7.28 ppm correspond
to thiophene protons. Upon aggregation, these protons
experience shielding/deshielding by the nearby conjugated
systems, which leads to the appearance of new chemical shifts.
In order to simulate the effect of stacking on the NMR spectra,
we used the geometrically optimized trimer stack presented in
the previous section. Edge effects were reduced by placing a
third trimer on top of the stack, using the geometric
displacement of the NDI units in the optimized stack. Figure
5b shows the calculated 1H NMR chemical shifts for the central
trimer of the stack. NDI protons (H12, H69, H137) experience
significant shielding equivalent to a clear upfield shift of the
peak by 0.38 ppm. In fact, experimental spectra show a very
strong peak at this position upon aggregation. A similar effect is
seen for the aromatic protons at the inner position at the
thiophene rings (H52, H57, H91). In contrast, thiophene
protons at the outer position in close proximity to the NDI

core (H50, H59, H84) experience deshielding to a range
between 7.8 and 8 ppm, which can be attributed to the more
planarized conformation in the stack. This deshielding of
protons is consistent with the appearance of new chemical
shifts in this region of the experimental spectra in bad solvents.
However, complete assignment of all additional peaks is out of
the scope of this work. The proposed back-folding of the
polymer chain in bad solvents will result in a variety of
additional conformations which are not covered by this simple
approach.
In conclusion, the appearance of a new chemical shift in the

NMR spectra directly proves the aggregation of P(NDI2OD-
T2) in solvents like CF and toluene. NMR-DFT calculations
allowed the exact assignment of the chemical shifts to the
aromatic protons of nonaggregated P(NDI2OD-T2) in heated
DCB. Based on a partially DFT optimized oligomer stack, we
could explain the appearance of new peaks in the experimental
spectra by aggregation.

Absorption and Fluorescence Spectroscopy of
P(NDI2OD-T2) in Solvent Mixtures. Having established
that aggregation plays a key role in describing the photophysics
of P(NDI2OD-T2), we now turn to providing a detailed
analysis of the changes of the optical properties as aggregate
formation proceeds in mixtures of CN (good solvent) and
toluene (poor solvent). Figure 6a shows the evolution of the
solution spectra at 0.1 g/L polymer concentration with
increasing toluene fraction. Addition of toluene gradually
affects both the high-energy π−π* and the CT transitions.
For the π−π* UV band, we observe mainly a change to longer
wavelengths. Subtracting the absorption of the nonaggregated
chains in CN shows that this spectral change is not a gradual
solvatochromatic shift of a single peak, but rather is caused by
the appearance and growth of a new absorption feature with the
maximum at 405 nm. In contrast, the evolution of the long-
wavelength absorption with increasing toluene content
proceeds via two steps: first the appearance of a strong
absorption at 710 nm (peak 1), and later the emergence of a
shoulder at 815 nm (peak 2).
Figure 6b shows the PL of P(NDI2OD-T2) at 0.1 g/L in

mixed CN:toluene solutions for increasing contents of toluene.
These spectra have been recorded for excitation at 560 nm
(which predominantly excites the nonaggregated chromo-
phores) and at 420 nm (which predominantly excites

Figure 6. (a) Absorbance and (b) fluorescence spectra of P(NDI2OD-T2) in toluene:CN mixtures at a concentration of 0.1 g/L. The PL spectra
were recorded for excitation wavelengths of 560 (top) and 420 nm (bottom). The bottom of panel a also shows the aggregate absorption obtained
by subtraction of the 0% toluene spectrum.
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aggregates). In both cases, the emission spectra at intermediate
toluene content (∼40−70%) display a peak at 790 nm with a
weak vibrational replica at ∼900 nm. As the toluene fraction
increases, these spectral features become weaker and finally
disappear at the highest toluene contents, when the aggregate
PL becomes almost entirely dominated by emission peaks at
860 and 950 nm. These features, assigned to aggregate
emission, are far more pronounced for excitation at 420 nm
(Figure 6b bottom), which supports our previous interpretation
of the absorption of nonaggregated and aggregated chains.
We emphasize that the evolution of the absorption of

P(NDI2OD-T2) with decreasing solvent quality is distinctly
different from the recently reported behavior of P3HT.65 For
P3HT, adding poor solvent leads to the appearance of a red-
shifted absorption band with a well-resolved vibronic
progression, assigned to aggregated chains. Increasing the
concentration of poor solvent increases the overall strength of
the low-energy band and alters the ratio of the 0−0 to the 0−1
vibrational peak, but it does not cause new absorption features
to appear. For P(NDI2OD-T2), the distinct evolution of the
absorption and emission spectra with increasing the toluene
content suggests that chain collapse leads to two different
aggregate species. In a first approximation, we term the species
dominating the optical properties (with the main absorption at
710 nm and emission at 790 nm) at intermediate toluene
content “aggregate I”. The distinct emission features (and the
815 nm absorption feature) in pure toluene suggest that a
second species exists that we will call “aggregate II”. This
species dominates the long-wavelength emission properties
when the chain is in the highly aggregated state. The presence
of two distinct emission spectra at different solvent mixing
ratios rules out an alternative and simpler interpretation of the
optical properties, where the long-wavelength absorption is due
to one and the same aggregate species with the 0−0 and 0−1
vibronic bands at 815 and 710 nm, respectively, but where the
0−0 absorption strength is largely reduced at low to medium
toluene content. Suppressed 0−0 absorption was predicted by
Spano in H-aggregates with strong exciton coupling.125

Noticeably this model also predicts that a reduction in the
0−0 absorption (e.g., when going from toluene to higher CN

contents) should lead to an increase in the 0−2 absorption,
which is not seen here (Figure 6a, bottom).

Time-Resolved Spectroscopy. In order to give substantial
evidence for the existence of two different aggregate species,
time-resolved PL measurements were performed. The emission
of the CN solution, the toluene solution, and the 1:1 solution
mixture were analyzed to determine the lifetimes of the
intrachain exciton and aggregate species.
Figure 7 shows the time evolution of the PL of P(NDI2OD-

T2) in CN, toluene, and a 1:1 CN:toluene mixture. The PL
decay of the intramolecular exciton state present when the
chains are extended in the good solvent CN (Figure 7a) is
essentially monoexponential, with some red-shifting with time
likely due to a structural relaxation of the excited state, or
diffusion of excited states to lower energy sites. The lifetime of
the exciton is 100 ps, found from a monoexponential fit of the
emission decay averaged between 710 and 730 nm (see
Supporting Information). Figure 7b shows the emission kinetics
in the intermediate solvent mixture, where aggregation starts to
alter the absorption and PL spectra (Figure 6). The dramatic
change in the emission spectrum with time (illustrated in the
integrated spectra between 0 and 50 ps and between 500 and
600 ps, green and red lines, respectively) indicates that the
initial excited-state population evolves with time. In the early
time spectrum (green line) a clear shoulder is visible at 700 nm,
originating from exciton emission. This shoulder disappears
completely from the late time spectrum (red line), indicating
that after 500 ps the exciton population is negligible compared
to the aggregate concentration. By fitting the 710−730 and
770−790 nm kinetics simultaneously to a biexponential
function with the time constants shared between the wave-
length regions, the quenched lifetime of the intrachain exciton
is found to be 32 ps, and the lifetime of aggregate I is found to
be 156 ps (see Supporting Information for details). From the
ratio of the decay rates of the unquenched exciton population
in CN to the quenched exciton population in the CN:toluene
mixture, it is determined that ∼70% of the excitons are
quenched in the solvent blend, indicating that the aggregate
states play a primary role in the photophysics of P(NDI2OD-
T2). Comparison to Figure 6 shows that the emission of the

Figure 7. Streak camera images showing the PL after 390 nm excitation of 0.1 g/L solutions of (a) CN, (b) a 1:1 CN:toluene solvent mixture, and
(c) toluene (logarithmic colormap). Normalized spectra are shown for early (0−50 ps, green line) and late (500−600 ps, red line) times. Normalized
kinetics are shown for the intrachain exciton (710−730 nm, blue line), aggregate I (770−790 nm green line), and aggregate II (840−860 nm, red
line).
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aggregate peak at 800 nm agrees well with the aggregate I peak
in the steady-state PL spectra.
Figure 7c shows that the emission kinetics in pure toluene

are significantly different from those observed in either of the
other two solutions. The emission shows one dominant peak at
850 nm, close to the edge of the sensitivity of the measurement
setup. This agrees well with the peak position of aggregate II
suggested by the steady-state spectroscopy (Figure 6).
Examining the very early time emission in toluene, we see
residual emission between 650 and 750 nm, indicating the
presence of intrachain excitons in the excited-state population
at the earliest of times. However, this emission is completely
quenched within the instrument response time of the system.
Therefore, the quenching of initially generated excitons is even
more efficient in the toluene solution than in the solvent blend.
Fitting the emission between 830 and 850 nm to a
biexponential function with a component constrained to have
a lifetime of the instrument response (15 ps) in order to
account for the exciton emission reveals a lifetime for the
aggregate II state of 170 ps, only slightly longer than that
observed for aggregate I.
The presence of two distinct aggregate species becomes

immediately clear by comparing the emission characteristics in
the three solutions. The central figure of the emission in the
solvent mixture cannot be expressed as a weighted sum of the
species present in the two pure solvents. This gives clear
evidence that an intermediate aggregate state (aggregate I)
forms between the exciton on the extended chains and the
aggregate II formed on the collapsed chains. We speculate that
aggregate I might correspond to a dimer of like units stacked
one on another, while aggregate II might correspond to the
excitation delocalized over more than two like units in a larger
stack. The two spectral signatures can also be caused by two
distinct packing motifs with different degrees of overlap of the
functional units. Therefore, the time-resolved emission spec-
troscopy confirms the existence of two forms of aggregate
species and demonstrates the existence of efficient energy
transfer from the exciton to the aggregate states.
The complete absence of emission features of aggregate I in

the transient emission of P(NDI2OD-T2) in pure toluene
taken immediately after excitation further suggests that this
species has been completely replaced by aggregate II. This
implies that the 710 nm peak in the absorption of P(NDI2OD-
T2) in pure toluene is part of the vibronic progression of
aggregate II absorption, and it does not originate from
coexisting type I aggregates. In fact, adding ethyl acetate
(EA), a very poor solvent for the polymer, to the toluene
solution has only a minor effect on the shape of the long-
wavelength absorption (for EA content up to 30%). The
coincidence with respect to energy of the 0−1 transition of
aggregate II with the lowest energy transition of aggregate I
might be coincidental or caused by structural similarities of the
two aggregates. Importantly, the deconvoluted absorption and
emission spectra for different solvent mixing ratios, assuming
that the solution in pure toluene comprises only nonaggregated
chains and aggregate II, yielded consistent results (see Figure
S6 and the corresponding discussion in the Supporting
Information). Here, the contributions from aggregates I and
II emerge at ∼20% and 40% toluene content, respectively, and
the aggregate I contribution to both absorption and emission is
maximum at a toluene concentration of ∼60%. Interestingly,
the sum of the aggregate contributions in absorption and
emission increases continuously and linearly with toluene

content, without a visible change in the slope, suggesting that
aggregate II is formed by replacing the intermediate aggregate I.

Analytical Ultracentrifugation. The spectroscopic inves-
tigations performed in the previous section undoubtedly reveal
that aggregation of P(NDI2OD-T2) significantly changes the
photophysical characteristics. We now illustrate the evolution of
the microscopic structure that accompanies the changes of the
optical properties. One remarkable result of the studies
described above is that changing the polymer concentration
has very little effect on the shape of the optical spectra, which is
not reasonable if aggregation is an interchain process (Figure
2b). We therefore propose that aggregation of conjugated
segments in solution occurs via stacking within polymer coils
that contain one or very few polymer chains. This process
might be initiated by a reduced swelling of the polymer coils in
poor solvents. One well-established technique to analyze chain
aggregation in solution is analytical ultracentrifugation (AUC).
This method is well established in the field of biochemistry, but
it is also widely used in modern colloidal analytics.126,127

In an AUC experiment, a spherical polymer coil of radius R,
molecular mass M, and partial specific volume v ̅ sediments in
the centrifugal field with a velocity given by the sedimentation
coefficient s:128,129
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In eq 1, the frictional coefficient f is expressed by Stokes’s law,
NA is the Avogadro constant, η is the viscosity and ρ the density
of the solvent.
The determination of v ̅ (the inverse of the dry density ρP) of

P(NDI2OD-T2) involved a typical density-variation AUC
experiment130 on the polymer in pure toluene and in a 1:1
mixture of deuterated toluene-d8 and normal toluene. From our
experiments (described in detail in the Supporting Informa-
tion), we determined the dry density ρP of P(NDI2OD-T2) to
be 1.1 g/cm3. This value agrees very well with the density of
P(NDI2OD-T2) crystallites according to X-ray diffraction data
published by Rivnay et al. reporting a π−π stacking distance of
3.93 Å, a lamella spacing of 25.5 Å, and the length of one repeat
unit of 13.9 Å.21 Assuming that this volume is occupied by one
monomer (991.5 g/mol), we estimate the density of the
ordered domains to be ρP = 1.18 g/cm3. Since amorphous
regions of P(NDI2OD-T2) will exhibit less density, this
approach might overestimate the polymer dry density, well
explaining the slightly smaller value of ρP = 1.1 g/cm3 found by
AUC here.
In the next step, the mass-average weights Mw of the

P(NDI2OD-T2) particles (or agglomerates) in pure toluene
and in mixtures with CN were measured by analyzing the
equilibrium sedimentation profiles.131,132 If an AUC experiment
is conducted at moderate angular velocity, allowing back-
diffusion of particles from the cell bottom, equilibrium between
sedimentation and back-diffusion will be attained after a
sufficient time. Evaluation of the stationary concentration
profile yields an average molar mass Mw that is independent of
the molecule size, shape, and swelling (see SI for details on the
analysis).
Mean values for Mw deduced from these profiles are shown

in Figure 8 for P(NDI2OD-T2) with Mw = 181 kDa (as
determined by GPC) and a toluene content between 60% and
100%. Higher contents of CN lead to very slow sedimentation
due to the small density contrast between CN and P(NDI2OD-
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T2), drastically prolonging the time needed to reach
equilibrium. The densities and viscosities of all solvent mixtures
have been measured independently, as described in the
Experimental Section.
Within the range of statistical deviation, the series clearly

displays that the molar mass of the sedimenting particles is
independent of the solvent mixture. There is no evidence for a
systematic increase in particle (agglomerate) mass when
increasing the toluene fraction from 60% to 100%. We note
that equilibrium profiles measured at 500 nm yield a
systematically smaller value of Mw ≈ 128 kDa compared to
167 kDa at 710 nm. We understand this result as an indication
of a lower degree of intrachain aggregation for shorter polymer
chains, also visible in the Mw-dependent absorption spectra.
Shorter chains are less likely aggregated than longer chains (see
Figure 2b) and therefore are prevalently probed at 500 nm,
where disordered P(NDI2OD-T2) absorbs. We underline that
this difference is not a sign of agglomerate formation, since the
fraction of toluene has no influence on the particle weight
between 60% and 100%, where most of the changes in the
optical spectra occur. We also measured equilibrium profiles on
diluted P(NDI2OD-T2) solutions down to 0.01 g/L showing a

very weak dependence on the determined Mw (Figure S10).
This is a clear sign of weak interaction between the particles at a
given concentration, thus supporting our interpretation from
optical experiments that aggregation of P(NDI2OD-T2) in
poor solvents is an intrachain process. Since lower toluene
fractions could not be measured, we cannot rule out that
addition of small amounts of toluene induces the formation of
agglomerates comprising a small number of polymer chains,
meaning thatMw determined from our AUC equilibrium runs is
larger than the molar mass of a single chain. However, GPC
measurements for this polymer batch reveal an average Mw =
181 kDa, very close to the value we determine here.

Sedimentation Velocity Experiments. At an angular
velocity of 40 000 rpm, the polymer chains sediment fairly
rapidly over a time frame of several hours. During this time,
sedimentation profiles are taken every few minutes, yielding a
data set of time-resolved and locally resolved absorption
measurements. From various options for evaluation, we chose a
model-independent, finite element fit on all scans as
incorporated in SEDFIT,133 yielding the sedimentation
coefficient distribution g(s), defined as the abundance of the
species with the sedimentation coefficient s. Figure 9a shows an
overlay of g(s) distributions obtained from P(NDI2OD-T2)
sedimentation velocity experiments of mixtures with 50% to
100% toluene content. Again it is obvious that sedimentation
occurs more slowly with increasing CN content due to
increasing viscosity and a smaller difference in density between
solvent and solute. The distribution of the sedimentation
coefficient g(s) is rather broad for all solvent mixtures studied
here, displaying the widespread molecular weights of our
polymer batch.
If swelling of the particles occurs, the increased radius will

directly lead to an enhanced friction. It is convenient to
introduce the frictional ratio f/f 0, which relates the friction of
the swollen polymer coil or agglomerate to the friction
coefficient f 0 of a theoretical compact sphere of same mass
and partial specific volume ν ̅.

134 Since the maximum of the
measured g(s) distribution does not represent the average
molecular weight, we used the averaged s of the g(s)
distribution for further analysis. We then directly calculated
f/f 0 according to equation S3 as the quotient of the theoretical
sedimentation coefficient of the compact sphere using the Mw
derived from sedimentation equilibrium and the measured
sedimentation coefficient average.

Figure 8. Molar mass of P(NDI2OD-T2) particles for a series of
CN:toluene solvent mixtures determined by AUC equilibrium
experiments at 500 and 710 nm and a polymer concentration between
0.04 and 0.1 g/L (depending on the solvent mixing ratio). Solid
straight lines show the averaged Mw, while dashed lines indicate the
standard deviation.

Figure 9. (a) Sedimentation coefficient distributions g(s) of P(NDI2OD-T2) in a series of toluene:CN mixtures measured at an angular velocity of
40 000 rpm at 710 nm. (b) The upper graph shows the resulting frictional ratio f/f 0 in mixed solvent solutions, and the lower graph shows the
particle radius probed at 500 and 710 nm.
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Figure 9b plots the frictional ratio and the average radius R of
the polymer coils/aggregates calculated according to eq 1. The
results clearly show that the coils swell with increasing solubility
from 10 nm radius in pure toluene to more than 20 nm in a
50% mixture of toluene with CN. Note that the radius in pure
toluene is still ∼3 times the radius R0 predicted for a solid
sphere. It can be also seen that data taken at 500 and 710 nm,
probing different P(NDI2OD-T2) Mw fractions as explained
previously, yield comparable results for the frictional ratio and
coil diameter.
In summary, our sedimentation experiments provide solid

support for our conclusions from optical experiments that
aggregation of P(NDI2OD-T2) in solution proceeds within
either individual polymer coils or preformed polymer
aggregates, associated with a considerable decrease in the
average diameter of the swollen polymer chain (or agglomer-
ate) as schematically shown in Figure 10.

Aggregate Content and Film-Forming Process. Finally,
we use the insight gained from the detailed investigation of
P(NDI2OD-T2) structure in solution to understand the optical
properties of thin films. Figure 11 shows absorption spectra of
∼310 nm thick films of P(NDI2OD-T2) cast from solvents
with different boiling points. It has been frequently reported
that the morphology of thin conjugated polymer films can be
altered by using solvents with higher boiling points, allowing
the chains more time to rearrange while drying, but also by
preaggregation in the pristine solution.44,135 For example, Clark

et al. analyzed the degree and quality of polymer crystallinity in
layers of P3HT coated from solutions with the solvent boiling
point ranging from 70 (CF) to 225 °C (TCB).43 In this study,
increasing boiling point caused a continuous rise of layer
crystallinity from ∼39% to 46%. These changes were clearly
reflected in the vibronic progression of the polymer absorption,
with a stronger 0−0 transition being related to improved intra-
and interchain order. To our great surprise, P(NDI2OD-T2)
films cast from toluene and trichlorobenzene, with drying times
from seconds to minutes, deliver nearly identical absorption
spectra (see Figure 11a). We propose that the transition from
polymer chains in solution to solid P(NDI2OD-T2) involves
chain aggregation within individual coils (or agglomerates),
which progressively shrink upon decreasing the amount of
solvent molecules in the drying layer. On the other hand,
rearrangement of polymer chains in the final stage of drying
seems to be rather insignificant. We point out that the peak
positions attributed to aggregate absorption in the film are
slightly blue-shifted compared to the solvent spectra, which we
attribute to a different local environment.
By assigning the absorption of P(NDI2OD-T2) in CN to

nonaggregated chains, we are now able to deconvolute the
spectrum into contributions from amorphous and aggregated
areas. Quantification of the layers’ aggregate content from a
deconvolution of the thin-film absorption requires knowledge
of the oscillator strength of chains in the aggregated state
relative to that of chains in the amorphous state, εaggr/εamorph.
Clark et al. employed temperature-dependent absorbance
studies on P3HT, which yielded εaggr/εamorph ≈ 1.3.43 A similar
value was determined by Scharsich et al. by relating absorption
spectra of high-molecular-weight P3HT in pure toluene (which
is a good solvent for the polymer) and in mixtures of toluene
with EA.65 For P(NDI2OD-T2), analysis of the data plotted in
Figure S6c for different toluene:CN mixing ratios yields
εaggr/εamorph ≈ 2.5. Note that this analysis does not differentiate
between aggregates I and II, as the sum of the corresponding
absorption bands in Figure S6c increases continuously with
increasing toluene fraction.
For further analysis, the amorphous contribution was

subtracted from each film spectrum, and the residue was
integrated between 500 and 900 nm and divided by the
integrated amorphous contribution. Multiplication by
(εaggr/εamorph)

−1 then yielded the layer aggregate content. This
procedure revealed that ∼45% of the chains in the as-prepared

Figure 10. Schematic representation of the aggregation mechanism of
P(NDI2OD-T2) in solution.

Figure 11. Room-temperature absorption of P(NDI2OD-T2) films (310 nm) cast from different solvents (a), layers coated from chlorobenzene and
annealed at different temperatures (b), and films prepared from CN:CF mixtures and subsequent vacuum drying (c) (see text). For comparison, the
solution spectrum in CN is shown.
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layers are in the aggregated state, rather independent of
preparation. Although no distinct vibronic structure is evident,
as-cast films of P(NDI2OD-T2) contain a significant amount of
aggregates.
Figure 11b also shows the spectra of films coated from

chlorobenzene followed by annealing at different temperatures.
Upon annealing of the films at temperatures below 200 °C, the
aggregate contribution increases only slightly, accompanied
with a narrowing of the vibronic progression line width.
Obviously, annealing is not an effective way to further increase
the amount of aggregates formed in the films after preparation.
The observed line width narrowing can be explained by minor
chain reorganization within the aggregate itself. Annealing
above 200 °C leads to a decrease in aggregate content. It has
been shown previously that annealing the films up to the
melting temperature (∼310 °C)11 in inert atmosphere does not
induce any decomposition or degradation of the material.22

However, due to the large polydispersity of this material, the
melting point is not well defined, and low-molecular-weight
fractions will melt at lower temperatures. We therefore propose
that premelting below Tm leads to the reduction in aggregate
content.136

It has been proposed previously that annealing P(NDI2OD-
T2) films above the melting point followed by rapid
temperature quenching leads to amorphous films.22 We applied
this approach to films coated from chlorobenzene and found
the absorbance of such films to be quite similar to spectra of
quenched films presented previously.22 Nevertheless, these
films still demonstrate clear aggregate features and cannot be
considered as completely amorphous. This might be one reason
why these films still showed considerable electron field-effect
mobilities.
We found that films with very weak aggregate II absorption

can be prepared as follows. First, a film was coated from a
solvent mixture containing the good solvent CN in
combination with the fast-drying solvent CF. Films coated
from the high-boiling-point solvent CN dried very slowly and
suffered from dewetting. However, mixing with the fast-drying
component CF “fixes” the wet film after spin-coating. These
wet films were then quickly transferred to vacuum in order to
evaporate the remaining CN. This procedure is similar to the

preparation routine we suggested for the preparation of
P3HT:P(NDI2OD-T2) solar cells,30 modified to include
vacuum drying. The resulting absorption of such prepared
and annealed films is shown in Figure 11c. Comparison with
the solution spectra suggests that the as-prepared CN:CF films
mainly consist of aggregate I. Annealing at 200 °C leads to an
increase of the 785 nm peak, indicative of the growth of
aggregate II in the thin film.
To address the transient photophysical properties of these

films, we have performed time-resolved emission and transient
absorption spectroscopy. In Figure 12 we show that the film
after annealing has emission properties similar to those of the
pure toluene solution, shown in Figure 7c. From this we
conclude that all excitons on single chains are quickly quenched
by transfer to aggregate II species. We note, however, that the
lifetime of aggregate II is significantly shorter in the annealed
film (44 ps compared to 170 ps) than in solution. Faster
nonradiative recombination, likely caused by transfer to
quenching sites, would explain this decrease. In the as-cast
film the emission kinetics appear to result from a combination
of the aggregate I and aggregate II species, as observed in the
CN:toluene mixture and pure toluene solutions, respectively.
The emission of the aggregate II species is longer than in the
annealed film, more similar to that observed in solution
although still somewhat shorter. This is consistent with the
aggregate II sites being more widely spaced before the film is
annealed, meaning excitons cannot move easily between
aggregated domains, and therefore their encounter with
quenching sites may play a smaller role in reducing their
lifetime. The transient PL data suggest that as-prepared CN:CF
films mainly consist of aggregate I, while annealing leads to a
transition to aggregate II. This statement is further
substantiated by the results from ultrafast transient absorption
spectroscopy presented in Figure S12.

■ SUMMARY
In conclusion, we have shown distinct changes in the optical
absorption and emission spectra of P(NDI2OD-T2) in solution
when varying the organic solvent or the solvent mixture ratio.
Detailed analyses of these changes in combination with NMR
and AUC studies suggest that P(NDI2OD-T2) form aggregates

Figure 12. Streak camera images showing the PL after 390 nm excitation of annealed (left) and as-prepared films (right) cast from a CN:CF mixture
(logarithmic colormap). Normalized spectra are shown for early (0−50 ps, green line) and late (100−200 ps, red line) times. Normalized kinetics are
shown for the intrachain exciton (690−700 nm, blue line), aggregate I (770−800 nm green line), and aggregate II (850−900 nm, red line).
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in almost all organic solvents, even at low concentrations, which
we attribute to the aggregation of chain segments with single
chains or agglomerates containing only few chains. The optical
characteristics of nonaggregate chains, with an absorption
maximum at 520 nm and an emission maximum at 715 nm, are
observed only when using solvent molecules with extended and
highly polarizable aromatic cores such as CN. This assignment
is fully supported by DFT calculation on isolated chains. In
contrast, the optical spectra of P(NDI2OD-T2) in common
solvents like CF, toluene, etc. are dominated by aggregates with
distinct long-wavelength absorption and emission features. Our
DFT calculations on optimized stack structures revealed chain
planarization as the main cause for the observed red-shifts. A
more detailed analysis of the steady-state and transient optical
spectra in mixtures of CN and toluene suggests that aggregation
of P(NDI2OD-T2) occurs via an intermediate state (aggregate
I), and that this intermediate is fully replaced by a second
species (aggregate II) with lower absorption and emission
energies when going to pure toluene.
Since P(NDI2OD-T2) forms aggregates in most organic

solvents, we expected that layers prepared by spin-coating from
these solvents would consist of an assembly of collapsed coils
with high local order. Flattening of the globuli during spin-
coating and drying might explain the unconventional face-on
orientation of the NDI cores as observed by GIXD.21

Deconvolution of the absorption spectra allowed us to
determine the aggregate content in as-prepared spin-coated
layers to be ∼45%. This value compares well to the degree of
crystallinity in as-prepared pristine P3HT layers reported by
Clark et al.43 Steady-state and transient optical spectroscopy
reveals the characteristic features of aggregates II. Schuettfort et
al. used X-ray scattering to estimate the size of a crystalline
domain in films of P(NDI2OD-T2) with Mw ≈ 100 000 g/
mol.22 Their measurement on as-prepared samples coated from
DCB yielded an approximate crystalline domain size of 10.4 nm
in both the lamellar and the backbone directions. As the
volume of a single collapsed chain with the given molecular
weight and a dry density of 1.1 g/cm3 is ∼150 nm3, we propose
that these aggregates consist of a rather small number of
collapsed chains.
Interestingly, the optical properties of our films are

independent of the solvent used for spin-coating. This indicates
that rapid chain collapse dominates film formation even when
coating from a good solvent like CN. This process also inhibits
the formation of amorphous and disordered P(NDI2OD-T2)
films. Suppression of aggregate II formation was only achieved
when the film was spin-coated from a solvent mixture of CN in
combination with the fast-drying solvent CF, followed by rapid
drying in vacuum. The optical properties of these layers were
dominated by aggregate I.
Annealing of regularly coated films had little influence on the

optical spectra and the degree of aggregation. Schuettfort et al.
reported the crystallite size in the (100) and (001) direction to
increase significantly upon annealing.22 Also, Rivnay et al. noted
a considerable increase of the (100) peak intensity upon
annealing up to 250 °C, accompanied by a slight decrease in
line width.23 Apparently, annealing improves interchain order
on the length scale of several tens of nanometers, most likely by
merging smaller crystallites, while it barely changes the local
degree of order as addressed by optical spectroscopy.
Finally, we note that scanning transmission X-ray microscopy

studies by Sciascia and co-workers on P(NDI2OD-T2) films
annealed at 110 °C revealed common preferential alignment of

polymer backbones within domains of 0.5−1 μm in length, but
with a rather low degree of orientational order (∼17%).24
Domains of similar size were previously seen in atomic force
microscopy phase contrast and polarized microscopy images of
as-prepared and annealed P(NDI2OD-T2) films.23 The
resolution of these techniques, however, is not sufficient to
image order on the length scale of aggregates comprising only a
few collapsed chains. We propose that these large domains
consist of small crystallites, as determined by GIXD,22,23 with
partially correlated orientation on the micrometer length scale.
Despite the rather poor degree of order on the larger scale,
these layers exhibit very high in- and out-of-plane mobilities,
even when carriers need to travel several micrometers in
distance. Our optical spectroscopy data reveal that almost 50%
of the chains are indeed in the aggregate state, and that this
fraction changes only a little upon thermal treatment. Following
common interpretations to explain the dependence of mobility
on molecular weight in P3HT,4,9,65,136,137 we propose that
these aggregates are bridged via long tie chains, which allow
charges to avoid being trapped at grain boundaries and to move
rapidly between aggregates. This interconnection of stable
chain aggregates might also be responsible for the small effect
annealing has on the carrier mobility in thin P(NDI2OD-
T2).22,23
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