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Abstract

A significant number of organic electronic devices rely on blends of electron-donating and
electron-accepting molecules. In bulk heterojunction organic photovoltaics, the nanoscopic
phase behavior of the two individual components within the photoactive layer has a major
impact on the charge separation and charge transport properties. For polymer:fullerene solar
cells, it has been hypothesized that an increased accessibility of the electron-deficient
monomer unit in push-pull type low bandgap polymers allows for fullerene ‘docking’. The
close proximity of electron donor and acceptor molecules enables more efficient charge
transfer, which is beneficial for the device efficiency. With this in mind, we synthesized a series
of PBDTTPD [poly(benzodithiophene-thienopyrroledione)] low bandgap copolymers with
varying side chains. Solar cells were fabricated for all polymers and the device characteristics
were compared. The combination of proton wideline solid-state NMR (ssNMR) relaxometry
and sensitive external quantum efficiency (sEQE) measurements was shown to provide
essential information on donor-acceptor interactions and phase separation in bulk
heterojunction organic photovoltaics. The reduced charge transfer state absorption and the
observed phase separation of crystalline PC71.BM domains for the polymers containing the
most accessible methyl-TPD unit indicate a diminished contact between donor and acceptor,
leading to a loss in performance.

Keywords: push-pull copolymers, side chain variation, blend morphology, solid-state NMR
relaxometry, external quantum efficiency



Introduction

Over the last two decades, bulk heterojunction (BHJ) organic solar cells have evolved into an
attractive photovoltaic technology, showing several promising features such as the ability to
be processed and printed from solution on inexpensive flexible substrates, a good
performance in low light conditions, aesthetic versatility, low weight and
(semi)transparency.[1-4] Even though the power conversion efficiency (PCE) of BHJ organic
photovoltaics (OPVs) has noticeably increased in recent years, particularly by the
development of novel non-fullerene acceptors,[5-10] some fundamental aspects related to
the nanomorphology of the BHJ active layer need further attention.

As the photoactive layer consists of two finely intermixed components, an electron donor and
an electron acceptor, the molecular arrangement of these materials has a major influence on
the underlying physical properties that govern processes such as exciton dissociation, charge
separation and charge transport. Although microscopic techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy
(AFM) can provide useful information on the active layer morphology, these techniques suffer
from some drawbacks. SEM and AFM only probe the surface of the layer, while TEM requires
appropriate preparation methods to obtain free standing, thin, electron transparent films. In
some cases, these techniques cannot properly distinguish the separate phases due to a lack
of microscopic contrast. On the other hand, sensitive external quantum efficiency (sEQE)
measurements of the charge transfer (CT) absorption band and solid-state NMR (ssNMR)
spectroscopy and relaxometry are powerful techniques that do not suffer from these
drawbacks and that can provide essential information on photovoltaic bulk heterojunction
blends.

CT absorption band measurements are a rather easy way to probe donor-acceptor
interactions and their contact area directly on photovoltaic blends and/or devices. Indeed,
changes in donor-acceptor contact area are reflected in changes in the intensity of the CT
absorption band.[11] Such weak CT absorption occurs at photon energies below the optical
gap of both the donor and acceptor and can be quantified by sensitive measurements of the
blend’s absorption spectrum or external quantum efficiency spectrum, which both have been
shown to correlate with the amount of donor-acceptor interface area.[12]

ssNMR spectroscopy and relaxometry can be used to investigate the molecular miscibility of
polymer-based material blends and to identify phase separation down to 10 nm sized domains
inside the bulk of the layer.[13-17] Mens et al. first demonstrated the usefulness of *H wideline
ssNMR relaxometry for the analysis of OPV blends by quantifying the amount of PCs1BM
fullerene phase separating into crystalline domains in an MDMO-PPV:PCs1BM system, using
different weight ratios, solvents and casting techniques.[18, 19] Nieuwendaal et al. also
applied this technique to study the phase separation in a P3HT:PCs1BM blend upon annealing
at different temperatures.[20] In a follow-up study, the same group reported that 'H spin
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diffusion data can be used to estimate domain size distributions and that a significant
population of domains of tens of nanometers in size is a common characteristic of samples
affording higher efficiencies.[21] More recently, they applied the advanced Rotational Echo
Double Resonance NMR technique to demonstrate that, although a P3HT:PCs1BM blend film
may appear homogenous at 6 nm scale through *H spin diffusion measurements, pure PCs1BM
clusters are formed on a 3 nm scale. This technique also allowed to quantify the near-neighbor
contacts between P3HT and PCe1BM.[22] The only effort so far to apply *H wideline ssNMR
relaxometry to a push-pull type copolymer blend has been by Chambon et al.,[23] who
analyzed the influence of the octanedithiol additive on the morphology of a PCPDTBT:PCs1BM
blend.

The electron donor material in state-of-the-art BHJ OPV devices is very often a semiconducting
push-pull type copolymer, consisting of electron-rich heteroaromatic units alternating with
electron-deficient moieties. This combination lowers the bandgap and broadens the
absorption profile. Interestingly, the highest occupied molecular orbital (HOMO) tends to be
delocalized over the conjugated polymer backbone, while the lowest unoccupied molecular
orbital (LUMO) is rather localized on the pull monomer.[24] It has been postulated that
polymers that include electron-deficient units that are highly accessible (i.e. no bulky alkyl side
chains) to the fullerene acceptor tend to show better OPV efficiencies as the charge is more
easily transferred to the electron-accepting fullerene.[25] An example of this effect from our
own work is the study by Verstappen et al.,[26] who showed that the complete removal of the
side chains from the electron-deficient quinoxaline unit in a PCDPTQx polymer led to a
significant change in blend morphology and enhanced PCE values. However, it remains unclear
if this approach can really be used as a general design concept for high-performance OPV
blends.

Among the push-pull type copolymers affording best device efficiencies, the family based on
benzo[1,2-b;4,5-b’]dithiophene (BDT) has been widely utilized.[27] BDT is synthetically easily
accessible and its electron-rich rigid and planar structure with a highly delocalized m-system
has been shown to reduce the optical gap and favor hole transport.[1] Combined with the
thienopyrrolodione (TPD) pull monomer, PCEs up to 8.3% have been reached.[28] PBDTTPD
polymers also exhibit a high thermal and photostability, attributed to the alkoxy side chains
and the well-organized structure mitigating the photodegradation process.[29] Due to its
relatively low synthetic complexity,[30] this polymer is also a suitable candidate for industrial
upscaling, as was demonstrated by a convenient continuous flow protocol.[31]

Side chain variation has already been an extensive point of attention for the PBDTTPD:PC71BM
system. Piliego et al. and You et al. demonstrated that the introduction of linear instead of
branched alkyl side chains on the TPD monomer enhanced the photovoltaic properties. In
both cases, the best results were achieved for the 2-ethylhexyl(BDT)-octyl(TPD)
combination.[32, 33] Cabanetos and co-workers reported that linear side chains on the BDT
monomer are detrimental to the self-assembly and backbone orientation of the polymer in
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thin films. They also demonstrated that a shortening of the TPD side chain can be beneficial
for the photovoltaic performance. The best result was achieved with the 2-ethylhexyl(BDT)-
heptyl(TPD) combination, while further reducing the TPD side chain to hexyl led to solubility
issues.[28] Building on this, Labban et al. investigated several other side chain
combinations.[34] Through grazing-incidence wide-angle x-ray scattering (GIWAXS)
measurements, they observed a clear impact on the crystallite orientation and order upon
variation of the alkyl side chain pattern. The 2-ethylhexyl(BDT)-octyl(TPD) combination
showed a clear preference for a face-on orientation, whereas the polymers with longer linear
BDT (e.g. hexadecyl, octadecyl) and shorter TPD (e.g. butyl, ethyl) substituents were more
inclined to afford less crystalline materials with an edge-on orientation. In this study, however,
no blends with fullerenes were prepared and these materials were not tested for their
photovoltaic properties. Dyer-Smith and colleagues studied two PBDTTPD polymers, one with
two long linear quaterdecyl chains and the other with 2-ethylhexyl and heptyl on the BDT and
TPD monomer, respectively. They observed significantly lower recombination losses for the
branched-linear combination, leading to a significantly higher current.[35] Finally, Graham et
al. used solid-state two-dimensional '3C/*H heteronuclear correlation (HETCOR) NMR to
analyze the spatial proximity of the fullerene acceptor to the TPD monomer for several
PBDTTPD side chain combinations. They demonstrated that a longer (tetradecyl) or branched
(2-ethylhexyl) side chain on TPD disrupted the contact with fullerene. Devices based on these
materials exhibited significantly reduced photovoltaic properties, which supported their
hypothesis that improved intermolecular interactions and proximity between the electron
donor and acceptor materials can contribute to improved performance for OPV systems.[25]

Following this reasoning, a new series of PBDTTPD polymers was designed, synthesized and
characterized in this work. The shortest possible alkyl side chain (i.e. a methyl group) was
applied on the electron-deficient TPD monomer to increase its steric accessibility toward the
fullerene electron acceptor. The solubility issues that arise from this were overcome by the
substitution of half or all of the 2-ethylhexyl side chains on the BDT monomer by longer 3-
butylnonyl or 2-octyldodecyl substituents (Figure 1). Longer branched rather than linear alkyl
side chains were selected for the BDT monomer because of the reported negative impact of
linear side chains. Furthermore, two polymers were designed to contain either 10 or 20%
methyl groups on the TPD monomer, while maintaining 2-ethylhexyl side chains on BDT. The
new materials were applied in OPV devices and the active layer blends were investigated using
SEQE measurements and ssNMR relaxometry. We find that the introduction of methyl-TPD
leads to aloss in solar cell efficiency in all cases. The sSEQE measurements indicate a diminished
contact between the donor and acceptor, particularly for the polymers containing 3-
butylnonyl side chains on the BDT monomer, whereas ssNMR relaxometry reveals significant
phase separation of crystalline PC7:BM domains in the blends that exhibit lower performance.



P1: R4 = 2-ethylhexyl, R, = octyl

P2: R, = (2-ethylhexyl)q 5:(3-butylnonyl)q 5, R, = methyl
P3: R, = 3-butylnonyl, R, = methyl

P4: R, = 2-octyldodecyl, R, = methyl

P5: Ry = 2-ethylhexyl, R, = (octyl)q o:(methyl)g 4

P6: R, = 2-ethylhexyl, R, = (octyl)q g:(methyl)g »

Figure 1: Overview of the synthesized PBDTTPD polymers with their respective solubilizing alkyl side
chains.

Results and Discussion

The introduction of the various side chains on the BDT and TPD monomers was performed
following literature procedures.[28, 36] Details can be found in the Supplementary data. All
alternating copolymers were synthesized by Stille cross-coupling. Polymerizations were
performed with 3 mol% Pd,dbas and 12 mol% P(o-tol)s in chlorobenzene at 110 °C for 16
hours. Following polymerization, residual palladium traces were removed by extraction with
an aqueous sodium diethyldithiocarbamate solution, after which the polymers were
separated into fractions with varying solubility (molar mass) using Soxhlet extractions.

The molar masses of the polymers were estimated via high-temperature gel permeation
chromatography (Figure S1, Table S1). Since PBDTTPD is known for its strong aggregation
tendency, aggregation peaks appeared at the high molar mass side of the chromatograms,
reducing the accuracy of the determined values. Nevertheless, all molar masses were in the
same range (M, = 10-15 kg mol?), avoiding complications due to different polymer chain
lengths. The electrochemical properties of the polymers (as thin films) were investigated by
cyclic voltammetry (CV) (Table S2). The onset potentials of oxidation and reduction were used
to estimate the HOMO and LUMO, respectively. While the LUMO energy levels are similar for
all materials, the observed HOMO values fluctuate within a range of £0.2 eV as the polymer
side chain pattern is varied. The decrease in the electrochemical bandgap for P2, P5 and P6
(as a result of their higher HOMO) is not reflected in the optical gap (as derived from the onset
of absorption in the UV-Vis spectra, Figure S2), which remains close to 1.85 eV in all cases.

The photovoltaic properties of the PBDTTPD polymer donor materials were then assessed by
blending them with phenyl-C71-butyric acid methyl ester (PC71BM) and applying these blends
as photoactive layers in BHJ polymer solar cells with a traditional device architecture
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glass/ITO/PEDOT:PSS/active layer/Ca/Al. The solar cell parameters of the optimized devices
are summarized in Table 1 (while our optimization efforts are listed in Table S3). No data were
acquired for P4 as no properly functioning solar cell could be fabricated from this polymer.

Table 1: Device parameters for the BHJ organic solar cells based on the different PBDTTPD:PC7:BM
blends.

Processing solvent®  Voc (V)  Jsic (MA cm?) FF Average PCE® (%)  Best PCE (%)

P1 CB+5%CN 0.93 10.13 0.66 6.17 6.42
P2 ODCB + 5% CN 0.84 9.87 0.67 5.57 5.88
P3 CF + 5% ODCB 0.76 7.58 0.57 3.29 3.38
P5 CB +5% CN 0.88 9.71 0.58 4.95 5.11
P6 CF + 5% ODCB 0.89 9.79 0.51 4.45 4.76

2 Chlorobenzene (CB), chloronaphthalene (CN), orthodichlorobenzene (ODCB), chloroform (CF).
b Averages taken over 4 devices.
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Figure 2: J-V curves for the optimized (average performing) PBDTTPD solar cells.

We observed that the introduction of the methyl substituent on the TPD monomer did not
improve the current-voltage (J-V) parameters. When introducing methyl and 50% 3-
butylnonyl substituents on the TPD and BDT monomers, respectively (P2), both the short-
circuit current (Jsc) and the open-circuit voltage (Voc) diminished as compared to the reference
blend based on P1. Completely replacing the 2-ethylhexyl side chains on the BDT moiety by 3-
butylnonyl (P3) further lowered both the Jsc and Vo, while the fill factor (FF) now dropped as
well. With the introduction of only 10 or 20% methyl-TPD (P5 and P6, respectively), the Vo
remained similar as compared to P1, but the PCE nevertheless diminished by the small
decrease in Jsc and a more drastic reduction in FF. The presented side chain combinations were
not investigated in the previous study by Labban et al.[34] Nevertheless, it is reasonable to
assume that at least part of the lower performance can be explained by a reduced crystallinity
and tendency toward edge-on orientation, as was the case with their octadecyl-ethyl
PBDTTPD.



Interestingly, the observed strong reduction in Vo for the devices based on P3 cannot be
explained by the almost invariant HOMO energy level as obtained by CV. As the V. is related
to the energy of the charge transfer state (Ecr),[37] SEQE measurements were performed on
the polymer:PC71BM devices (Figure 3). Ect was determined as reported[37] and observed to
be approximately 1.5 eV for all samples, suggesting the loss in Vo has a different origin.

By normalizing the EQE spectra in the spectral region of PC71BM absorption, it becomes
apparent that the CT state accounts for less absorption in case of the devices based on P2 and
P3 (80% and 60%, respectively) as compared to the reference system based on P1, while this
remains unchanged for P5 and P6. This implies a reduced presence of polymer:PC71BM
interface in the blends with P2 and P3. The contact of the PC71BM acceptor with the donor
polymer seems to be disrupted due to the change in side chain pattern. The improved
accessibility of the TPD unit might be counteracted by the steric hindrance produced by the 3-
butylnonyl side chain on the BDT unit, although a more complex behavior related to the
different mixing enthalpies cannot be excluded. This reduced interface between the donor
and acceptor materials can be a possible explanation for the reduced Jsc observed for these
blends, as this can negatively impact exciton dissociation.

EQE normalized at 1.77 eV

14 1.6 1.8
Photon Energy (eV)

Figure 3: sEQE spectra for the PBDTTPD:PC7:BM solar cells, normalized at 1.77 eV (i.e. the absorption
range of PC7:BM, but in the gap of PBDTTPD). Colored lines display the EQE values, while the dotted
lines represent a gaussian fit of the CT band. The reduction of the amplitude of the fit of the CT band
indicates a reduced interface between the donor and acceptor materials.[37]

To investigate whether the reduced interface observed in the sEQE measurements is visible
on a microscopic level, AFM topographic images of the active layer blends of the best
performing solar cell devices were obtained (Figure 4). The layers composed of P1 or P2 and
PC71BM show a finely intermixed morphology without distinct phase boundaries, whereas the
active layer based on P3 displays deep cracks, signifying a less ideal BHJ and possible phase
separation of the two components. The active layers based on P5 and P6 both display a low
surface roughness which points to a relatively homogenously mixed blend.



P1 P2 P3 P5 P6

Figure 4: AFM images of the best performing active layer blends.

For a deeper insight into the morphology of the blend films at the nanometer scale, we used
proton wideline ssNMR relaxometry as a fast and non-invasive analysis method. Two
relaxation time constants were investigated in particular, Tin and T1pn. The spin-lattice or Tin
relaxation (in the order of seconds) is dominated by the spectral density of (segmental) chain
motions in the MHz region, while the spin-lattice relaxation in the rotating frame or Tipn
relaxation (in the order of milliseconds) is mainly affected by slower motions in the kHz region.
In solid systems, both decay times are influenced by the process of spin diffusion (SD), in
contrast to the fast (in the order of us) spin-spin or T4 relaxation.[13] Proton SD is not a
physical movement of protons but a transfer of nuclear spin energy by successive energy-
conserving nuclear spin flips. It allows to judge the degree of phase separation and to roughly
estimate the size of phase-separated molecular domains. The maximum diffusive path length
L can be approximated by the following Fickian diffusion equation:

L=(6D" T2 (Eq. 1)

in which Tiy is the T14 or T1pn relaxation decay time and D is the spin diffusion coefficient (~4 x
106 m2 5% for rigid organic polymer systems).[14]

Phase specific decay times are only observed if the domain sizes exceed the diffusive path
length L. Otherwise, averaged values are obtained. The Tiy relaxation (seconds) provides
information regarding the miscibility on a distance scale in the order of tens to hundreds of
nm and is a rather large-scale property. The faster Tipn relaxation (milliseconds) is used to
study the morphology at the lower nanometer level, generally below 10 nm.

Table 2 displays the relaxation results obtained for the pure blend components as well as for
the PBDTTPD:PC7:BM films. The spin-lattice relaxation of pure PC7;1BM appears to be bi-
exponential and can be separated into two decay times (714" and T1x°), of which the long and
short decay time represent the more crystalline and more amorphous phase, respectively.[15,
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18, 38] The origin of the long decay time can be found in the molecular motions being highly
restricted in rigid crystalline environments, causing an inefficient Tiy relaxation. Based on the
value of the long decay time (2.31 s), the average minimal dimension of the PC71BM crystalline
domains can be estimated to be around 75 nm. The pure polymers on the other hand all show
a mono-exponential decay with a short T1n decay time characteristic for an amorphous state,
which was confirmed by the presence of a glass transition temperature upon thermal analysis
of the reference system P1 by rapid heat-cool calorimetry (Figure S4).

Table 2: Solid-state 'H wideline NMR relaxation data for the individual blend components and
PBDTTPD:PC7:BM films.

Sample Tus (s)? Ti' (s)° Tipn® (Ms)° Tion' (Ms)°
PC;1BM 0.21 (10%) 2.31 (90%) 1.3 (25%) 13.0 (75%)
P1 0.72 (100%) - 0.8 (13%) 3.3 (87%)
P2 0.75 (100%) ; 0.7 (23%) 2.3 (77%)
P3 0.73 (100%) . 0.6 (23%) 2.0 (77%)
PS5 0.72 (100%) . 0.8 (15%) 3.3 (85%)
P6 0.75 (100%) - 0.9 (14%) 3.2 (86%)
P1:PC;,1BM 0.76 (100%) - 1.0 (25%) 3.6 (75%)
P2:PC;1BM 0.85 (100%) . 1.6 (56%) 8.1 (44%)
P3:PC;:BM 0.86 (100%) ; 1.3 (72%) 10.1 (28%)
P5:PC;1BM 0.82 (100%) . 1.6 (45%) 7.1 (55%)
P6:PC,1BM 0.81 (100%) ; 1.7 (49%) 7.2 (51%)

2 Error of 0.02 s on Ty and 0.2 ms on Typh.

The Tipn relaxation for pure PC71BM also displays a bi-exponential behavior. The short and
long decay time again represent the amorphous and crystalline fractions, respectively. As the
long Tin as well as the long Tipn decay time can be attributed to crystalline PC71BM, the
corresponding fractions (90 and 75%) independently show that a pristine PC71:BM film is highly
crystalline. The T1pn relaxation of the pure polymers behaves also bi-exponentially, a typical
behavior for polymers with long flexible side chains and for which the corresponding proton
fractions cannot be easily assigned completely.[39] In this case, the two decay times do not
represent phase separation but incomplete spin diffusion due to weakened dipolar
interactions in the long flexible side chains. Since most of the polymer protons are situated in
these side chains, the decay time with the largest proton fraction mainly represents these
mobile chain segments (here Tipn'). In contrast to pure PC7:BM, for which the fraction with
the long T1pn decay time is associated with the rigid crystalline phase, the fraction with the
long T1o4 decay time for the polymers originates from the protons of the mobile side chains.
This distinction can be easily explained as it originates from the large difference in correlation
time of segmental motions in crystalline phases and flexible side chains. In a so-called
correlation plot, showing relaxation decay times versus correlation time of segmental



motions, the PC71BM crystals and flexible polymer side chains are situated on opposite sides
of the minimum (Figure S5).

Regarding the Ty relaxation behavior of the polymer:fullerene blends, only a single short
decay time is observed, which is only slightly longer compared to this found for the
corresponding pure polymer films. Due to efficient spin diffusion, the Tin relaxation of the
PC71BM protons occurs via the more efficient Larmor frequency (400 MHz) segmental chain
motions of the polymers. This implies that the PC71BM nanocrystals present in these films
must be smaller than about 45 nm, as calculated with the SD equation (Eq. 1).

For the Tipn relaxation on the other hand, a bi-exponential behavior is observed. In the
P1:PC71BM blend, the easiest pathway for Tipn relaxation of PC71BM occurs via the polymer,
as indicated by the value of 3.6 ms for Tip4b, which is quite similar to the value for the pure P1
polymer film (3.3 ms). This indicates that there is close contact between the polymer and
fullerene at a distance of about 3 nm. For the other blends (P2-P6:PC71BM), the values of T1n'
are significantly longer as compared to the values of the pure polymers, implying that not all
of the excited PC71BM proton spins have polymer chains in their close vicinity. This means that
fullerene demixing and crystallization (PC71BM crystals have a Tion' of 13 ms; Table 2) starts to
take place into phase-separated domains with estimated dimensions between 5 and 45 nm
(calculated by the SD equation and values of 8 ms for Tipn' and 0.8 s for Tiu), resulting in
polymer-rich and PC71BM-rich phase. Since the T11" decay time of molecularly mixed PC71BM
is only around 3.5 ms (as for P1:PC71BM), the proton contribution of PC71BM in polymer-rich
domains ends up in the Tipn° fraction (since 3.5 ms is closer to 1 ms (as for the polymers) than
to 13 ms (as for crystalline PC71BM). The behavior of the P2:PC;1BM, P5:PC7:BM and
P6:PC;1BM blends is rather similar. In accordance to the sEQE results, the NMR results confirm
that the degree of phase separation is clearly highest for the P3:PC71:BM blend, leading to a
large T1on" value of 10 ms which is close to the value of 13 ms as measured for PC71BM crystals.
This can explain the significant loss in Jsc as observed in these photovoltaic devices (Table 1).
The observed trends for the Tipn relaxation decay times and their fractions are graphically
presented in Figure 5.
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Figure 5: Illustration of the bi-exponential behavior of the spin-lattice relaxation in the rotating frame
(T1pn): (a) short decay times and their relative fractions, (b) long decay times and their relative fractions
for the pure (blue bars and circles) and blend samples (grey bars and diamonds).

Conclusions

We have shown that increasing the spatial accessibility of the electron-deficient building block
in a push-pull type copolymer toward fullerene ‘docking’ is not an infallible approach to
increase charge transfer and charge separation in bulk heterojunction organic photovoltaics.
A significant reduction of the power conversion efficiency was observed for PBDTTPD
polymers in which the standard octyl side chain on the TPD monomer was replaced by the
smaller methyl group. This reduction was most pronounced for the polymer fully decorated
with 3-butylnonyl side chains on the BDT monomer to ensure proper processability. Even
strongly limiting the ratio of methyl groups on the TPD moieties (to 10% and 20%) led to a
significant efficiency loss. Although AFM measurements hinted at a disturbed morphology in
some of the underperforming films, it is often difficult to objectively relate the visual image to
the performance of the photovoltaic device. The use of sEQE and proton wideline ssNMR
relaxometry, however, indicated suboptimal molecular arrangements between the worse
performing donor polymers and the fullerene molecules. Both techniques were shown to be
suitable methods, complementary to existing microscopic and x-ray diffraction techniques, to
estimate the extent of molecular interface and phase separation on the nanometer scale in
state-of-the-art bulk heterojunction polymer solar cell blends, and to explain the observed
trends in the photovoltaic parameters (notably Js).
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Appendix A. Supplementary Data

Supplementary data to this article — experimental details concerning the synthesis and
characterization (GPC, CV, UV-Vis, DSC) of the polymer materials, additional data on the solar
cell fabrication and analysis (materials and methods, optimization table, EQE), and
experimental details on the ssNMR relaxometry measurements — can be found online at
https://doi.org/10.1016/...
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