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ABSTRACT

Fullerene-based acceptors have dominated organic solar cells for almost two decades. It is only
within the last few years that alternative acceptors rival their dominance, introducing much more
flexibility in the optoelectronic properties of these material blends. However, a fundamental
physical understanding of the processes that drive charge separation at organic heterojunctions is
still missing but urgently needed to direct further material improvements. Here we use a combined
experimental and theoretical approach to understand the intimate mechanisms by which molecular
structure contributes to exciton dissociation, charge separation, and charge recombination at the
donor-acceptor (D-A) interface. We use model systems comprised of polythiophene-based donor
and rylene diimide-based acceptor polymers and perform a detailed density functional theory
(DFT) investigation. The results point to the roles that geometric deformations and direct-contact
intermolecular polarization play in establishing a driving force (energy gradient) for the
optoelectronic processes taking place at the interface. A substantial impact for this driving force is
found to stem from polymer deformations at the interface, a finding that can clearly lead to new
design approaches in the development of the next generation of conjugated polymers and small

molecules.
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1. Introduction

Single-junction organic photovoltaic (OPV) devices are generally comprised of bulk
heterojunction (BHJ) active layers derived from polymer (donor, D)-fullerene (acceptor, A)
blends, which now have power conversion efficiencies (PCE) reaching 11.7%.! However,
fullerene-based acceptors present several drawbacks, such as weak light absorption efficiency,
limited potential for tuning the electronic levels, and high synthetic costs. Recent progress in the
design of non-fullerene small molecule and polymeric acceptors has resulted in solar cell PCEs
that now reach 11.3%2* and 8.3%%*, respectively, rivaling fullerenes for the first time since the
discovery of the electron transfer at organic D-A interfaces. Ultimately, fullerene-free OPV offer
greater thermal stability,* increased lifetimes,” higher flexibility® and widely tunable®

optoelectronic properties.

Among the reasons for the long-lasting dominance of fullerenes include (i) their general
compatibility with structurally diverse donor materials, (ii) electron delocalization resulting in
decreased electron-hole binding energy, and (iii) the absence of structural anisotropy allowing for
isotropic intermolecular coupling and charge transport.>*2 In contrast, even though non-fullerene
organic semiconductors have been optimized with respect to their absorption energies, ionization
potentials and electron affinities, and charge-carrier mobilities, it is still not possible to predict the
solar cell performance of a combination of two of such organic materials. An example for this are
BHJ OPVs prepared from a blend of poly(3-hexylthiophene) (P3HT) and poly([N,N’-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene))

(PNDI),*1% which despite numerous optimization attempts, reach a PCE of only 1.3%, a value
that is well below expectations given the excellent charge-carrier mobilities shown in OFET and
the redox properties of these polymers.’>1 For this blend, as for many other fullerene-free D-A
blends, geminate charge recombination, an intimate process at the very first stage of charge-carrier
separation, has been identified as the limiting process.** Interestingly, PNDI has recently set a
record for all-polymer OPV demonstrating that charge separation (CS) can clearly outperform
geminate charge recombination once a well-matched D-A combination has been identified.® Since
charge generation is strongly controlled by the molecular structure, the seemingly random
optimization process that is required to find the best-matching materials is the strongest evidence
for a fundamental lack of understanding of the molecular origin of charge separation at the D-A

interface.
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Notably, the limited understanding has resulted in terminology confusion in the literature. For
clarity, we recall definitions of the main physical phenomena occurring at the D-A interface during
solar cell operation. First, excitons located on the donor, acceptor, or both (i) dissociate and result
in the formation of interfacial D-A charge transfer (CT) states. These dissociated, but still strongly
(Coulombically) bound electron-hole pairs, can subsequently either (ii) separate through electron-
and hole-transfer from the interface into the respective bulk components through successive
hopping steps, reported here as charge separation (CS), or (iii) can recombine. This last
phenomenon will be reported hereafter as charge-transfer state recombination (CTSR) in order to
avoid confusion with the more general case where carriers having already undergone a first
(several) CS step(s) return back to the interface. This phenomenon that we call “reverse CS” can
happen in the very early steps of CS under some intrinsic- or morphological materials conditions,
and along with CTSR will be called geminate charge recombination (GCR). In the present study

we mainly focus on the CTSR and CS phenomena.

With regard to the CS efficiency, important energetic driving forces are necessary to overcome the
electron-hole binding energy (approximately 0.3 eV). The presence of an energy gradient near the
interface and its contribution to the driving force for electron-hole separation is still a matter of
debate.!”3 In a simplistic framework, this effect corresponds to a larger donor ionization potential
(often discussed in terms of the highest-occupied molecular orbital (HOMO) energy) and smaller
acceptor electron affinity (often referenced to the lowest-unoccupied molecular orbital (LUMO)
energy) at and near the D-A interface, as compared to the respective bulk energies. While different
origins for this effect have been put forward, we focus in this study on the impact of the geometrical
deformations and electrostatic effects on the energy gradient in the case of all-polymer BHJ OPVs.

The general dichotomy between the intrinsic properties of pristine organic semiconductors and the
limited photovoltaic performance within a D-A combination reveals the complexity of the physical
processes taking place in an OPV, and in particular at the D-A interface. In addition, the
overwhelming number of new chemical structures that are continuously developed and the high
structural complexity of the most recent organic semiconductors, especially the widely used donor-
acceptor-type copolymers, impede a systematic examination about what kind of structural
characteristics might be essential to enforce efficient charge carrier separation. Only very few
experimental studies exist that have identified a general correlation between molecular structure

and device efficiency.??® It was found that replacing, for instance, the alkyl side chains on
5
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polythiophene-based donor polymers with phenyl-containing side chains (POPT, see Figure 1a)
results in a general increase of the short-circuit current for a wide variety of acceptors including
polymers (polyphenylenevinylene (PPV) and PNDI) and small molecules (monomeric perylene
diimide (monoPDI)) (Figure 1c).? This improvement was explained by an increase in the CT state
energy when compared to P3HT-containing blends, a characteristic related to the increased steric
interactions and inter-chain separation arising from the orthogonally oriented phenyl groups along
the POPT backbone. A similar approach was taken when optimizing the conjugated polymers
PBDTTT and PTB7 (Figure 1a), two of the best performing donor polymers in combination with
the fullerene PC70BM, where the exchange of the alkoxy side chains by alkylthiophene groups
(PTB7-Th, see Figure 1a) lead to an improved photocurrent and overall efficiency.?-?’ Reviewing
the literature of the past four years for PTB7 containing solar cells reveals that this trend is even
more pronounced for non-fullerene acceptors (Figure 1c-e), which is best seen when PTB7 and
PTB7-Th are combined with the same acceptor (data points connected by a black line in
Figure 1d,e). Importantly, the concept of aromatic or cyclic side chains is also effective in more
complex backbone structure, as in PBDTBDD (Figure 1a,c).?2?® Note that these materials are
sometimes referred to as two-dimensional due to the conjugated nature of the side-chains, with
larger dihedral angles between the main conjugated backbone and side chain being shown to
improve solar cell efficiency.*® More evidence for the beneficial role of aromatic side chains arises
from examining the structure of the newly designed acceptor molecule ITIC (Figure 1b) that has
set several efficiency records over the last two years.* 3! 3 This molecule comprises overall four
phenyl-side chains attached to a relatively short and stiff molecular backbone pointing to a
cumulative effect of the structural appearance of these side groups on either one or both
components of a D-A BHJ solar cell, a conclusion that is supported by recent literature reviews.>*
34 In a similar fashion, largely twisted di- or trimeric acceptor molecules like diPDI (Figure 1b)
have demonstrated a clear correlation between the dihedral angle and solar cell performance
providing strong evidence that charge separation processes are highly sensitive to molecular
deformations at the donor-acceptor heterojunction.®>3° All these examples show that the design of
the D-A interface plays a key role in establishing efficient charge separation. Interestingly, this
structural optimization is far more important for non-fullerene OPVs for reasons that are, despite

ever higher performance benchmarks, still poorly understood.
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Figure 1. Influence of molecular structure on the device performance of non-fullerene organic solar cells. (a)
Examples of donor polymer structures comprising either alkyl/alkoxy side chains or aromatic side groups (highlighted
in red). Ri=ethylhexyl.(b) Collection of recent acceptor materials including rylene-based copolymers (containing
either NDI or PDI, highlighted in blue), a dimeric PDI (diPDI) and of the high performance acceptor molecule (ITIC).
(c) Literature examples demonstrating the beneficial role of aromatic side chains for donor polymers shown in (a).
Comparison of the (d) PCE or (e) EQE of fullerene-free solar cells comprising either PTB73 38 4050 (grey) or PTB7-
Th3L 35 37-39, 41, 43, 46-48, 51-58 (ra() as donor. Data points connected with brackets indicate that the same acceptor has been

used in the study allowing for a one-to-one comparison of both donors.

Here, we aim to obtain a deeper insight into the origin of charge separation (occurring after exciton
dissociation) at D-A interfaces in all-polymer BHJs, and the roles that steric interactions and redox
energetics play on the CTSR and CS processes.*** We first demonstrate the important role of
side chains by substituting aromatic side groups on the prototypical polythiophene donor. We also
explore alterations of the backbone structure in rylene-based acceptor polymers. Together, these
modifications allow us to systematically increase solar cell performance. We then apply detailed
computations based on the density functional theory (DFT) to deconvolute the wide range of
polymer interactions helping to understand a number of the intricacies related to non-fullerene

BHJ solar cells.
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2. Results and Discussion
2.1. BHJ Solar Cells

To elaborate the interplay of polymer structure and charge generation, we expand our previous
studies of P3HT-PNDI solar cells,®*** which can be seen as a prototypical D-A blend that is
dominated and intrinsically limited by high geminate recombination losses.* Two major structural
alterations were introduced with the aim to increase the efficiency of charge separation. To mimic
the pronounced effect of conjugated side-chains (see Figure 1c-e), we first compare the
performance of P3HT to that of donor polymers where the alkyl chains were substituted by either
phenyl- (as in POPT) or thiophene-containing side chains (as in P3TC16)*. The second
modification targets the size of the conjugated system by replacing naphthalenediimide (NDI) by
perylenediimide (PDI) in two different acceptor backbone structures. The latter has been
repeatedly shown to increase the photocurrent in all-polymer solar cells.®> %61 Importantly, all
polymers used in this study comprise a regio-regular structure which has been found to improve

charge transport, molecular ordering, and charge separation.®?

The sequence of all-polymer BHJ cells is shown in Figure 2, Table S1, and Figure S1, revealing
that the structural alterations systematically improve the charge separation efficiency. Regarding
the influence of the acceptor polymer structure by changing from PNDI to PPDI, an increase in
the maximum external quantum efficiency (EQE) between 30% (POPT) and 110% (P3HT) is
observed, rendering the PDI containing acceptors significantly more efficient than their NDI
counterparts, consistent with previous observations. Furthermore, the effect related to the side
chain substitution on the donor polymer is also apparent. By switching from P3HT to POPT, the
short-circuit current (Jsc) and EQE both increase by 60% and 30%, for the acceptor copolymers
PNDI and PPDI, respectively. This trend is even more pronounced in the internal quantum
efficiency (IQE), displayed in Figure 2b, revealing that about 50% of the excitons can be split into
free charges in the POPT-PPDI blend, which is 3 times larger than the maximum IQE of P3HT-
PNDI. Additional solar cell systems were investigated and are shown in Figure S1, supporting the
trends displayed in Figure 2. In particular, we find an improved EQE and photocurrent for the
thiophene side group-containing donor polymer (P3TC16) compared to P3HT, indicating that the
origin of the better charge generation is potentially related to the size rather than the exact chemical
nature (i.e. thiophene or phenyl) of the side groups. Finally, we demonstrate that even in

combination with a much larger CPDTDT molecular structure, the backbone substitution of NDI
8
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by PDI significantly improves the photocurrent (Figure S1). However, the difference between the
two acceptor polymers is less pronounced which we attribute to the effective dilution of the rylene

units in this complex polymer structure.
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Figure 2. Solar cell characteristics of 4 blend combinations containing the donors P3HT (blue, top) and
POPT (orange, bottom) and the acceptors (PNDI, open symbols) and (PPDI, closed symbols). (a) Current
Density-Voltage characteristics under AM 1.5 G illumination, (b) EQE (gray) and IQE (color) for all 4
combinations.

For the solar cells displayed in Figure 2 we further characterize the photocurrent generation by
performing time-delayed collection field (TDCF) experiments (Figure S2), which reveal a weak
or even negligible field-dependence of the charge generation efficiency for all investigated blends,
a characteristic feature of high performance solar cell systems. The direct comparison of the bias-
dependent TDCF results and current-voltage characteristics in Figure S2 shows that charge
recombination of free charges is very small under short circuit conditions and becomes further
suppressed at reverse bias for all investigated D-A combinations. Thus, Figure 2 displays a
combination of donor-acceptor pairs with systematically tunable charge generation efficiency and
field-independent charge-carrier generation which mimics the structure-property relations seen in

the latest high-efficiency solar cells (Figure 1c-e). Most importantly, we are able to establish this
9
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tunable system with polymers that have a simple molecular structure, enabling us to fully analyze

the underlying processes at the theoretical level.

2.2 Structural and electronic properties of the isolated oligomers

With these experimental results in hand, we now turn our attention to a density functional theory
(DFT) study of the intrinsic photophysical processes at the D-A interface. A detailed description
of the computational methods used here is given in the SI. Geometries of model oligomers are
shown in Figure 3. The geometries obtained for mP3HT and mNDI (“m” standing for “model”)
indicate small deviations from planarity. In the case of mPDI, the steric interactions between the
PDI core and the thiophene rings at the junction positions result in strong deviation of the PDI core
from planarity, with dihedral angles of 25° between the four oxygen atoms. As for POPT, the
phenyl groups of the isolated oligomer adopt twisted orientations with respect to the thiophenes,

with dihedral angles of roughly 48° (in the central part of the 14-mer).

Select orbitals for the model donor and acceptor oligomers are shown in Figure 3. The HOMOs of
the isolated mP3HT and mPOPT exhibit similar distributions along the thiophene backbone. No
contributions are found on the phenyl groups of mPOPT, suggesting that these aromatic
substituents impact the electronic characteristics of the solid state solely through steric interactions
that dictate the interpolymer electronic coupling. As for the donor-acceptor-type model
compounds mNDI and mPDI, their LUMOSs contain contributions principally from two acceptor

units, whereas the HOMOs are roughly localized on two bi-thiophene bridges.

HOMO and LUMO energies, ionization potentials (IPs) and electron affinities (EAs), and the
theoretical So —S;: excitation energies are collected in Table 1. Generally, the trends found from
the DFT calculations follow those determined experimentally. The IP of mPOPT is larger than
mP3HT by 0.24 eV, consistent with the 0.3 eV difference found experimentally.?® % Similarly, the
slightly larger EA for mPDI as compared to mNDI is consistent with the 0.05 eV difference found
experimentally,% both being in line with the increased n-conjugated system and slightly lower
LUMO energy in the mPDI case. Overall we obtain very good agreement between the theoretical
So —S1 excitation energies and the corresponding experimental values (Table 1).

10
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Figure 3. Shapes of isolated mP3HT, mPOPT, mNDI, and mPDI. Two views (face-on and side-on) are shown for
each system, with the exception of mPOPT. The dihedral angles between the thiophene rings are indicated. The
HOMOgonor and LUMOxccepror OF the isolated oligomer models, obtained at the B3LYP/6-31G* level of theory, are also
shown (see computational methods in the Sl for details on this choice). In the case of POPT, two different views of
the HOMOuonor pictogram are shown, indicating absence of contribution from the lateral phenyl groups.

Table 1. HOMO and LUMO energies, adiabatic ionization potentials (IP), electron affinities (EA), and So—S;
excitation energies as calculated at the B3LYP/6-31G™ level of theory for the isolated oligomer models. Experimental
values are given in parentheses. All values are in eV.

HOMO  LUMO IP EA So—S;i
mP3HT -4.44 2.16 4.95 (5.2)° - 2.05°
mPOPT -4.77 -2.0 5.19 (5.5)° - 2.09°(2.06, 2.52) °
mNDI -5.41 -3.55 - 3.01(3.91)° 1.61¢(1.45)¢
mPDI -5.47 -3.60 - 3.11(3.96)¢ 1.65° (1.65)

a Experimental IP values taken from Holcombe et al.?> ¢3Values taken in the model dimers. “Taken from Anderson et
al.5 9Taken from Chen et al.®® ¢Correspond to So—Ss transition in the dimers (f~0.3), the first transitions being of
negligible oscillator strength.

11
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2.3 Structural properties of model dimers

To understand the optoelectronic characteristics of the pure materials in the solid state, we
modelled a series of oligomeric dimers. For mP3HT, mNDI, and mPDI, the average (geometry
optimized) inter-molecular distance for the dimers are 3.7 A, 3.5 A, and 3.7 A respectively; these
values are in good agreement with solid-state interplanar distances reported for P3HT (3.8 A)®
and PNDI (3.9 A).%8 In the case of mPOPT, the phenyl side chains can adopt two orientations with
respect to the backbone, resulting in two structurally different dimers with interplanar distances of
either 3.8 A or 5.3 A (see Figure S3 and Annex | in the SI for more details). The shorter
intermolecular distance (3.8 A) arises from a “flat” mPOPT backbone (Th-Th dihedral angles of
13°-19°). A more contorted mPOPT backbone (Th-Th dihedral angles of 20°-28°) stems from
twisting of the phenyl groups by roughly 90° as compared to the previous conformer, giving rise
to the dimer exhibiting the largest inter-molecular distance (5.3 A). Again, very good agreement
is obtained with the inter-planar distances of 3.8 A and 5.1 A observed experimentally.?® Note that
these structural characteristics of mPOPT dimers are strongly related with the interchain
interactions between phenyl groups (Figure S3). As such, these differences are not expected to

manifest in the case of POPT-acceptor interfaces.

2.4 Donor-acceptor (D-A) complexes: geometries and charge-transfer states (CTS)

We now turn to the evaluation of the geometric and electronic properties of the D-A complexes.
The optimized geometries for select complexes are given in Figure 4. In view of the many
interactions occurring among the donor and acceptor chains, the only geometrical parameter
reported here (Table S2) is the average distance between the m-conjugated backbones of each
fragment. Due to larger steric interactions, the average D-A distance increases when mP3HT is
replaced with mPOPT and when mNDI is exchanged by mPDI. The cumulative effect of both
substitutions is important, resulting in an increase of donor-acceptor average distance by 0.23 A
in the case of MPOPT-mPDI when compared to mP3HT-mNDI (3.80 A and 3.57 A, respectively).
Importantly, strong geometric deformations are observed along the conjugated backbones of each
fragment, mainly appearing as inter-ring modifications in dihedral angles. As will be shown later,

these effects play a large role in the energy gradients at the D-A interface.

12
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Figure 4. Global view of the optimized geometries for a selection of donor-acceptor complexes as obtained at the
®B97XD/6-31G* level in gas phase. The corresponding frontier orbitals are also shown. The choice of the ®B97XD
functional is motivated by the necessity to consider long-range correction and include dispersion interactions during
geometrical optimizations.
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Figure 5. State-energy diagrams for (a) mP3HT-mNDI, (b) mPOPT-mNDI, (¢) mP3HT-mPDI, (d) mPOPT-mPDI.
Each energy level (B3LYP/6-31G*//0wB97XD/6-31G* level) corresponds to the average over three values
corresponding to three isomers for each D-A complex. In each of figures a-d, the lateral level stacks correspond to
five lowest local excited states for the donors and acceptors (green and blue stacks respectively, calculated at the
geometry of the complex), whereas the central stacks (black) correspond to 40 excited states for each D-A complex.
The red levels and labels in each diagram indicate triplet states for donors, D-A complexes, and acceptors from left to
the right respectively. The isolated donor and acceptor molecules are taken at the geometry of the complex.
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Figure 5 shows excited-state energy diagrams for the four D-A complexes and the isolated donor
and acceptor molecules in the same geometry as in the D-A complex. The corresponding orbital
energy diagrams for the isolated molecules are given in Figure S4. Initial evaluation of the four
diagrams suggests that there exist a number of possible channels for exciton dissociation, which
increases when NDI is substituted by PDI; this is also seen from the larger number of acceptor

virtual orbitals that lie below the LUMOgonor in mPDI when compared to mNDI (Figure S4).
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Figure 6. Electronic properties of the CT states for three different D-A complexes: (a) State-energy diagrams for the
four lowest CT excited states and (b) oscillator strengths corresponding to the absorption spectra for mP3HT-mNDI,
mPOPT-mNDI, and mPOPT-mPDI obtained by TDDFT calculations at the B3LYP/6-31G* level of theory.

The first four excited states for the DA complexes are pure charge transfer (CT) in character
(transitions involving orbitals of pure donor- or pure acceptor nature). Their evolution across the
series is shown in Figure 6a, indicating a global increase in the CT state energy across the series
of DA complexes. We focus here on comparing the lowest CT state of each D-A complex (CTy),
given that AE(CT1-CT>) is larger than KT at room temperature (0.025 eV) in all cases (0.096 eV,
0.135 eV, 0.044 eV, and 0.035 eV for mP3HT-mNDI, mPOPT-mNDI, mP3HT-mPDI, and
mPOPT-mPDI, respectively). The average CT values vary between 1.03-1.15 eV across the D-A
series (Table 2) in good agreement with the experimental value of 1.2 eV obtained for NDI-
P3HT.14 69

The So —CT; oscillator strengths, averaged over three isomers for each D-A complex, are given in
Figure 6b. Globally smaller oscillator strengths are obtained when mP3HT is replaced by mPOPT,
and the NDI is replaced by PDI in the acceptor oligomer. This result is consistent with the increase
in the average D-A distances from 3.57 A to 3.80 A across the series (Table S3), thus suggesting a

decrease in So-CT; electronic couplings with increasing oligomer separation. This effect, along
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with the increase in the CT1 energies across the series, have important consequences for the charge

separation efficiency as we will discuss in the following sections.

2.5 Charge-transfer state recombination (CTSR)

Figure 7a presents a distribution of the electronic couplings in mP3HT-mNDI among several
acceptor unoccupied orbitals with the HOMOugonor — couplings that correspond to CTSR —and with
the LUMOudonor — couplings that correspond with exciton-dissociation. The averaged electronic
coupling values for each D-A combination, along with other electron-transfer parameters are given
in Table 2. The electronic coupling between the Sp and CT1 states are determined by two methods:
(i) in the framework of Mulliken-Hush theory®"2 and (ii) as a weighted sum of couplings between
orbitals contributing to So—CT: excitation, based on the TDDFT B3LYP/6-31G* calculations;
these results are given in Table 2 and Table S3. As a general observation, we note that the electronic
couplings are larger among the acceptor-LUMO orbitals and HOMOgonor (corresponding to CTSR)
as compared to couplings with donor-LUMO (corresponding to exciton dissociation). The reason
for this can be related to the better matching between the nodal planes of interacting orbitals in the
case of CTSR as compared to exciton dissociation, as shown schematically in Figure S5. As a
consequence, very large So —CT1 couplings peaking at 0.16 eV are found (Figure 7a), whereas the

electronic couplings related to exciton-dissociation remain generally smaller than 0.08 eV."”
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Figure 7. Electronic couplings (eV) of the HOMOgonor With the LUMO+naccepror (tesr, pink diamonds) and of
LUMOonor With LUMO+n,cceptor) (texpis, black squares) associated with charge recombination and exciton dissociation,
respectively for (a) mP3HT-mNDI, and (b) for mPOPT-mPDI. The interactions corresponding to tcrsr and texois
calculations are also shown schematically in the inset.
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Upon substituting mP3HT with mPOPT (Figures S6b,c) and mNDI with mPDI (Figures S6d,e),
the electronic couplings corresponding to CTSR decrease, with a quite important cumulative effect
(Figure 7Db), resulting in tctsr < 0.07 eV. A possible explanation for this effect can be given in
terms of (i) increased average D-A distances from 3.57 A to 3.80 A, in turn resulting in decreased
HOMOdonor-LUMOgcceptor OVerlaps (0.011 and 0.002 for mP3HT-mNDI and mPOPT-mNDI
respectively, Table 2), and (ii) the enhanced development of PDI-LUMO along the orthogonal
direction as compared to the donor long axes (Figure 3), which may also contribute to the
decreased HOMOdonor-LUMOacceptor OVerlap in the PDI-based complexes as compared to the NDI
ones.
Table 2. Intramolecular reorganization energies corresponding to donor-acceptor charge recombination (Acrsr, V),
CTSR Gibbs free energy (taken here equal to the CT1 energy, eV), HOMOgonor-LUMOacceptor €lectronic couplings
(tcrsr,eV) and overlaps (Sk..), average distance (d,A ) between donor and acceptor backbones (standard deviations in

parentheses), and rate constants (s) for four D-A complexes calculated at the B3LYP/6-31G*//oB97XD/6-31G*
level in “gas phase”. A constant value of 0.4 ¢V is considered for the solvent reorganization energy.

AcTsR E(CTy)? tetsr? de SHL? KeTsr
MP3HT-mNDI 0.131 1.032 0.117 357(0.15) 0.011 1.1x10'°
mPOPT-mNDI 0.207 1.052 0.079 3.72(0.33) 0.006  1.4x10°
mP3HT-mPDI 0.129 1.098 0.077 3.66(0.33) 0.007 5.9x10°
mPOPT-mPDI 0.205 1.147 0.025 3.80(0.40) 0.002  7.5x10°

aAverage over three values corresponding to three isomers for each D-A complex.

The CTSR rates were estimated in the framework of Marcus theory (Eq. S2)’*'® by using the
electronic couplings, CT1 energies, and intramolecular reorganization energies shown in Table 2.
We also used for all systems a contribution to the reorganization energy of 0.4 eV to mimic the
polarizable environment of the solid state. For mP3HT-mNDI, kctsr is calculated to 1.1x10'° s,
which is of the same order of magnitude as the geminate CR times (100-200 ps)** measured in the
case of PNDI-P3HT. Importantly, a decrease of kctsr by three orders of magnitude upon replacing
mP3HT and mNDI by mPOPT and mPDI is found, due to the cumulative effect of the decreasing
electronic couplings (by roughly 5 times) and increasing driving force (CT1 energies by roughly
100 meV). Therefore, our numerical results suggest a strong slow-down of CTSR when replacing
P3HT by POPT and/or PNDI by PPDI.
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2.6 Charge Separation.

We now turn to charge separation, and discuss two particular aspects: (i) the energy landscape

near the D-A interface, with particular focus on the appearance and reasons for energy gradients,

and (ii) the kinetics of charge separation.

Energy landscape. We focus first on the impact of two particular contributions on the frontier
orbital energies at the D-A interface: (i) geometrical deformations of the polymers, and (ii) mutual
electrostatic polarisation’’ between adjacent polymer chains, reported hereafter as direct-contact

polarization (DCP). Additional comments on this parameter can be found in the SI.

Eomo (eV) Bulk effects Interfacial effects  Euomo (V)
(e4) (e,) (e3) (€s) (€4) (e1)
— e — TR N . —

....................... ol =0. &

-4.44 geometric.-;,}--}» " p-é\amanoﬂ 4.43 EG,=0.3 eV .590,:" -4.44

Impacts the ¢g°:.-'
charge J—
separation 4.___‘__\‘;‘-_;'1;{;{\0“ -4.65
,,,,,,,,,,,,,,,,,,,,,, L")
-4.73
Isolated Isolated in D-D in D-A Isolated in the Isolated
in the geom. of (mP3HT...mNDI) geom. of D-A
D-D
/ v /)4 " /
X g s X /
/ & al ¥ /
/ X3 g v /
' s X Ak \ ,
/ X DR X 3 |
! s A ¥
| PP W PR 5
L :L’ ‘1 >£l *&\ .'~ f*
\ i K 1y b \
\ E 4 { ’% l‘ A
| W
\ J§ J?V j{ X :\\ ‘ ,:Z \‘
\ A § b \
\ R AR s o A\

Figure 8. Energy diagram showing the evolution of the HOMO level of mP3HT in different environments (eV): (e1)
isolated; (e2) isolated in the geometry of the dimer (D-D), mimicking the effect of the geometrical deformations in the
bulk; (e3) in the geometry of the dimer (D-D) and in the presence of the second monomer, partly mimicking the
additional mutual direct-contact polarization effects (DCP); (es) isolated in the D-A geometry, mimicking only
geometrical deformations at the interface; (es) in the geometry of the donor-acceptor complex and in the presence of
the acceptor, partly mimicking the DCP. The HOMO energies of mP3HT in the presence of a like molecule (dimer)
or in the presence of mNDI correspond to the site energies deduced during electronic coupling calculations.

The origin of these two contributions is schematically shown in Figure 8 by following the
evolution of the mP3HT HOMO from bulk (approximated by a mP3HT dimer) to the mP3HT-
MNDI interface (modelled as a D-A complex); the energy offsets related to geometric

deformations and to the electrostatic polarization induced by an adjacent molecule are considered
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separately and cumulatively. When compared to isolated mP3HT (g1 in Figure 8, -4.44 eV), the
geometric deformations of mP3HT in the D-D dimer (mimicking the geometrical bulk effects) and
in the D-A complexes (at the interface) result in larger HOMO energies of the mP3HT fragment
due in part to reduced w-conjugation efficiency. This effect is less important in the dimers (g2,
-4.49 eV) than at the D-A interface (e4, -4.65 eV). By comparing &2 (“geometrical-bulk™) with
respect to &4 (“geometrical- D-A interface”), an energy gradient (EG) stemming from the
geometrical deformations of 0.16 eV can be deduced, constituting a driving force for charge
separation; this value is quite substantial when one compares it to a typical value of 0.3 eV for the

electron-hole binding energy.

The DCP effects on P3HT in the bulk as compared to the interface are found to produce opposite
energy shifts (Figure 8), which can be qualitatively understood as followed: due to the mutual
electron-donor effect between adjacent P3HT chains in the bulk, a higher &3 value as compared to
€2 Is expected, while at the D-A interface, an opposite polarisation effect occurs where due to the
electron-withdrawing effect induced by the acceptor, a lower s value as compared to &4 value is
expected. By comparing the two geometric-only values (e2 with respect to e4) and the two
geometric-plus-DCP values (e3 with respect to es), the individual contributions due to the
geometrical deformations (0.16 eV) and to the DCP effects (0.14 eV) can be distinguished. The
global variation between the HOMO(P3HT) at the D-A interface and in the “bulk” (0.3 eV) is
shown by the red arrow (Figure 8). This energy difference reveals the establishing of an energy-
gradient or energy bending at the organic-organic interfaces (reported hereafter as EGp and EGa

for the energy gradient corresponding to the donor and acceptor respectively).

Diagrams similar to Figure 8, showing the energy gradients (EGp and EGa) for each D-A complex,
are shown in Figure S7, with the corresponding EG numerical values collected in Table 3 and
displayed in Figure 9. Considering the total energy gradient (EGp-+a, Table 3), values ranging from
0.45-0.6 eV are determined, which are large enough to overcome the e-h binding energy. The
HOMOgonor-LUMOacceptor €nergy offsets for each D-A interface (AEw-LP#) deduced from Figure S7
are also given in Table 3. Overall, the AEx..P” values increase by 0.11 eV when replacing mP3HT
and mNDI with mPOPT and mPDI. It is worth noting that the AEx..P values are calculated by
considering each compound and complex in their ground state. The global increase in CT1 energies

by the same amount (0.11 eV, Table 2) seems consequently to be due to the HOMOgonor-
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LUMOacceptor Offsets at the interface. Based on these values, the electron-hole binding energies can
be calculated as Ep*" = AEw.PA — E(CT1). The so calculated Ex®" values of 0.31 to 0.34 eV
(Table 3) are consistent with the typical value of 0.3 eV, additionally indicating small Ex*"

variation induced by different donor-acceptor polymers.
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Figure 9. Energy diagrams showing the built-in energy gradient (eV, B3LYP/6-31G*) near and at the D-A interface
for (a8) HOMOgonor and (b) LUMOacceptor cOrresponding to mP3HT-mNDI, mPOPT-mNDI, mP3HT-mPDI, and
mPOPT-mPDI. The individual contributions (due to geometrical deformations and to direct-contact polarizations) and
their sum are shown. Each value in the figure corresponds to the average out of three values. The lines have no physical
meaning and are just guide for the eye. For comparison purposes, the electron-hole binding energies (Ebe'h) are also
shown by the dashed lines.

Table 3. HOMO-LUMO offsets at the D-A interface, electron-hole binding energy (Ex*"), energy gradient values for
the donor-HOMO (EGp), acceptor-LUMO (EGa), and their sum (EGp+a). The individual contributions of geometrical
deformations and electrostatic direct-contact polarizations (DCP) are also given. Note that these EG values include
both “bulk” and interfacial effects, whereas only-interfacial values are collected in Table S4. All values are in eV.

Geometrical Polarization (DCP) Total
AEwPA Epth EGp EGa EGo EGa EGo EGa EGp:a
mMP3HT-mNDI 1.37 0.34 0.16 -0.02 0.14 0.18 030 0.16 046
MPOPT-mNDI 1.40 035 011 0.3 0.19 0.14 030 017 047
mP3HT-mPDI 1.41 031 015 0.0 0.27 0.12 042 012 054
mPOPT-mPDI 1.48 0.33 0.12  0.00 0.30 0.17 042 017 059

Kinetics of charge separation. In order to obtain further insight on the mechanisms determining
the efficiency of CS in these systems, we introduce a simple model for the calculation of the CS
rate constants relying on Marcus’ theory and the EG mechanism. This model is based on the
following hypothesis (see Annex Ill, SI, for a detailed description and justification): (i) the

evolution of the CS efficiencies across the series of different D-A combinations can be reasonably
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evaluated by comparing the very first hopping step of the charge transport from the interface
toward the bulk. This is based on the idea that the electron-hole binding energy corresponding to
the first CS step is at least two times larger than for the second CS step. Comparing the first CS
steps across the series allows for a comparison of the propensity for electrons and holes to escape
from the interface. This model is reported hereafter as first-step charge-separation model (FSCS);

(ii) the CS rate constants can be calculated separately for holes (kcs-n) and electrons (Kcs-e).

The results from the FSCS model calculations are shown in Figure 10 and Table S7, whereas a
detailed analysis based on numerical simulations in the frame of FSCS model is given in Annexes
I1and I11. The results indicate that the Kcs-n/ kctsr and Kes-e/ ketsr ratios, which provide a pertinent
estimation of the charge generation efficiency, increase continuously upon substituting P3HT with
POPT and NDI with PDI.

3. Discussion

The present results provide important insights into the impact of the polymer structure and
composition on the charge-generation efficiency in BHJ solar cells. Figure 10 summarizes
theoretical key parameters and compares these to the experimental photocurrents generated by the
4 model systems. As the photogeneration in these devices is field independent and free charge
recombination nearly absent at short circuit (Fig. 2 and S2), the internal quantum efficiency
provides a direct measure of the charge generation efficiency. Importantly, the FSCS model
parameters as well as the total energy gradient and charge-transfer state recombination rate follow
the trends in Jsc and IQE. Thus, the gradually improved charge generation efficiency observed
experimentally can be explained by the joint contribution of the increased steric hindrance at the
D-A interface, and the increased energy gradient between the interface and the bulk of the donor
and acceptor materials. Both effects decrease kcrsr, and increase Kcs-eh, jointly improving charge
generation across the series, as shown in Figure 10. In the following we discuss the complex

interplay between structural and electronic properties in detail.

Effect of steric hindrance. The increase in the steric hindrance in our compounds arises from the
twisted phenyl groups with respect to the POPT backbone, but also from the strongly non-planar
n-backbone in the case of PDI-based acceptor. Both steric effects result in reduced CTSR rate
constants in mPOPT-mPDI by roughly three orders of magnitude as compared to mP3HT-mNDI,

basically stemming from two effects: (i) the increase in the inter-chain separation results in reduced
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electronic couplings between So-CT1 (HOMOdonor- LUMOacceptor) by roughly 5 times. (ii) The CT

state energy in POPT-containing D-A interfaces increases when compared to P3HT-containing
blends by 0.11 eV. This last effect stems from the increased HOMOdonor-LUMOacceptor gap at the
interface, which increases by the same amount as the corresponding gap deduced from the isolated
compounds (bulk), whereas the electron-hole binding energies exhibit minor variations (< 0.04
eV, Table 3). The increase in the CT state energy in this case thus stems from increased
geometrical distortions at the D-A interface. Therefore, we conclude, in agreement with previous
works,’®" that increasing the steric hindrance by means of aromatic (bulky) side groups
constitutes an efficient vector for reducing the geminate recombination rates. It can be expected
that these effects contribute importantly to the success of phenyl- or thiophene side chains in donor
polymers similar to POPT, such as PTB7-Th, PBDTBDD-Th or in the case of the molecular
acceptor ITIC (Figure 1).
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Figure 10. Comparison of experimental parameters (uncertainties derived from device statistics are given in Table
S1) of the solar cell systems presented in Figure 2 with key theoretical parameters describing the energy gradient at
the D-A interface (EGp+a, Table 3), the charge-transfer state recombination rate (kctsr, Table 2) and the relative
charge generation efficiencies (Kcs-n/ ketsr and Kes-e / ketsr ratios, Table S7) obtained by the FSCS model.

Evolution of the energy gradient. An important observation from Table 3 and Figure 9 is that the
total energy gradient values (EGp+a), ranging from 0.45-0.6 eV, are large enough to overcome the
e-h binding energy of 0.3 eV, consistent with the field-independent charge generation observed in
all D-A blends (Figure S1). The continuous increase in EG among the sample series follows the
trend in Jsc observed experimentally (Figure 10). However, the driving forces for the hole-drift
out of the interface (EGp = 0.30-0.42 eV) are larger than those of electrons (EGa = 0.12-0.17 eV).
This suggests a larger stabilization for the holes in the donor bulk as compared to the stabilization
of the electrons in the acceptor bulk, in agreement with similar results (0.27 eV) for a

pentacene:C60 mixture.® This disparity in hole- and electron EGs may consequently be an issue

22



WILEY-VCH

for these systems: while holes could quickly escape from the interface, the electrons would spend

more time in the vicinity of the donors, potentially enhancing the CTSR efficiency.

The presence of an EG that pushes charges from the interface to the bulk, has been previously
proposed to be the origin for the efficient charge generation in fullerene-containing solar cells.t”
23 Important contributions to EG (up to 0.16 eV) come from the geometrical deformations of the
conjugated backbones of the thiophene donors. This finding is consistent with other theoretical
studies on P3HT-PCBM systems (0.15 eV 8 and 0.12 eV %) or from cyclic voltammetry- and
ultraviolet photoelectron spectroscopy (UPS) results, also reporting on an hole energy-level offset
of up to 0.15 eV between crystalline and amorphous P3HT phases.! These results suggest that the
geometrical flexibility of thiophene-based polymers can provide roughly half of the driving force
in fighting the e-h binding energy in these systems (=0.3 eV), thus being beneficial to charge

separation through EG mechanisms.

Interestingly, the geometric contribution to the energy gradient of the acceptor-LUMOs is roughly
zero (EGa, Table 3), which could be attributed to the localization of the LUMOSs on the rigid NDI
and PDI cores (Figure 3). One might expect that increased flexibility of the acceptor polymer r-
backbone would lead to larger molecular deformations that increase the energy gradient. However,
while this assumption sounds reasonable, other factors seem to be involved. Indeed, test
calculations for the geometrical contribution to the energy gradient of donor polymer frontier MOs
(hence corresponding to identical geometrical deformations for both orbitals) reveal a much
smaller impact on the LUMOs (0.076 eV and 0.015 eV for mP3HT and mPOPT respectively) as
compared to the HOMOs (EGp of 0.150 eV and 0.120 eV, respectively, Table 3). The geometrical
flexibility of polymer m-backbones is consequently neither the only factor responsible for the
smaller geometrical contribution of the LUMO compared to that of the HOMO, nor the dominant
one. Additional effects in this regard may include: (i) first-principles differences between frontier
orbitals in these polymers (Figure S5),'® and/or (ii) the flexibility of the polymer n-backbone may
not necessarily guarantee important impact of the geometrical contribution to EG.8? Nevertheless,
the relatively large LUMO-EG found for the flexible P3HT r-backbone (as compared to more
rigid NDI- and PDI-based polymers) suggests that non-negligible beneficial effects to EGa could
stem from a more flexible structure. Judiciously designed acceptor blocks and/or linking topology
may consequently be needed in order to increase the impact of the geometrical deformations to the

acceptor (and donor) energy bending.
23



WILEY-VCH

As for the DCP contribution at the D-A interface, the largest EG values (0.18 and 0.21 eV ) were
found for the effect of mPDI on the HOMO energy of mP3HT and mPOPT respectively, whereas
mP3HT, mPOPT, and mNDI were found to induce smaller EG values ranging 0.06-0.11 eV (Table
S4). We suspect the larger effect of PDI to be due to the increased direct contact between mPDI
and the donor polymers: in spite of introducing a larger average intermolecular distance between
donor and acceptor backbones (Table S2), mPDI increases the number of short-contacts ranging
3.0t0 3.3 A (20 and 9 for mP3HT-mPDI and for mP3HT-mNDI respectively).®®

Cumulative effects increase charge generation efficiency. The results obtained in the framework
of the FSCS model indicate that the kcs-n / kctsr and Kes-e / Ketsr ratios provide a pertinent
estimation of the charge generation efficiency (Figure 10, Annexes Il and I11). To understand the

origin of this correlation requires to review the cumulative effects that influence the rate constants.

Substituting mNDI with mPDI in acceptor polymers results in increased kcs-h due to an increased
driving force for hole-drift from 0.30 eV to 0.42 eV (EGp, Table 3), and increased kcs.e due to the
larger electronic couplings (0.010 eV and 0.071 eV respectively, Table S6) for electron-drift away
from the interface. On the other hand, replacing mP3HT with mPOPT increases the intramolecular
reorganization energy (from 0.219 eV to 0.321 eV respectively, Table S6), and decreases the D-D
electronic couplings (0.139 eV and 0.100 eV respectively, Table S6), both effects being slightly
detrimental to CS-h. However, the cumulated effect of both substitutions results in increased CS
rates (Annex I11). The continuous increase in charge generation efficiency upon substituting P3HT
with POPT and PNDI with PPDI is thus due to two effects: (i) decrease in kcrsr by roughly 3
orders of magnitude, and (ii) increase of CS efficiency by the same degree. The increase in CS /
CTSR efficiency ratios is more important in the case of PDI-based acceptors, in which both
electronic coupling- and driving force (EG) parameters enhance CS efficiency as compared to

NDI-based acceptor.

Interfacial versus bulk properties. The discussion so far indicates that efficient charge generation
can be achieved by increasing steric bulk and polymer backbone flexibility. However, the
drawback of these polymer modifications is their detrimental impact on the charge mobility toward
the electrodes. Indeed, increasing the EG by means of increasing polymer w-backbone flexibility
is also expected to increase the geometrical disorder in the donor and acceptor bulks, which is

detrimental to electron and hole mobilities. Similarly, increasing the steric bulk by means of
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aromatic side groups results in decreased electronic couplings and charge transport properties in
the bulk of these materials. Structural modifications in order to improve charge generation operate
consequently through opposite effects at the interface versus bulk, implying that judicious choices
need to be made in order to avoid both detrimental limit cases. This could for instance be achieved
by designing polymer chains exhibiting enhanced planarity driven by weak intra-chain hydrogen-
or halogen bonds:® while favorable planarity could be possible to preserve in the bulk, breaking
of H-bonds (halogen-bonds) could occur at the D-A interface, followed by important geometrical
deformations. Nevertheless, our results suggest that while both aspects need to be handled with
care, improving interfacial properties should constitute the primary focus as compared to bulk
properties, otherwise good charge mobility handling with small currents would be a less good
choice (see also Annex IV, Sl). This suggestion is consistent with our results: while the hole
mobility of POPT and the electron mobility of PPDI were found to be lower than those of P3HT
and PNDI respectively,®® & the former compounds were found to improve charge generation
efficiency in BHJ devices.

4. Conclusions

The results presented in this study provide insights in the mechanisms determining the efficiency
to charge separation in a series of conjugated polymer D-A heterojunctions. A model based on
Marcus’ theory is proposed allowing comparative estimations with respect to the CS efficiencies.
The results indicate that the experimentally observed improvements in device performance are due
to a delicate balance between several opposite factors. The substitution of P3HT and PNDI with
POPT and PPDI has two main effects: (i) the geminate donor-acceptor CTSR efficiency decreases,
an effect mainly due to the decreased electronic couplings, in turn stemming from the enhanced
steric hindrance induced by the side phenyl groups in POPT and from the distorted n-backbone in
PPDI. The extension of the PPDI LUMO along the orthogonal direction as compared to the donor
-backbone also contributes to the decreased electronic couplings and CTSR efficiency; (ii) The
CS efficiency increases, due to the increase in the driving force for hole drift out of D-A interface.
These driving forces appear as energy gradients at the interface, in turn stemming from the
geometrical deformations of the polymer n-backbones and polarization effects. The geometrical
flexibility of polymer zbackbones is consequently an important vector for inducing efficient
driving force for e-h pair separation. The evolution upon polymer substitutions of both CTSR- and
CS efficiencies cumulated together results in increasing kcs/ Kctsr ratios, explaining the increased

25



WILEY-VCH

Jsc values observed experimentally. However, the increased disorder at the interface due to the
above structural modifications is also suspected to enlarge the density of CT states, with the

drawback of negatively impacting the VVoc, which seems in line with the experimental results.

We conclude that the maximum strength of intermolecular interactions in these systems
correspond to the face-to-face D-A orientation. The present study suggests that the crucial benefit
of the face-to-face orientation in these polymer blends is the creation of the necessary driving
forces required to repel / force charges away from the D-A interface. The geometrical deformations
of polymer n-backbones were found to contribute substantially to the creation of the driving forces
in the case of P3HT and POPT, whereas NDI- and PDI-based acceptor polymers lack this
contribution due to (i) the localization of their LUMO on the rigid NDI and PDI moieties, and (ii)
due to first-principles differences between HOMO and LUMO in polymers, making LUMO energy
being less sensitive to the deformation of inter-monomer dihedral angles then HOMO one. These
last effects are suspected to induce a detrimental disparity in driving forces for the separation of
electrons and holes. Equilibrating the hole- and electron drift rates may thus be a challenge for
high efficiency BHJ OPVs.

Our results suggest consequently several guidelines expected to improve charge generation in all
polymer BHJ OPVs by:

1. Decreasing the HOMOonor-LUMOacceptor OVerlap: (i) by increasing the steric hindrance at
the D-A interface by introducing aromatic side-chains in polymers or by distorting polymer
n-backbones; (ii) by reducing spatial overlap between the donor-acceptor n-backbones by
favoring n(D) versus m(A) space-extensions orthogonal to each other;

2. Increasing the HOMOgonor-LUMOgcceptor €nergy gap (energy of the CT states)

3. Increasing the distortions at the interface by increasing the geometrical flexibility of
polymer mt-backbones, ideally by handling as much as possible the potential for both facile

deformability (at the D-A interface) and planarization (in the bulk).

Despite the eventual detrimental impact on charge carrier mobilities, these modifications are
expected to improve charge generation efficiency, based on the conclusion that among CTSR, CS,
and charge transport phenomena, improving the CS efficiency constitutes the key effect. This
means that, in addition to other target parameters for efficient BHJ OPVs, the synthetic chemist

should also and firstly think CS.
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Understanding photocurrent generation at the molecular level is one of the biggest challenges
in organic solar cell research. By performing an experimental and theoretical in-depth study we
are able to correlate molecular structure with charge generation efficiency in prototypical polymer
solar cells. Our results provide clear structure-property relationships that will help to design a new

generation of non-fullerene acceptors.
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Figure S1. (a) Additional acceptor polymers PNDI-CPDTDT and PPDI-CPDTDT, which
comprise the same backbone modification as PNDI and PPDI, namely the replacement of NDI by
larger and bulkier PDI. Ri=ethylhexyl (b) and (c) Solar cell characteristics of P3HT (blue, top)
blended with (PNDI-CPDTDT, open symbols) and (PPDI-CPDTDT, closed symbols) and P3TC16
(green, bottom) combined with (PNDI, open symbols) and (PPDI, closed symbols) (b) Current
Density-Voltage characteristics under AM 1.5 G illumination and (c) EQE spectra for all 4
combinations.

38



WILEY-VCH

1k

2k

= —
£ 3
“&U“ S
4 Q@
é I’ oo
> i . L 4 E
2 gpPsHbeNDl |- 1
@ KA~ AT AT AT LT TETAT Aa a1 O
TR R :PNDI ]l <
o h _A_A-A-A Al A T
- o + ¢ ¢ o 1 +
S 5E 1 O
g [ P3HT:PPDI 1 ©
)
O bFkoeoooo0o0o0o0o ¢t oo 1 X

5 :PPDI 1

1 M M 1 L M 1 M M M M 1 M N 1
-0.9 -0.6 -0.3 0.0 0.3 0.6

Voltage (V)

Figure S2. Photogenerated free charge measured as a function of applied voltage with time-
delayed collection field (TDCF) experiments (symbols). Also shown are JV-characteristics from
devices (solid and dashed lines) produced in parallel to the TDCF sample revealing the same trends
as shown in the Figure 2 of main text.
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Figure S3. Side view of (a) dimPOPT1 and (b) dimPOPT3 model dimers optimized at the

®B97XD/6-31G* level of theory. (c) and (d) are magnified views of (a) and (b), respectively. The
interactions between the phenyl and adjacent thiophene groups are highlighted by the red arrows.
Note that these repulsion interactions seem to impose small thiophene-thiophene dihedral angles
in the case of dimPOPT1, but larger ones in the case of dimPOPT3. (Ph)C-H...n(Ph) interactions
(2.5 to 3.1 A) between phenyl groups of adjacent molecules are highlighted by the blue dashed
lines. (e) Side view of dimPOPT1 and (f) dimPOPT3 model dimers optimized at the ®B97XD/6-
31G* level of theory. In both cases, selected short contacts corresponding to H-bonds are
highlighted. Images obtained with MOLDEN software.*
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Figure S4. (a-d) Molecular orbital energy diagrams for donor and acceptor oligomers in the
geometries obtained from the D-A complexes MP3HT-mNDI, mPOPT-mNDI, mP3HT-mPDI and
mPOPT-mPDI, respectively, as calculated at the B3LYP/6-31G*//woB97XD/6-31G* level of
theory. Average values over three isomers for each complex are used.

41



WILEY-VCH

_“_‘..__4‘,“_.5_{ / _nn .g .la._ ] 4_-
B S5 I N M R
Exciton dlssomatlonI LUMO mP3HT

1 3h.1
3
o‘:' ° ‘GI‘I; ‘* o 9
%% . o B3 o 4 L@ 0.0 i o
g0 8, e 00 D F e R J S 5 S0 Sy
PRI L a e S e T
*%e% Ny !J o
S ' 1 LUMO mNDI
111 CTSR
L1J @ % s

HOMO mP3HT

Figure S5. Pictorial representations of the HOMO and LUMO of mP3HT, and LUMO of mNDI.
The red dashed lines highlight the orientation of the principal nodal planes on each of these
orbitals. The LUMO of P3HT corresponds to the bonding (in-phase) combination between
monomer-LUMOs as compared to the antibonding (out-of-phase) combination between monomer-
HOMOs in the polymer HOMO. As a rule of thumb, the impact of geometrical deformations on
the energy of the bonding orbitals is smaller as compared to antibonding ones, thus giving a
possible explanation for the smaller sensitivity of LUMO of P3HT and POPT to dihedral-angle
deformations as compared to the corresponding HOMOs.
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Figure S6. Electronic couplings (eV) corresponding to (a) the ensemble of twelve complexes
(three isomers times four DA combinations), calculated between HOMOgonor and LUMOgonor With
the acceptor LUMO through LUMO+n, as indicated in the inset. (c-f) similar to (a) in the case of
MP3HT-mNDI, mPOPT-mNDI, mP3HT-mPDI, and mPOPT-mPDI, respectively. The blue
dashed lines are guides for the eye. The electronic couplings were calculated at the B3LYP/6-
31G*//oB97XD/6-31G* level.
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Figure S7. Energy diagrams showing the built-in energy gradient (eV, B3LYP/6-31G*) near and
at the D-A interface for HOMOdonor and LUMOacceptor cOrresponding to (a) mP3HT-mNDI (b)
mMPOPT-mNDI (¢) mP3HT-mPDI and (d) mPOPT-mPDI. Each value in the figure corresponds to
the average out of three values (*average of two values for the D(-A) energy in b).
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number of monomer units as calculated at the B3LYP/6-31G** level of theory.
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Table S1. Device performances for BHJ OPVs prepared by combining P3HT and POPT donor
polymers with the acceptor polymers PNDI and PPDI. Device parameters are stated as mean value
with the standard deviation given in parentheses. Jsc=Short circuit current density, Voc=0pen
circuit voltage, FF=fill factor, PCE=power conversion efficiency, Ngev=number of solar cells
tested, IQEmax=maximum internal quantum efficiency.

Jsc Voc FF PCE Ndev 1QEmax
mA/cm? \Y % % %
P3HT-PNDI  -3.2(0.3) 0.563 (0.007) 65(4) 1.2(0.1) 22 19
POPT-PNDI  -4.4(0.2)  0.492 (0.007) 61(3) 1.36(0.08) 28 39
P3HT-PPDI  -5.08 (0.08)  0.50 (0.02) 52 (5) 1.4(0.2) 8 44
POPT-PPDI -6.2 (0.2) 0.447 (0.004) 50(4) 1.42(0.09) 22 54

Table S2. Average donor-acceptor distances (A) between the -conjugated backbones calculated
at the geometries optimized at the ®B97XD/6-31G* level in “gas phase”. Three isomers are
optimized for each D-A complex and their average distance (A) is given in the last column.
Standard deviations are given in parentheses. Each distance in the table corresponds to the average
value of the shortest distances between any atom of one r-conjugated chain with the r-conjugated
backbone of the other chain.

Isomer-1 Isomer-2 Isomer-3 Average
mP3HT-mNDI 3.60 (0.24) 3.58 (0.20) 3.53(0.14) 3.57(0.19)
mPOPT-mNDI 3.62 (0.18) 3.73(0.35) - 3.68 (0.27)
mP3HT-mPDI 3.66 (0.36) 3.68(0.35) 3.65(0.27) 3.66 (0.33)
mPOPT-mPDI 3.87 (0.46) 3.79(0.42) 3.74(0.33) 3.80(0.40)
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Table S3. Electronic couplings (eV) between HOMOgonor-LUMOzcceptor (tH-L) and between states
(tmh, trp) calculated at the B3LYP/6-31G*//wB97XD/6-31G* level in “gas phase”.

b c

to
mP3HT-mNDI 0.117 0.091 0.099
mPOPT-mNDI  0.079 0.086 0.059
mP3HT-mPDI  0.077 0.092 0.075
mPOPT-mPDI  0.025 0.019 0.028

aAverage over three values corresponding to three isomers for each complex. "Calculated according to Mulliken-Hush

th-12 tMH

theory?* Calculated as a weighted sum of couplings between orbitals contributing to So—CT; excitation. The

weighting coefficients are taken from TD-B3LYP calculations on donor-acceptor complexes.

Table S4. Energy gradients for the donor (EGp) and acceptor (EGp) (eV), dipole moments (Debye)
and quadrupole moments (Debye- A), of model mP3HT, mPOPT, mNDI, and mPDI polymers.
The values (B3LYP/6-31G*//oB97XD/6-31G* level) corresponding to complex geometries are
averages over six complexes for each polymer.

HOMO
mP3HT(mNDI)? mPOPT(mNDI)?  mP3HT(mPDI)? mPOPT(mPDI)?
EGp 0.08 0.08 0.21 0.18
LUMO
mNDI(mP3HT)?® mPDI(mP3HT)?® mNDI(mPOPT)? mPDI(mPOPT)?
EGa 0.11 0.06 0.07 0.11
mP3HT mPOPT MNDI mPDI
Dipolar isolated-Total 2.8 2.3 5.7 2.0
isolated-z axes 0.0 0.2 0.7 -0.5
in complex-z axes® 1.3 1.9 0.9 0.7
Quadrupolar isolated-Total -532 -866 -756 -995
isolated-zz component -530 -873 -759 -994
in complex-Total -538 -909 -708 -996
in complex- zz component -588 -945 -726 -1019

2mP3HT(mNDI) means EG of HOMO-mP3HT induced by mNDI. PAverage of absolute values.
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Table S5. Electronic couplings (the in eV, B3LYP/6-31G*//lwB97XD/6-31G* level in “gas
phase”) between donor-HOMOs, and the Gibbs free energies used during the calculation of rate
constants for the hole- and electron drifts from the interface to the bulk (Table 2 in the main text).

the AG®

holes mP3HT /mNDI 0.07 -0.15
mP3HT /mPDI 0.07 -0.25

mPOPT /mNDI 0.05 -0.15

mPOPT /mPDI 0.05 -0.25

electrons  mNDI/mP3HT 0.005 -0.11
mNDI /mPOPT 0.005 -0.11

mPDI / mP3HT 0.035 -0.08

mPDI /mPOPT 0.035 -0.11

Table S6. Intra-molecular reorganization energies (Ane) and transfer integrals (tne) for holes
(between the donor-HOMO orbitals) and electrons (between the acceptor-LUMO orbitals) of
pristine compounds, as calculated at the B3LYP/6-31G*//wB97XD/6-31G* level in “gas phase”.
All values are in eV.

Anve thve
mP3HT _ 0.219() 0.139(h)
mPOPT  0.321(h)  0.100(0.001)(h)
mNDI  0.084(e) 0.010(e)
mPDI 0.080(€) 0.071(e)
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Table S7. Estimated hole- (kcs-n ) and electron (kcs-¢) rate-constants (s*), calculated in the frame
of Marcus theory. Intra-molecular reorganization energies (Ane), transfer integrals (tne)? for holes
and electrons of pristine compounds are taken from Table S6. EG and Eping®™" values for the Gibbs
free energy are taken from Table 3,2 and a constant value of 0.4 eV was considered for the solvent
reorganization energy. The values in parentheses are calculated by arbitrary setting the electronic
couplings for holes and electrons to a constant value of 0.070 eV.P

Kes-h Kcs-e kes-n/ Kese  KeTsr kes-n/ KeTsr kcs-e/ KeTsr
mP3HT-mNDI 8.3x10°  25x10° 330 (L7)  LIx10® 0.7(0.7) 2x107 (0.4)
mPOPT-mNDI  1.9x10°  2.3x107  84(0.8)  14x10°  1.4(2.7) 2x102(3.2)
mP3HT-mPDI 2.3x10  1.4x10° 168 (42)  5.9x10° 4 x107 (400) 2.4 (9.5)
mPOPT-mPDI 45x10°  2.1x10° 22 (11) 75x10°  6x10° (L2 x10% 2.8x107 (1107)

& We consider that the geometrical EG values calculated in this work constitute an upper limit, so that half of the geometrical

contribution on EG values in Table 3 is considered for the Gibbs free energy (AG®). Additionally, we arbitrary consider only 2/3
of AG® for the first charge-hopping step. Test calculations by varying the AG® indicate that the general trends remain practically
unaffected. The electronic couplings considered in these estimations are arbitrary taken as half of those calculated for the non-

deformed oligomers (Table S6), based on the idea that the geometrical deformations are not identical in the first two layers near
the interface. See Table S4 for the individual EG and electronic coupling values. ®n order to allow for a clearer comparison with

keTsr, this value is arbitrary taken equal to the average electronic coupling corresponding to CTSR (Table 2).

Table S8. Device preparation details for the solar cells shown in Figure 2 of the main text.

D/A weidht rati Total conc. Solvent Spin Drying/Annealing
weight ratio ) )
mixture Coating
p-Xyl:CN 2000 rpm, 1 min at 200°C
P3HT:PNDI . .
1:0.75 40 g/l (1:1) 5 sec.
p-Xyl:CN 1500 rpm, 1 min. at 180°C
P3HT:PPDI . .
2:1 33 g/l (1:1) 5 sec.
DCB:CN 1000 rpm, 2 min. at 80°C
POPT:PNDI . .
2:1 15 g/l (4:1) 5sec.
Dried at room
POPT:PPDI DCB:CN 1200 rpm,  Temp./ 10 min. at
1:1.5 24 g/l (9:1) 5sec. 150°C
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Annex |. Geometry of POPT

The geometry of POPT presents particularly interesting features. The phenyl groups of the isolated
oligomer (Figure 1) adopt twisted positions with respect to the thiophenes, with dihedral angles of
roughly 48° (in the central part of the 14-mer). Notably, studies of the solid-state characteristics of
POPT by Anderson and co-workers® reveal that as-cast POPT presents a blue-shifted (by 0.46 eV)
absorption maximum when compared to thermally- or chloroform-vapour annealed films (Table
1). Based on X-ray and spectroscopic evidence,® the POPT geometry was suggested to present two
major conformers, one in which the phenyl (Ph) groups remain almost parallel (in-plane) to the
thiophene (Th) backbone, corresponding to average inter-planar distance of 3.8 A, and one with
more or less orthogonal Ph-Th dihedral angles, corresponding to inter-planar distance of 5.1 A.
Our efforts to obtain such conformers for the isolated molecules were unsuccessful. In the
following, bulk effects will be shown to be the origin of the two conformers observed
experimentally.

Geometry optimizations on mPOPT dimers result in three conformers that differ in the inter-planar
distances: 3.8 A, 4.6 A, and 5.3 A, reported hereafter as dimPOPT1, dimPOPT2, and dim-POPT3;
dimPOPT1 and dimPOPT3 are shown in Figure S3 a-b. The major difference between these dimers
comes from the Th-Th dihedral angles, being respectively 13° to 19° and 20° to 28° in dimPOPT1
and dimPOPT3. This difference is found to correlate with two possible orientations of the Ph
groups with respect to the adjacent Th groups (Figure S3 c-d). In the case of dimPOPTL, the
orientation of the Ph groups in each monomer tends to impose small Th-Th dihedral angles
(Figure S3 ¢), thus resulting in a “flat” POPT backbone and a shorter inter-molecular distance (3.8
A). Large twisting of the phenyl groups by roughly 90° is observed in dimPOPT3 as compared to
dimPOPT1 (Figure S3 d), which in turn results in a much larger inter-molecular distance (5.3 A).
Very good agreement is therefore obtained with the inter-planar distances of 3.8 A and 5.1 A
observed experimentally in POPT,® which is also seen when one compares the energy of the long
wavelength absorptions: the low-energy transitions computed by TDDFT for dimPOPT1 and
dimPOPT3 were found to be 2.09 eV and 2.29 eV (Table 1), respectively, values that are in good
qualitative agreement with experiment, 2.09 eV and 2.56 eV, respectively.” DimPOPT2

corresponds to mixed arrangements of Th-Th dihedral angles and Ph/Th orientations, one
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monomer of the dimer being similar to dimPOPT1, the second monomer similar to dimPOPT3,

thus resulting in intermediate inter-planar distance of 4.6 A.

In all dimPOPT isomers, the dominant intermolecular interactions are (Ph)C-H...n(Ph) hydrogen
bonds between phenyl groups of adjacent polymers (2.5 to 3.1 A, Figure S3 e-f). The difference
between the three isomers is thus due to a delicate balance between the C-H...xt short contacts, Ph-
S steric hindrance, the conjugation efficiency on the molecular backbones, and the extent of
dispersion interactions among the main conjugated backbones. Anderson et al.” reported that
irreversible change in color and an absorption redshift is obtained after thermal or vapour annealing
spin-coated POPT, suggesting that dimPOPT]1 type isomers (3.8 A, “flat” backbone, absorption at
2.09 eV) should be more stable as compared to dim-POPT3 (5.3 A, more twisted backbone,
absorption at 2.29 eV). Interestingly, the Th-Th dihedral angles in the isolated mMPOPT model
compound (38-43°) are larger as compared to both dimPOPT3 (20-28°) and dimPOPT1 (13-19°).
This suggests that the as-cast POPT isomer is formed without intramolecular Ph versus Th
rearrangements (dimPOPT3), whereas thermal or vapour annealing results in tilting of Ph-Th
orientation (Figure S3), reduction of the Th-Th dihedral angles, reduction of the inter-planar

distances, and an overall strengthening of the intermolecular interactions (dimPOPT1).

Annex I1. Charge transport properties of model polymers

As a means to compare the evolution of the CS efficiency in these systems we compare the internal
reorganization energies (Ane) and the electronic couplings (tne) corresponding to the hole- and
electron transfer in donor and acceptor compounds. These results are collected in Table S6. The
increased reorganization energy and the decreased electronic coupling for mPOPT as compared to
mP3HT suggest decreased hole-transfer efficiency in the former. The possible presence of two
isomers in the case of POPT, should additionally support the conclusion for larger hole mobility
in the case of P3HT. As for the acceptors, improved electron transfer rates can be deduced for the
mPDI as compared to mNDI (Table S6). While transport properties in the bulk of these materials
could not be reduced to the electronic couplings calculated here, we note however that both
theoretical results (concerning donors and acceptors) are not in line with the experimental results
indicating similar hole mobilities for P3HT and POPT,® and electron mobilities by 10 times larger

for the NDI based systems.® It is worth noting that the smaller LUMO-LUMO couplings found in
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the case of mNDI are not due to a random intermolecular geometry. Indeed, a detailed analysis of
dimer geometries reveal the presence of efficient hydrogen bonds (~2.42 A) between the NDI-
oxygen atoms and the C-H bonds of adjacent thiophene rings, imposing a slight parallel
displacement between the two monomers, obviously corresponding to a phase mismatch between
adjacent LUMOs. A possible explanation on the better transport properties in the NDI-based
polymers has been given in terms of very large polymer molar mass, making possible sharing of
polymer chains between adjacent crystallites. The much smaller PDI-based polymer mass® as
compared to NDI may importantly impact the packing and the electron mobility. Additionally, the
electronic couplings presented in Table S6 correspond to a static picture and totally ignore: (i) the
non-local electron-phonon couplings, probably resulting in increased hopping rates, and (ii) the
disorder effect, which we speculate to be less important in the much regular and planar NDI-based
polymers. Similarly, we speculate that smaller degree of disorder should be observed in the POPT
as compared to P3HT, due to the stronger intermolecular mixing and H-bond interactions between
the phenyl groups (Figure S3), probably resulting in reduced freedom for along-chain and

transversal displacements, hence in improved hole mobility.

Annex I11. Charge Separation rate estimations. First-Step Charge Separation model
(FSCS)

It is worth noting that the bulk charge-transport efficiency is a long-distance (hundreds of nm)
property, thus strongly depending on the disorder, regioregularity, polymer molecular mass, and
other properties. However, the energy gradient discussed in this section may happen in a very
limited number of m-stacked polymer layers. The “bulk” properties discussed in the last
subsections may consequently feed a reasonable model for discussing the CS trends between

different D-A combinations.

In order to obtain further insight on the CS trends in these systems, we propose a simplistic model
for the calculation of the CS rate constants relying on Marcus’ theory*®*2 and the EG mechanism.
This model, reported hereafter as first step charge separation (FSCS) model, is based on the

following hypothesis:

1- The trend in the CS efficiencies can be reasonably estimated by comparing the first step of
the charge drifts from the interface toward the bulks. This is based on (i) previous results

52



WILEY-VCH

reporting on space extension of the energy gradient (bending) limited to only few (roughly
three) layers near the D-A interface'®'#; (ii) the assumption that hole- and electron jumps
corresponding to the first step of the charge drifts from the interface toward the bulks
constitute the determining step of charge-separation. This assumption can be justified by
two observations: firstly, the geometrical deformations and the direct-contact polarization
(DCP) appear principally on the interface donor- and acceptor layers, and much less on the
few following ones;*® secondly, the e-h binding energy and the CTSR efficiency become
smaller after the first jumps due to the increased e-h separation.

2- The CS rate constants can be calculated separately for holes (CS-h) and electrons (CS-e).
This is based on the hypothesis that the first hopping steps of electrons and holes toward
the respective bulks need not occur simultaneously. This hypothesis is easier to conceive
in the limit case of very different electron-versus-hole first-step hopping-rates. Indeed, a
first-step electron escape from the Coulomb potential was found to be the rate-limiting
process for free carrier generation in the case of small molecule:C60 planar heterojunction,

due to the faster electron drift by 5 orders of magnitude as compared to the hole drift.'

Different limitations of this model include the following (eventually among others): (i) the exact
values of long-range polarizations (LRP) are ignored in the EG estimations. However, the EG
values used in the first step CS model (FSCS) model being relative ones, calculated as differences
between adjacent layers, the contribution from the LRP energy is assumed to roughly cancel out
(see “Methods” section below). Test calculations over a range of values for the medium
reorganization energy and the Gibbs free energy show that the trends across the four D-A
combinations remain globally unaffected. (ii) We also ignore any eventual charge delocalization
over different n-stacked layers and contribution of the build-up electric field generated by the
electrodes. These estimations aim consequently to provide some insight on the contributions to the

CS process stemming from the molecular level only.

The results are shown in Table S7. One global observation is that the rate constants for the hole-
drift out of the interface (kcs-h, first hopping step) are larger than those of electrons (kcs-¢). The
much smaller kcs-e values for mNDI based D-A combinations (roughly 330 times smaller than kcs.
h) are mainly due to the small LUMO-LUMO coupling in mNDI (0.005 eV, Table S5). While
arbitrary setting all HOMO-HOMO and LUMO-LUMO couplings to the same value results in
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roughly similar kcs.h and kcs-e values for mP3HT-mNDI and mPOPT-mNDI, this ratio still
remains larger than one order of magnitude in the case of mPDI (11-42 times, values in parenthesis
in Table S7). This is due to the larger driving force (EGp = 0.25 eV, Table S5) induced by mPDI
to donor-HOMOs, whereas the EGa values for acceptor-LUMOSs range are much smaller (0.08-
0.11 eV, Table S5). The large kcs-n / Kes-e ratio may consequently be an issue for these systems:
while holes could quickly escape from the interface, the electrons would spend more time in the
vicinity of the donors, probably enhancing the CTSR efficiency. PDI-based systems seem to be
prone to this issue to a larger extent as compared to NDI-based ones. Equilibrating the hole- and

electron drift rates may thus be a challenge for high efficiency BHJ OPVs.

Replacing NDI with PDI in acceptor polymers seems to induce only positive effects with-respect-
to hole and electron drifts. While both oligomers have similar intramolecular reorganization
energies (0.084 eV and 0.080 eV respectively), the kcse increases importantly in the case of
mPOPT-mPDI (from 2.5x107 s to 2.1x10° s* respectively, Table S7) due to increased LUMO-
LUMO coupling (0.005 and 0.035 eV respectively, Table S5). We remember that replacing NDI
with PDI also results in decrease of electronic couplings for theCTSR (Table 2) and in increased
driving force (EG, Table 3) for hole drift out of the interface. PDI seems consequently to positively

contribute to charge generation by enhancing CS and reducing CTSR.

Replacing P3HT with POPT increases the intramolecular reorganization energy (from 0.219 eV to
0.321 eV respectively, Table S6), and decreases both D-A and D-D electronic couplings (Table 3
and Table S6). These evolutions are detrimental to CTSR, which is the desirable effect, but are
also detrimental to CS. These opposite evolutions are thus reflected in the oscillating kcs-n values
across different D-A combinations, decreasing for mPOPT-based combinations as compared to
mP3HT ones. Nevertheless, the kcs.n values globally increase from mP3HT-mNDI to mPOPT-
mPDI (from 8.3x10° s to 4.5x10%° st respectively, Table S7), reaching a maximum of 2.3x10' s-
Lin the case of MP3HT-mPDI.

We finally discuss the kcsh/ Kersr and kes-e / kersr ratios (Table S7), which provide a pertinent
estimation on the evolution of the charge generation efficiency upon substituting P3HT with POPT
and NDI with PDI. We firstly focus on the mP3HT-mPDI, exhibiting the smallest kcs/ ketsr values
for both holes and electrons. In order to avoid confusion coming from different approximations,
we arbitrarily consider identical HOMO-HOMO and LUMO-LUMO couplings of 0.07 eV (half
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of the largest electronic coupling corresponding to mP3HT. See Table S7 for explanations). The
resulting Kcs.n / Ketsr and Kes-e / ketsr ratios of roughly 0.7 and 0.4 respectively suggest only a
slight advantage for the CTSR efficiency, which seems in line with the 70% / 30% CTSR/CS ratio
found experimentally.

Across the series of different D-A combinations, these kcs/ Kcrsr ratios are found to increase
continuously, which is due to two effects: (i) decrease in kcrsr by roughly 3 orders of magnitude,
and (ii) increase of kcs in the same sense by roughly 2 orders of magnitude. The increase in kcs/
KcTsr ratios is more important in the case of PDI-based acceptors, in which both electronic
coupling- and driving force (EG) parameters enhance CS efficiency as compared to NDI-based
acceptor. The collective effect of reduced CTSR- and increased CS efficiencies results in improved
charge generation, which is in line with the increased Jsc observed experimentally.

Annex 1V. CS versus CTSR efficiencies: Impact of donor-acceptor orientation.

Due to the complex anisotropic molecular structure of conjugated polymers it can be expected that
charge generation is affected in part by the relative molecular orientation of donor and acceptor
polymers. A correlation between the relative orientation of crystalline domains and the
photocurrent in P3HT:NDI blends recently indicated improved charge generation in the case of
face-to-face crystal orientation,’” which has been also reported to be the favorable orientation in
other material blends. 82 Here we try to obtain more insight in the impact of this orientation on
the efficiencies of exciton dissociation, CTSR and CS. To this aim, we recall that the kctsr and
kcs estimations in our study were performed by pushing the face-to-face orientation to its
maximum efficiency (“cofacial” D-A overlap). This orientation was found to correspond to
maximum HOMOggner-LUMOacceptor couplings, hence maximum CTSR efficiency, but also to
substantial HOMOonor and LUM Oacceptor €nergy gradients (EGp and EGa), both effects stemming

from the strong interfacial -7 stacking interactions.

One can reasonably suppose that tilting the D/A relative orientation from face-to-face to edge-to-
face orientation would result in vanishing small HOMOgenor-LUM Oacceptor cOuplings and EGs, due
to vanishing =t-r stacking interactions. We suggest that, despite the decreasing CTSR efficiency in
the edge-to-face orientation, the vanishing driving force for CS constitutes the dominant effect,
hence being detrimental for the charge generation. This scenario seems to corroborate with the

experimental evidence on NDI-P3HT based BHJ OPVs where despite a high exciton dissociation
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efficiency (photoluminescence quenching above 90%) in both—face-to-face and edge-to-face—
orientation, only the former yielded significant Jsc.!” Given that the CTSR efficiency can only
decrease from face-to-face toward edge-to-face rearrangement, the marginal current generation
in the edge-to-face orientation can only reflect the vanishing driving force for CS in this D-A
orientation. Accordingly, the energy gradient stemming from the interfacial geometrical
deformations and polarizations constitutes the dominant benefit generated by the face-to-face D-

A orientation in these BHJ polymer blends.
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IVV- Methods

1. Device Preparation and Materials

P3HT (Sepiolid P200 from BASF) was purchased from Rieke Metals with a molecular weight of
Mn = 17,500 g/mol. POPT and P3TC15 were provided by Prof. Fréchet (University of California,
Berkeley) and Prof. Sabine Ludwigs (University of Stuttgart, Germany), respectively, with
Mn=45,000 g/mol for POPT and My=55.000 g/mol (PDI = 2.0) for P3TC16. The acceptor
polymers PNDI and PPDI both were provided by Flexterra Corporation with molecular weights of
Mn = 26,200 g/mol and Mn = 16,000 g/mol, respectively. All four D/A systems had been
independently optimized and the recipes and preparation routines are summed up in Table S8. The
solvents that were used are: p-Xylene (p-Xyl), 1-Chloronaphthalene (CN) and 1,2-
Dichlorobenzene. We note that the efficiencies presented here comprise the highest reported so far
for each material combination. The synthesis of P3TC16 is described in Richter et al.?

Synthesis of PNDI-CPDTDT and PPDI-CPDTDT 2%

CgH17

CioHz21

PNDI-CPDTDT

Scheme S1
Poly[N,N’-bis(2-octyldodecyl)-2,6-(bis(2-thienyl)naphthalene-1,4,5,8-tetracarboxydiimide-5,5’-
diyl]-alt-[4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b"]dithiophene-2,6-diyl] PNDI-

CPDTDT
NDI Monomer

The synthesis of the NDI monomer starts from commercially available naphthalene dianhydride.
In the first step dibromination is carried out with bromine in fuming sulfuric acid and iodine as
catalyst. The reaction temperature is kept at 30°C to prevent tribromination. The dibrominated
product is almost quantitatively obtained, but as a mixture of 2,6-dibromonaphthalene-1,4,5,8-
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tetracarboxydianhydride and 2,7-dibromonaphthalene-1,4,5,8-tetracarboxydianhydride. Because
of the very low solubility the separation is done after the next step. In the next step the dianhydride
is transferred into the diimide by reaction with the alkylamine, in this case 2-octyldodecylamine.
The desired 2,6-regioisomer of the dibromonaphthalene diimide can be isolated by column
chromatography in a yield of 45%.

Cus

C10H21

OxOP BRIy
l l H,804/S05 ﬁl ﬁl Br EtOH E! El Br

O O (]
C10H21

Cus
NH,

CgH CgH
HO/\( 817 | 817 > S/CBH17 S
CroH c H OSHBU
10M121 10121 CioHar I // 3
Pd(PPh3)2CI2
C8"'17 CBH17
C10H21 C10H21
NBS
OO OO
C10H21 c10H21
CeH17 C8H17
Scheme S2

Next, a Stille type coupling with 2-tributylstannylthiophene is performed. This reaction can be
carried out with a yield of 90%. After bromination with NBS, the NDI monomer is obtained.

Copolymer PNDI-CPDTDT

Scheme S3
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The copolymer PNDI-CPDTDT is synthesized in a Stille-type coupling in toluene at 110°C (3

days). After standard workup and precipitation into cold methanol the polymer is Soxhlet-extracted
with methanol, acetone, ethyl acetate, and finally chloroform. The chloroform fraction was
precipitated again into cold methanol and analyzed by SEC, TGA, DSC and NMR.

In a Schlenk tube, 813 mg (0,826 mmol) of the NDI monomer are mixed with 5mol% Pd(PPh3)4
and 1 eq. of the distannylated CPDT (810 mg, 0,826 mmol). After careful exchange of air by argon
15 mL of toluene and 3 mL of DMF are added and the mixture stirred for 3 days at 110°C. The
reaction was stopped by addition of 2N aqueous hydrochloric acid and diluted with chloroform.
The organic phase was washed each 3 times with aqueous 2N hydrochloric acid, aqueous saturated
NaHCOz solution, and aqueous, saturated EDTA solution. The polymer solution was concentrated
and precipitated into cold methanol. Next, the solid polymer was Soxhlet-extracted with methanol,
acetone, ethyl acetate, and finally chloroform. The chloroform fraction was precipitated again into

cold methanol. Yield: 630 mg (60 %, chloroform fraction).
GPC (CHCl3): My = 23,100 g/mol, My = 32,200 g/mol, PDI = 1.39

H-NMR (600 MHz, C2D:Cls, 298 K): & [ppm] = 8.86 (s, HNaph); 7.41 (m, HCPDT); 4.14 (s,
CHy); 2.05 (s, CH); 1.5-0.7 (m, CH3).

13C-{*H}-NMR: (151 MHz, C;D,Cls, 298 K): § [ppm] = 162.6; 159.2; 141.7; 140.9; 139.9; 136.3;
132.1; 127.8; 125.5; 122.1; 54.8; 45.4; 44.1; 36.8; 35.9; 35.8; 35.7; 34.7; 34.6; 34.4; 32.3; 32.2;
32.1; 31.9; 31.8; 30.3; 30.2; 30.1; 29.9; 29.8; (3x) 29.7; (2x) 29.6; (2x) 29.5; (2x) 29.3; 29.2; 29.0;
28.9; 28.8; 27.8; 27.7; 27.6; 27.5; 26.9; 26.7; 26.6; 23.1; 23.0; 22.9; (2x) 22.8; 22.7; 22.5; (2x)
14.3; 14.2; (2x) 14.1; 14.0; 13.9; (2x) 11.0; 10.9; 10.8; 10,7; 10.6.
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PPDI-CPDTDT

Scheme S4

Poly[N,N'-bis(2-octyldodecyl)-1,7-(bis(2-thienyl)perylene-3,4,9,10-tetracarboxydiimide-5',5"-
diyl]-alt-[4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b"]dithiophene-2,6-diyl] PPDI-
CPDTDT

PDI Monomer

The synthesis of the corresponding PDI monomer starts with a dibromination of commercially
available perylene dianhydride. When the reaction temperature is kept at 85°C in sulfuric acid as
solvent a double bromination can selectively be performed. The reaction is not regioselective. The
desired 1,7-dibromoperylene dianhydride is produced in a ratio of 70% besides
1,6-dibromperylene dianhydride. The separation is not done at this stage of the synthesis;
therefore, the conversion to the diimide is done with the crude product.

The conversion of the dianhydride into the diimide is carried out as described for the NDI
monomer. Nucleophilic aromatic substitution of the amine at the aromatic bromides is an
unfavorable side reaction which leads to strongly colored by-products. So, the product can only be
obtained in a yield of 35%, but still as a mixture of 1,7- and 1,6-dibromo PDI. After Stille-type
coupling with the stannylated thiophene and bromination with NBS the PDI monomer can finally

be separated into the regioisomers.
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Scheme S6

The copolymer synthesis is done as described for PNDI-CPDTDT:

In a Schlenk tube, 800 mg (0,393 mmol) of the PDI monomer are mixed with 5mol% Pd(PPhz)4
and 1 eq. of the distannylated CPDT (385 mg, 0,393 mmol). Yield: 478 mg (79%, chloroform
fraction).

GPC (CHCl3): My = 13,000 g/mol, My = 20,000 g/mol, PDI = 1.5
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'H-NMR (600 MHz, C2D2Cls, 298 K) : § [ppm] = 8.71 (m, HPer); 8.42 (m, HPer); 8.31(m, HPer);
7.28;7.23;7.13 (m, HCPDT); 4.10 (m, CH>); 2.00 (m, CH2); 1.89 (m, CH>); 1.26; 1.06; 0.76; 0.69
(m, CHy), 0.85 (m, CHs)

Current-voltage measurements

Standardized illumination was realized with a sun simulator (Newport) calibrated to the AM1.5G
spectrum with an intensity of 100 mW/cm?. Current-Voltage characteristics were measured with a
Keithley 2400 source meter.

Absorption

The presented absorption spectra are measured with an Varian Cary 5000 UV-Vis_NIR

spectrometer.
External quantum efficiency measurements

Light of a 100 Watt Osram XBO lamp is focused into a monochromator (LOT-Oriel) and
mechanically chopped to get trigger signal for the lock-in amplifier (EG&G Princton Applied
Resarch Model 5302) which measures the current via a 50Q resistor. Light source calibration is

done by a UV enhanced Silicon photodiode calibrated by Newport (Newport 818-UV).
Internal Quantum efficiencies

IQE spectra were obtained by dividing the EQE spectra by the internal absorption of the solar cell
devices (measured with an integrating sphere on the actual solar cells or on separate glass
substrates processed in parallel to the solar cell devices), where the absorption was calculated by

assuming that light passes the active layer twice.
Time-delayed collection field (TDCF) experiments

Pulsed excitation from a diode pumped, Q-switched Nd:YAG laser (NT242, EKSPLA) with 6 ns
pulse duration and 500 Hz repetition rate was used to generate charges in the device. A pulse
generator (Agilent 81150A) was used to apply a pre- and collection bias in combination with a

home-built amplifier. During the pre bias charges are generated and after a shortest delay of 10 ns
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extracted by the collection bias to determine the generation of charges in dependence of the pre
bias. 2° To probe recombination behavior the delay can be increased up to several ps. The current
through the samples was measured via a 50 (2 resistor and recorded with an oscilloscope
(Yokogawa DL9140). The pulse generator was triggered with a fast photodiode (EOT, ET-
2030TTL). Laser intensity is measured with a photodiode and an Ophir Vega Power Meter.

2. Computational Methods

An oligomer approach is used to mimic the polymer properties. Compared to more recent high-
performance co-polymers, the set of polymers used here has a relatively small molecular size and
low structural complexity. This allows us to perform geometry optimizations on dimers (D-D and
A-A) and donor-acceptor complexes (D-A) at the DFT level with so far unprecedented molecular
size and details. The model polymers are noted mP3HT, mPOPT, mNDI, and mPDI, with m-
standing for “model”. Given the size of the donor-acceptor monomer units, the oligomers used in
the study consisted of four repeat units, while the thiophene homopolymers were represented by
14-unit oligomers (Scheme S7); this gives an effective conjugation length of 28 double bonds in
the acceptor systems and 28 double bonds in the thiophene structures. Figure S8 shows almost
constant energy of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies with increasing number of thiophene monomer units from 10
to 14 in mP3HT, suggesting that this chain-length is sufficient to obtain size-saturated frontier
orbital energies. In order to reduce the computational costs, the solubilizing alkyl chains are
represented by methyl groups.

Geometries of donor-acceptor (D-A) complexes — consisting of one donor oligomer (D, a
thiophene homopolymer) and one acceptor oligomer (A, a donor-acceptor co-oligomer) — were
optimized from three starting configurations: one configuration in which the D-A geometries were
“cofacial”, and two configurations where the geometries were displaced longitudinally (one in
each direction) by approximately one thiophene ring (see Scheme S7). In view of the large size of
these systems, only the above three D-A complexes were studied for each combination.
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Scheme S7. Chemical structures of the donor- (upper structures) and acceptor (bottom structures) oligomers
in the case of MP3HT-mNDI donor-acceptor combination. D-A Complexes 1 through 3 show schematically
the three starting configurations before geometry optimization. D-A Complex 1 corresponds to the
“cofacial” configuration, whereas D-A Complexes 2 and 3 represent two initial geometries where the 14-

mer oligothiophene is longitudinally displaced by approximately one thiophene ring.

Density functional theory (DFT)?” employing the B3LYPZ-2° functional in conjunction with the
6-31G* basis set was used for all calculations, except for the geometry optimization of D-D and
A-A dimers and D-A complexes, in which the ®B97XD*° functional was employed. This last
choice is motivated by the necessity to consider long-range correction and include dispersion
interactions during geometrical optimizations, both factors being absent in the case of B3LYP
functional. Previous studies indicate that the calculations based on ®B97XD or other range-

separated hybrid functionals with both default and optimally tuned range-separation (RS)
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parameters (o) strongly overestimate the energies of charge-transfer (CT) states.®*? In a very
recent work®® it was found that the estimated CT energies of small donor-acceptor complexes
compare better with experiment when the RS parameter is optimized in the presence of a dielectric
medium, in order to mimic the impact of the solid-state environment. Quite interesting, the tuning
in the presence of a dielectric medium results in very small values of RS parameter, and CT
energies that are comparable with that from B3LYP calculations. Indeed, our test calculations
comparing the CT state energies for some of present systems with experimental values showed
much smaller error when using B3LYP (0.1-0.2 V) than in the case of ®B97XD (1 eV) functional.

Therefore, the evaluation of the excited-state properties of neutral D-D and A-A dimers and D-A
complexes were obtained here by time-dependent (TDDFT)**3 calculations based on B3LYP
functional. The B3LYP calculations were also used for the derivation of the intra-molecular

reorganization energies.

CT rate constant calculations. The intramolecular reorganization energies (i) were calculated

according to the following equation (see also Scheme S8):%°

_ 2 2 _ )= GeometrymM™ GeometryM GeometryM GeometryM™*
A =k+4 _{EM _EM }+{EM* _EM* } (S1)

GeometryM GeometryM*
EM and EM

In this equation, correspond to the energy of the neutral molecule M

GeometryM GeometryM*
Ey- d By

in the neutral- and cationic geometries, whereas an correspond to the

energy of the cationic species M at the neutral- and cationic geometries.
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Scheme S8. Qualitative representation of potential surfaces of a neutral (M) and the corresponding cationic
(M™) species involved in the hole transfer. Ait and 4% correspond to two contributions to the intramolecular
reorganization energy stemming from the geometrical deformations of the neutral- and cationic species,

respectively.

The interoligomer electronic couplings (transfer integrals) were calculated within the fragment
orbital approach.*®*2 The charge transfer rate was determined in the framework of the Marcus-

Levich-Jortner equation:*

2 o ' 2
4r —(AG°+ A, +nhw,) } (s2)

Ker =74 /47;“ Z o Ak AT

Here, t corresponds to the electronic coupling between molecular orbitals (MOs) located on two

adjacent molecules, AG® is the reaction Gibbs free energy, As is the reorganization energy of the

medium, S; =h—' is the Huang-Rhys factor, A; is the intramolecular reorganization energy.
O

The rate constants corresponding to charge separation were calculated separately for holes and

electrons. While this model artificially splits the electron-hole separation in two seemingly “non-

correlated” processes, it constitutes however a reasonable approximation at least in the limit case

where the electron- and hole drift mobilities are very different.®

Energy Gradient (EG) calculations. The geometrical contributions to EG were calculated as
simple differences between the orbital energies of the isolated fragments in two different
geometries, extracted from the dimers and D-A complexes respectively (see Figure 8). The
polarisation contributions* to the energy gradient were calculated according to the following

equation:
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A(DCP) = |in-Is(oLl§1ted fragment _ 821( gle presence of the 2d fragment | (S3)
In this equation, both HOMO(LUMO) energies are calculated at the same geometry, extracted
either from D-D and A-A dimers or from D-A complexes. The notation “DCP” stands for “direct-
contact polarization”. The impact of the long-range polarization (LRP) contribution is missing in
the EG values. However, it can be reasonably assumed that the LRP energy remains practically
constant over few adjacent layers. Given that the energy gradient occurs over only few (roughly
three) layers near the D-A interface,®** a vanishingly small A(LRP) difference between two
adjacent layers (our FSCS model) can be reasonably assumed, which justify the use of only the

A(DCP) contributions in the EG values shown in Table 3.

It is worth noting that the present approach for calculating EG values additionally: (i) considers
D-A complexes in neutral conditions, hence before exciton dissociation, (ii) ignores the dynamic
polarization contributions in the real environment, and (iii) might overestimate the geometrical
contribution. Consequently, the absolute EG values, despite the intriguingly good agreement with
several experimental results,®>>4° should be considered only as semi-quantitative ones. However,
the global picture based in this frame is coherent and consistent with the experimental results,

allowing producing reasonable qualitative trends, which is the goal of the present analysis.

All the calculations were carried out in vacuum by using the Gaussian09 suit of programs
(Revision B.01).%
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