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Abstract

The bulk heterojunction in organic photovoltaic (OPV) devices is a mixture of

polymer (electron donor) and an electron acceptor material (typically functionalized

fullerenes), and it is crucial for the device operation, as this is where excitons are

split into electrons and holes to produce current. Non-fullerene acceptors (NFAs) are

promising new materials for improving the device efficiency, and their solid-state ar-

rangement with respect to the electron donor polymer is critical for the charge mobility

and the performance of OPV devices. Although there have been numerous studies on

NFAs, most of the current understanding comes from empirical considerations, with

little atomistic-level interpretation of why and how the packing influences the charge

transport properties of these materials. In this work we describe large-scale (with up to

3462 atoms) DFT simulations for ground and excited states on a number of polymer-

NFA interfaces of realistic size, whose NFA domains consist of polymorphs of the same

materials. Hence, we bridged the gap between experimental evidence and the intuitive

expectation on the importance of intermolecular π-π stacking interactions in the NFA

phase. We show that low connectivity leads to highly localized excitons, whereas in

phases with a higher connectivity excitons are able to delocalize over multiple directions.

Remarkably, excitons with a three-dimensional delocalization were also observed, lead-

ing to isotropic mobilities, similarly to fullerenes. Furthermore, a lower charge-transfer

exciton binding energy and a lower energy loss between the lowest excitation of the poly-

mer and the first charge-transfer state in the interface were both observed in systems

characterized by a highly interconnected NFA phase. This suggests a higher probability

of exciton splitting for these interfaces, which could potentially lead to higher device

efficiencies.

Introduction

Non-fullerene acceptors (NFAs) have quickly replaced fullerenes in the state-of-the-art or-

ganic photovoltaic (OPV) devices: over the past few years reports of NFA-based modules
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breaking the 10% performance barrier have significantly increased,1–8 and power conversion

efficiencies (PCEs) higher than 15%9 and 17% (17.4% being the current reported performance

record10) were also achieved, making OPV devices competitive against other photovoltaic

technologies.

Among the pool of NFA materials, fused-ring electron acceptors (FREAs) show great

promise, as they possess many advantages with respect to fullerenes, such as better tunability

of the band gap, and a generally higher solubility, which is particularly important from a

large-scale production point of view to significantly reduce the production costs with respect

to fullerenes.11

Despite the numerous advantages, NFAs possess a bi-dimensional molecular geometry

that in the solid state may hinder the mobility of the charge carriers, whereas the spherical

shape of fullerenes (and their derivatives) allows three-dimensional percolation pathways,

and thus high mobilities along the three dimensions, with values up to two orders of mag-

nitude higher than typical FREA molecules.12–14 The reason behind the difference in the

performance does not only lie in their molecular shape, but also in their molecular packing

in the solid state, as charge transport properties are generally understood to be significantly

dependent on the molecular packing.15–17 Particularly important for charge transport are

the van der Waals interactions between the molecules in the crystal phase, with π-π stacking

playing a crucial role: both the number and the strength of these interactions may favor the

formation of charge transport pathways in the solid state.18,19

Structurally, FREAs are composed by a linearly fused aromatic central block (also known

as the core), which is an electron-rich (donor) unit, with electron-poor (acceptor) blocks at-

tached to both the ends of the core. Given their molecular structure, FREAs are also referred

to as A-D-A molecules. Due to the presence of bulky alkyl side chains attached to the core, it

is believed that strong π-stacking interactions in the crystal arrangement occur almost exclu-

sively via the terminal acceptor moieties: this suggests that the charge transport pathways

in the solid state are given by the orientation of these A-to-A close contacts.20 Atomistic
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molecular dynamics (MD) simulations on ITIC, one of the most popular NFA materials,

underlined the importance of these A-to-A close contacts for an efficient charge transport.21

Our meta-analysis on the molecular organization of non-fullerene acceptors22 also corrobo-

rates this hypothesis via a thorough analysis of the topological connectivity, intermolecular

close contacts, and charge transport density functional theory (DFT) calculations on a se-

ries of experimentally-determined NFA crystals. Charge carrier mobilities in the solid state

were estimated by the calculation of electron effective masses, and results demonstrated that

NFA crystals characterized by π-stacking interactions along the three dimensions show a

more isotropic charge transport with respect to less interconnected packing arrangements.

Although important, these considerations do not take into account the presence of the

donor phase (i.e., the π-conjugated polymer), as BHJs rely on the interaction between the

electron acceptor and the electron donor materials. While there exists a large number of

computational studies on the interaction between polymer and fullerenes,23–27 the literature

regarding the polymer-NFAs interaction is still limited. Few examples include the work of

Wouk de Menezes et al.,28 who carried out TDDFT calculations on small PTB7-th:ITIC

interfaces to investigate the influence on the interfacial distance with respect to charge-

transfer (CT) states, and the work of Shi et al.,29 who explored the electron transfer of

a p-DTS(FBTTh2)2:NIDCS-MO blend within the framework of semiclassical Marcus the-

ory. Ab initio simulations on polymer-NFA interfaces are not trivial to perform, as it is

not straightforward to understand how NFAs couple with the polymer. In addition, bulk

heterojunctions are not easy to model with atomistic molecular simulations (such as DFT)

due to their inherent complexity which would require, ideally, models composed of thousands

of atoms, a number out of the reach of conventional DFT codes. To overcome this issue,

we carried out ab initio simulations with the ONETEP code for linear-scaling DFT, which

allowed us to study systems composed of more than 3000 atoms.

In this work we follow up on our aforementioned studies on the relationship between

packing motif and mobility of NFA crystals, and we focus on the charge separation and
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exciton dissociation step of the photovoltaic process in OPV. We coupled six different NFA

crystals with a donor polymer, and we performed both ground- and excited-state calculations

with DFT and TDDFT, respectively, focusing on the charge-transfer energies. We chose to

consider two popular NFA molecules, ITIC30 and 4TIC,31 and for each of those we took

three polymorphs, which by definition are characterized by the same molecular structure

but arranged in different packing motifs, which could possibly also lead to different charge

transport percolation pathways. We modelled the donor polymer as a derivative of PBTZT-

stat-BDTT-8, a high-performing D-A copolymer developed by Merck.32 By coupling this

polymer with polymorphs of the same NFA molecules, we were not only able to investigate

some of the aspects of the physics behind the CT process of fullerene-free BHJs, but also to

explore the effect of different molecular arrangements on (i) the CT states of these interfaces,

(ii) the exciton (de)localization, and (iii) the charge-transfer (CT) exciton binding energy

(ECT
B ), i.e., the energy barrier that the exciton needs to overcome to split into a free electron

and hole.

This work was enabled by the use of linear-scaling (TD)DFT with the ONETEP code,

without which it would have been extremely challenging to consider NFA-polymer interfaces

with the appropriate size and polymorphs. This study is organized as follows: in the following

section (Methods) we present an overview of the concept behind linear-scaling DFT in the

ONETEP code, and the setup details of our simulations (i.e., the computational parameters

and a detailed description of our polymer-NFA models). The results of our simulations are

then presented and discussed in Section 3, and conclusions are drawn in the final section.

Methods

ONETEP Program

ONETEP (Order-N Electronic Total Energy Package)33 is an ab initio linear-scaling DFT

code which allows O(N) scaling of the computational and memory calculation requirements
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with respect to the total number of atoms N in the system of study, while ensuring at the

same time near-complete basis set accuracy. ONETEP relies on the reformulation of density-

matrix DFT: the conventional single-particle density matrix, ρ(r, r′), is re-expressed in the

following separable form:

ρ(r, r′) =
∑
αβ

φα(r)Kαβφ∗β(r′) (1)

where φ(r) are localized atom-centered orbital functions known as nonorthogonal general-

ized Wannier functions (NGWFs)34 and K is density kernel. Note that this expression is

equivalent to:

ρ(r, r′) =
∑
i

fiψi(r)ψ
∗
i (r
′) (2)

which is the conventional expression of the density matrix, where fi is the occupancy of the

state ψi(r), a Kohn-Sham orbital function.

Linear-scaling behavior is achieved both by strictly localizing the NGWFs within a set

radius and by spatial truncation of the density kernel K: these ensure sparsity of the density

matrix ρ(r, r′). On the other hand, near-complete basis set accuracy is obtained through the

self-consistent optimization of both the density kernel and the NGWFs during a calculation.

In addition, by the expansion of the NGWFs in a basis of periodic sinc (psinc) functions,35

ONETEP conveniently relies on the plane-wave formalism.

Simulation Details

Table 1: Overview of some of the relevant crystallographic information of the
ITIC and 4TIC molecular crystals considered in this study.

backbone CCDC no. crystal system space group motif π-π stacking
ITIC21 1575971 triclinic P1 herringbone 0D
ITIC36 1885952 triclinic P1 brickwork 2D
ITIC22 1942949 triclinic P1 brickwork 2D
4TIC22 1942947 monoclinic P21/c herringbone 0D
4TIC22 1942948 triclinic P1 brickwork 2D
4TIC31 1541584 triclinic P1 reticular 3D
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Figure 1: Molecular structure of the analogue of PBTZT-stat-BDTT-8 considered in this
work, together with the non-fullerene acceptors ITIC and 4TIC.
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Figure 2: Molecular arrangements of the six molecular crystals used in this work. The direc-
tions of the interactions relevant for this study are also shown, with d1 being orientated along
the A-D-A backbones, d2 being aligned along the separation distance between conducting
planes of molecules, and d3 being orientated along the cofacial π-stacking direction. Due
to the higher geometrical complexity of reticular structures, d1 and d2 were defined as per
figure. Herringbone structures by definition lack of strong π-stacking interactions along both
d1 and d3, and there is no obvious way to define d2: for these reasons no directions were
shown in the figure. Hydrogens, side chains, and solvent molecules were hidden for clarity.
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In this work we focused on the interaction between a model polymer and two NFA

structures, ITIC and 4TIC, whose chemical structures are shown in Figure 1. The aim was

to investigate with DFT and TDDFT simulations the influence of different ITIC and 4TIC

packing motifs on the excited-state properties of polymer-NFA interfaces. We built our model

polymer based on an analogue of PBTZT-stat-BDTT-8 (see Figure 1), and we modelled it as

a linear alternating block copolymer composed of four A-D repeat units, with a total of 222

atoms. To model the NFA phase, we considered six experimentally-determined molecular

crystals in total, three for both ITIC and 4TIC, each with a different packing motif. We

point out that the three ITIC (and the three 4TIC) crystals are not all polymorphs sensu

stricto, as in a few cases the side chains are either different or attached to the core in different

positions. However, since this study is mainly focused on excited-state properties (which in

general involve the A-D-A backbone only), and since some of the atoms present in the side

chains were not properly resolved in the X-ray diffraction (XRD) analyses, we removed all

the side chains. Moreover, since the presence of solvent molecules in some crystals was

masked due to, once again, a poor resolution of their atomic positions in the XRD analyses,

solvent molecules were also eliminated. This led to three crystals of ITIC and three crystals

of 4TIC containing the atomic positions of the A-D-A backbones only, and therefore from

this point onwards we will refer to these as polymorphs, as the backbones are the same for

each set of structures.

Table 1 shows an overview of some of the relevant crystallographic information of both

ITIC and 4TIC molecular crystals, and particularly important for this work are the packing

motif and the π-stacking dimensionality. The latter is defined as the dimensionality of the π-

π overlap between the terminal units of each NFA molecule in the crystal, in other words, the

acceptor-to-acceptor (A-to-A) close contacts. For a more detailed discussion on the packing

dimensionalities and the corresponding charge percolation pathways, the reader is referred

to our meta-analysis on the molecular organization of non-fullerene acceptors.22 Examples

of the packing arrangements are shown in Figure 2: as it can be observed, a 0D herringbone
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packing motif is characterized by no (or very weak) A-to-A π-π contacts, whereas both 2D

and 3D motifs allow multiple A-to-A close contacts along different directions. Particularly

interesting is the reticular 3D packing, in which, despite the flat bi-dimensional structure

of A-D-A molecules, the π-π contacts in the solid state allow, in principle, a more isotropic

charge transport in the three dimensions, thus potentially overcoming the main issue of NFAs

with respect to fullerenes. In principle, the 2D brickwork arrangement, as the name suggests,

allows charge percolation pathways along two directions only, that is, along the molecule

backbone (d1) and through the A-to-A π-stacking direction (d3); however, a more twisted

arrangement of the molecules along d1 could lead to interactions also along d2, as in the case

of the two brickwork ITIC polymorphs: in both structures the intermolecular distance along

d2 is, in some cases, less or close to 3.5 Å (see Figure S1 and S2 for more details). Moreover,

in the more twisted polymorph some A-to-D close contacts can also be observed (Figure S2),

and we would expect an even stronger interaction between planes along d2. Indeed, even

though from a geometrical point of view the crystal arrangement is brickwork, our previous

calculations suggested that, in terms of mobility, the material behaves like a reticular 3D

structure.

With the aim of building NFA phases representative of the aforementioned π-stacking

dimensionalities in the solid state, we cut suitably large sections of each solid, and we ob-

tained three ITIC-based crystal sections with 24 molecules in total, whereas in the case of

4TIC we obtained three crystal sections composed of 30 molecules. We cut these sections in

such a way that for each of those only three A terminal groups were able to interact with

the polymer chain in a face-to-face π-stacking arrangement; the intermolecular distance be-

tween the polymer and the NFA phase was set to 3.4-3.5 Å, and this value was obtained by

performing some exploratory calculations on a small 1-to-1 composite (details of this will be

presented below). We stress here that there exist many different ways in which the sections

could have been extracted from each crystal, and also many ways in which the NFA and

the polymer phases could have been coupled. For these reasons, the strategy that we used
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Figure 3: Structures of the ITIC and 4TIC interfaces with polymer constructed and studied
in this work. Hydrogen atoms were hidden for clarity.
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to extract the NFA sections and to construct the interfaces was to ensure full comparability

of results between polymorphs: each ITIC (4TIC) interface consists of the same number of

atoms and molecules, and both the interphase distance and the number of interactions with

the polymer are also the same. The resulting ITIC-based and 4TIC-based interfaces, whose

structures are shown in Figure 3, are composed of 3246 and 3462 atoms each, respectively.

From this point onwards we will refer to each interface as the name of the NFA molecule

and the dimensionality of the π-stacking network, e.g., 4TIC-0D, 4TIC-2D, and 4TIC-3D,

as the polymer molecule does not change. To distinguish the two ITIC brickwork motifs we

will use the 2Da and 2Db nomenclature, and the corresponding interfaces will be ITIC-2Da

and ITIC-2Db (see Figure 2 and 3).

Ground- and excited-state calculations were performed with the ONETEP code using

the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional37 and norm-conserving

pseudopotentials to model core electrons. Dispersion interactions were taken into account by

including the empirical D2 dispersion correction by Grimme.38 A psinc kinetic energy cutoff

of 800 eV was used, and the NGWFs radius was set to 9.0 bohr for every atomic species.

We used 4 NGWF functions for the C, N, O, S atoms, and 1 for H atoms. These settings

were used in single-point, conduction bands optimization,39 and full TDDFT40 calculations.

All simulations were performed in the vacuum and at the Γ-point only. We note that no

geometry relaxation was performed on the atomic positions of the NFA phases in the large

interfaces, the only exception being the hydrogen atoms, whose atomic coordinates were

adjusted with the software Materials Studio.41 This was done not to disrupt the arrangement

of the backbones in the solid state, which would lead to different crystal packings with

respect to the experimental structures, and to ensure that the simulations were carried out

on experimental data only. A geometry optimization was performed only on a small 1-

to-1 dimer-NFA model composite, to obtain the optimal interphase distance, and this was

carried out with ONETEP by using the same parameters outlined above. Since at present

only nonhybrid functionals are available in ONETEP for TDDFT calculations, excited-state
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simulations on the large interfaces were performed using the PBE functional, which is known

to have some limitations when describing CT states (the energies of this type of transitions

are generally underestimated). However, we also note that calculations on polymer-NFA

interfaces of this size have never been performed with ab initio methods, to the best of our

knowledge; moreover, we expect that qualitative results can be obtained also with GGA

functionals. Nevertheless, to investigate the behaviour of GGAs against hybrid functionals,

we performed a set of exploratory calculations on a small 1-to-1 model composite: TDDFT

calculations were performed with Gaussian 0942 using both PBE and B3LYP43,44 functionals

with the def2-SVP basis set,45,46 and results in terms of ground-to-excited-state density

difference map were compared.

Exploratory investigation of small 1-to-1 polymer-ITIC composites

Modelling a polymer is relatively straightforward, however, modelling the NFA phase is a

more challenging task, since large NFA domains consisting of more than a few molecules

are required in order to represent crystal polymorphs correctly. In addition, the flat bi-

dimensional geometric shape of common A-D-A NFAs adds an additional layer of complexity

when modelling this class of materials, since, as opposed to fullerenes, there is no obvious

way to stack a NFA molecule on top of a polymer chain. For these reasons, we first focused

on a small composite model system, and the results obtained aided in the design of the much

larger interfaces. The 1-to-1 model was composed of a PBTZT-stat-BDTT-8 dimer and one

molecule of ITIC.

We first investigated the packing arrangement by computing the polymer-NFA composite

binding energy (EB), defined as:

EB = EPN − (EP − EN) (3)

where EPN is the total energy of the whole composite, whereas EP and EN are the total
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face-to-face

edge-to-face

Figure 4: Structure of the two limiting cases of the stacking arrangement of ITIC-polymer
composite, face-to-face and edge-to-face. Hydrogen atoms were hidden for clarity.

energies of the polymer chain and the NFA phase (in this case one single ITIC molecule),

respectively. We chose to explore two limiting cases, that is, a face-to-face and an edge-to-

face arrangement (see Figure 4) and we paired ITIC with the dimer by coupling the acceptor

block of the dimer with the terminal acceptor group of ITIC. We chose this positioning for

two reasons: on the one hand, previous studies suggested that the electron-acceptor phase

tends to couple more efficiently with D-A polymers when it interacts with their A blocks

(higher PCEs are generally observed),47 whereas, on the other hand, the presence of the

bulky alkyl side chains in the central D unit of ITIC (but also 4TIC) is likely to cause a

significant steric hindrance, essentially leaving only the ITIC acceptor terminal groups steri-

cally available. Calculations on EB showed that the face-to-face arrangement is significantly

more favored than the edge-to-face, as the composite binding energy is roughly six times

stronger (0.6 eV against 0.09 eV): this is not entirely unexpected since, intuitively, in a face-

to-face arrangement both molecules are able to interact via a cofacial π-π stacking, whereas
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in the edge-to-face case the portion of ITIC interacting with the dimer is much smaller. A

subsequent geometry relaxation of the small face-to-face model composite showed that the

optimal stacking distance is 3.4-3.5 Å, in agreement with previous computational studies on

small polymer-NFA composites.28,48

B3LYP

PBE

1 53 42

6 108 97

PBE

B3LYP

Figure 5: Comparison between PBE and B3LYP EDD maps of each computed TDDFT
transition of the face-to-face dimer/ITIC model composite. Charge accumulation is shown
in cyan, whereas charge depletion in orange.

TDDFT calculations on the face-to-face composite were performed, and we computed the

first 10 excited states. For each state we then plotted the ground-to-excited-state electron

density difference (EDD) map, and results were compared between PBE and B3LYP func-

tionals. As shown in Figure 5, EDD maps are qualitatively not dissimilar between the GGA

and the hybrid functional, to some extent: for instance, states 1, 2, 4, 5, 6, and 10 all have a

CT character with both functionals. However, as expected, PBE predicts a higher number

of CT states in the low-energy part of the spectrum and before the dimer first excited state

(S1), whereas with B3LYP we were able to assign two CT states which were ∼0.3 eV lower

in energy than the dimer S1 state. We calculated the energy difference between the PBE

first CT state and the corresponding B3LYP CT state, which is 0.69 eV. We then used this

value to rigidly shift and correct the excited state transition energies of the large ITIC- and
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4TIC-based interfaces, to overcome the systematic GGA underestimate of CT energies and

to rescale those with respect to B3LYP. We assumed that, given the significantly smaller

energy range in which the computed excited states of the large interfaces lied with respect to

the 1-to-1 composite (∼3-4 times smaller than 0.3 eV), and given the fact that these states

all had a CT character, PBE and B3LYP would lead to qualitatively similar TDDFT results

in terms of exciton electron and hole densities. However, we note that when computing the

charge-transfer exciton binding energies (ECT
B ) no shift was applied; we estimated ECT

B via

the following equation:49

ECT
B = ECS − ECT1 = (IP− EA)− ECT1 (4)

in which ECS is the energy of the charge-separated state, which can be estimated as the

difference between the ionization potential (IP) and the electron affinity (EA) of the poly-

mer and the NFA in the interface, respectively;50 IP and EA were computed via a ∆SCF

procedure. Finally, ECT1 is the energy of the lowest interfacial CT state.

Results and Discussion

Calculations showed that different packing motifs of the NFA phase affect the ground-state

properties of this class of materials, as can be observed from Figure 6, which shows the

density of states (DOS) of both ITIC- and 4TIC-based interfaces, together with the local

DOS (LDOS) projected on the polymer chain. Generally, the polymer has a very small

contribution to the total DOS, and this is due to its limited size if compared to all NFA

domains (∼200 atoms against ∼3000 atoms); moreover, its LDOS shows little to no difference

regardless of the NFA phase it is coupled with. We conclude that the changes in the total

DOS can be attributed almost exclusively to the polymorphism of the NFA phase. For both

ITIC and 4TIC class of interfaces, differences in the DOS can be observed at both lower and

higher energies with respect to the Fermi level, and this suggests that NFA polymorphism
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Figure 6: DOS of the six NFA-polymer inerfaces considered in this work. For each interface
the total DOS (full line) and the local DOS projected on the polymer chain (dashed line)
are shown. The DOS were centered around the Fermi level of each interface, and a Gaussian
smearing of 0.1 eV was applied.

17



affects both the valence and the conduction bands of the whole interface. For instance,

while the edges of the first conduction bands of 4TIC-2D and 4TIC-3D almost overlap, the

conduction band edge of 4TIC-0D occurs at lower energies; a similar trend is also found

in the ITIC-based interfaces. As a consequence, we expect also the band gap of the whole

interfaces to be virtually affected by the NFA polymorphism, and indeed this is confirmed

by our results, which show an increasing trend that can be linked to the increased π-stacking

dimensionality of the NFA phase. We found an increase of 0.1 eV in the ITIC interfaces, and

about 0.25 eV in the 4TIC-based structures.
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Figure 7: Comparison between excited-state spectra of ITIC- (top three plots) and 4TIC-
based (bottom three plots) interfaces. A rigid shift was applied to each plot to correct the
values of the transition energies with respect to B3LYP, as previously discussed.

We then performed TDDFT calculations on each interface, and we computed the first

5 excited states. These were all found to have a CT character, since each state involved a

transition from the polymer to the NFA domain. A breakdown of every transition is shown
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Table 2: Breakdown of the first five CT states for each of the ITIC- and 4TIC-
based interfaces considered in this work.a

ITIC 4TIC
CT 0D 2Da 2Db 0D 2D 3D
1 H → L H → L H → L H → L H → L H → L
2 H → L+1 H → L+1 H → L+1 H → L+1 H → L+1 H → L+1
3 H → L+2 H → L+2 H → L+2 H → L+2 H → L+2 H → L+2
4 H → L+3 H → L+3 H → L+3 H → L+3 H → L+3 H → L+3
5 H → L+4 (0.89) H → L+4 (0.81) H → L+4 H → L+4 (0.94) H → L+4 H → L+4 (0.58)

H → L+5 (0.10) H → L+5 (0.18) H → L+5 (0.05) H → L+5 (0.42)
a Note that every transition has a charge transfer character, and therefore every

electron-donating orbital (H) is located on the oligomer while every electron-accepting
orbital (L) is located on the NFA phases.

in Table 2, in which it can be seen that each of those occurs from the HOMO level of the

polymer to the LUMOs of the NFA domain. In addition, most of the CT states have a pure

HOMO → LUMO character, however, CT5, which is the energetically highest CT state,

shows a mixed character in the majority of the interfaces. Figure 7 shows the excited-state

spectra of both ITIC- and 4TIC-based interfaces, obtained with TDDFT: for both these

types of materials the CT energies are affected by the polymorphism of the NFA phase, in

line with our previous results in the ground state. It appears that the higher the π-stacking

dimensionality is, the higher the energy of the transitions becomes, that is, 0D → 2D → 3D.

Moreover, it is clear that this effect is non-negligible, as for ITIC we observe a shift of ∼0.10

eV in the energy of the lowest CT state (CT1), whereas for 4TIC this shift is more intense, on

the order of ∼0.25-0.30 eV. This is quite remarkable, since, as previously discussed, interfaces

are constructed in the same way, and the only factor which differs is the packing motif of

the NFA domain. This implies that the excess energy (i.e., the energy loss resulting from

the exciton generation upon photoabsorption in the polymer phase) is lower when the NFA

domain is more interconnected, as this quantity is essentially the difference between the first

singlet state S1 of the polymer and the CT1 state of the polymer-NFA interface. We note that

this excess energy would dissipate into heat, and therefore it would be essentially wasted, as

shown by recent experimental studies.51–53 Moreover, a minimization of this quantity leads
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to an increased PCE towards the Shockley–Queisser limit.54

We also investigated the effect of polymorphism on the charge-transfer exciton binding

energy (ECT
B ) of the interfaces. We computed ECT

B for each of the interfaces studied in this

work, and results suggested that polymorphism does significantly have an impact on this

quantity as well. We found that the higher the π-stacking dimensionality is, the lower ECT
B

becomes: in the case of ITIC interfaces, binding energies were found to be 1.10 eV, 0.80 eV,

and 0.71 eV for ITIC-0D, ITIC-2Da, and ITIC-2Db, respectively, whereas in the case of 4TIC

interfaces, values were 0.38 eV for both 4TIC-0D and 4TIC-2D, and 0.25 for 4TIC-3D. This

significant decrease in ECT
B can be linked to a higher delocalization of the CT states of both

ITIC-2Db and 4TIC-3D which favors the hole-electron splitting, as it increases the exciton

separation distance. This is corroborated by the exciton hole and electron density plots,

which will be discussed below. We note that ECT
B is strongly material-dependent, and this

justifies the different values between ITIC- and 4TIC-based interfaces. However, we point

out that the trend is the same for both types of interfaces. We also note that the estimated

ECT
B are not too dissimilar from experimental results on organic semiconductors.49,55

Interestingly, we note that both the exciton binding energy and the excess photon energy

decrease when the dimensionality of the π-π network increases, and this strongly suggests

that the probability of exciton splitting is much higher in polymer-NFA interfaces composed

of highly interconnected NFA domains.

Finally, fundamental to the understanding of the physics of charge transfer are the ex-

citon hole and electron density plots, which can be obtained with TDDFT and are shown

in Figure 8 and Figures S3-S20. We note that the plots of both ITIC- and 4TIC-based

interfaces confirm that all the computed transitions have a charge-transfer character, since

the exciton hole density is always localized on the polymer chain only, whereas the exciton

electron density is always found on the NFA phase exclusively. Notably, the (de)localization

of the electron densities seems to depend significantly on the π-stacking dimensionality of

the NFA domain, and in other words, on polymorphism, at least for the materials taken into
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Figure 8: Exciton hole and electron density plots relative to the first CT state (CT1) of the
ITIC- and 4TIC-based interfaces. The exciton electron density is shown in cyan, whereas
the exciton hole density in orange. Hydrogen atoms were hidden for clarity.
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consideration in this work: both ITIC-0D and 4TIC-0D are characterized by rather localized

transitions, the exciton electron density involving clusters of two/three near molecules for

ITIC-0D, and only one single molecule for 4TIC-0D. These results suggest that the lack of

strong π-π interactions between the NFA molecules (in particular cofacial A-to-A π-stacking)

leads to localized excitons, which strongly hinders charge transport, and consequently, also

device performance. It is important to point out that this does not necessarily mean that

molecules with a herringbone packing motif do not interact and/or possess near-zero mo-

bilities, but we would expect these to perform worse than molecules arranged with higher

connectivities. This is confirmed by Han et al., which estimated the average mobility of the

herringbone ITIC to be significantly lower than the average mobility of a more interconnected

ITIC arrangement.21 We also note that the interaction strength also strongly depends on

the chemical nature of the molecule itself: for instance, the CT transitions of 4TIC-0D are

significantly more localized than ITIC-0D, and we would probably expect a worse average

electron mobility for the first.

The brickwork arrangement would allow, in principle, for charge percolation pathways

along two directions, and this is particularly visible in the electron densities of 4TIC-2D: in

fact, it is possible to observe that most of the states delocalize along the 4TIC backbone

(direction d1, as previously defined and shown in Figure 2) and also along the perpendicular

π-stacking direction (d3 in Figure 2). Consistently with the packing motif, no CT state

shows delocalization along the d2 direction, as the molecules are too far away to be able

to interact. Contrary to this, the exciton electron densities of ITIC-2Da also extend over

molecules belonging to different conducting planes along d2. As previously discussed, this

is the result of the backbone twisting along d1. We also note that the only state whose

delocalization is significant is the highest CT5: we attribute this behavior to the fact that

this is an energetically high-lying CT state, and we expect it to be more delocalized.56

Particularly interesting are the electron densities of ITIC-2Db and 4TIC-3D, as results

show that these are both more delocalized with respect to their counterparts, and this is
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consistent with our calculations of effective masses, which showed very good (in the case

of ITIC-2Db), and good (in the case of 4TIC-3D) mobilities along d1, d2, and d3. ITIC-

2Db presents electron densities that are delocalized over multiple molecules, and along the

three dimensions of the NFA phase; 4TIC-3D, although been less delocalized, also presents

electron densities that span the three dimensions. We note that this is once again consistent

with our previous calculations, which showed that 4TIC-3D performs worse than ITIC-2Db

in terms of effective masses. We stress here that a 3D molecular arrangement does not

ensure necessarily to achieve high mobilities and high device performances: for instance, we

found that the average effective mass of 4TIC-3D is still more than double the average mass

of ITIC-2Db (0.88 me against 0.40 me), although we would expect a better performance if

compared to 0D materials, and a large part of 2D materials. What does matter is that in

principle an interconnected packing motif allows delocalized electron densities and isotropic

mobilities, which are both typical of fullerene crystals. Nevertheless, we point out that

although we generally observed an increased delocalization of the exciton with respect to the

π-stacking dimensionality, calculations on polymer-fullerene large interfaces showed that the

exciton electron density of fullerenes is still significantly more delocalized than the highly

interconnected crystals considered in this work, as fullerenes are inherently symmetrical

molecules.57 However, we showed that by acting on their crystal packing only, the anisotropic

behavior of NFAs can be significantly reduced.

Conclusions

The active layer in OPV devices is the bulk heterojunction, which is a mixture of polymer

(electron donor) and an electron acceptor material (typically functionalized fullerenes), and

it is crucial for the device operation, as this is where excitons are split into electrons and

holes to produce current. Non-fullerene acceptors are promising new materials for improving

the device efficiency, and their solid-state arrangement with respect to the electron donor
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polymer is critical for the charge mobility and the performance of OPV devices. In order to

understand the importance of the solid-state arrangement, we performed large-scale (with

up to 3462 atoms) DFT and TDDFT simulations on a number of polymer-NFA interfaces

of realistic size, whose NFA domains consisted of polymorphs of the same materials. We

investigated the role of molecular packing on two sets of model interfaces, constructed by

coupling a polymer with three ITIC and 4TIC crystal polymorphs with different degrees of

π-π connectivity.

We found that polymorphism strongly affects both the electronic and optical properties

of polymer-NFA interfaces. In terms of ground-state properties, we found that both the

valence and the conduction bands, as well as the band gap, are significantly affected: more

specifically, a more interconnected π-stacking network causes an increase of the band gap,

which correlates with the change in the valence and conduction bands around the Fermi

level.

In terms of excited-state properties, polymorphism significantly affects both the energy

and the localization of the charge transfer states. We found that a higher connectivity of

the NFA phase correlates with a non-negligible upward shift (up to ∼0.3 eV in the case of

4TIC-based interfaces) of the energy of the first charge transfer state CT1, which leads to a

lower excess energy (i.e., the energy loss between the lowest excitation of the polymer and

the first charge-transfer state in the interface). We also found that the CT exciton binding

energy decreased by 0.4 eV from ITIC-0D to ITIC-2Db, whereas in 4TIC-based interfaces the

difference was ∼0.15 eV. Both these results point in the direction of a higher exciton splitting

probability in interfaces characterized by NFA phases with high π-stacking connectivities.

The TDDFT electron-hole density plots confirmed that the computed states had all a

polymer-to-NFA charge transfer character, as the exciton hole density was localized exclu-

sively on the polymer chain, whereas the exciton electron density was found exclusively on

the NFA domain. By investigating the spatial localization of the exciton electron density

on the different NFA domains we were also able to qualitatively explain how the stacking of
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π-conjugated motifs determines charge transport. We found that if the π-stacking dimen-

sionality is low, as in the case of the herringbone packing, the exciton electron density is

localized. For these interfaces we would expect generally low and strongly anisotropic total

mobilities, as no continuous charge percolation pathways were observed; previous studies

on ITIC confirm this hypothesis.21 On the contrary, we found that highly interconnected

packing motifs, such as the reticular 4TIC-3D, lead to a higher degree of delocalization of

the exciton electron density along the three dimensions, similarly to what we observed on

fullerene clusters in our previous work,57 and therefore we expect a more isotropic mobility.

Brickwork packing motifs showed an intermediate behavior in terms of exciton electron den-

sity (de)localization, and we attributed this to the twisting angle of the molecules stacked

along the d1 direction (roughly parallel to the backbone). For instance, the charge-transfer

states of 4TIC-2D delocalize over the d1 and d3 directions, but never along the d2 direction,

as the corresponding intermolecular distance is high. In the case of ITIC-2Da we observed a

similar behavior, but given the shorter intermolecular distance along d2, we found that the

exciton electron density could, in some cases, delocalize along that direction too. Finally,

ITIC-2Db is characterized by a more significant twisting angle, and that led to a high molec-

ular interconnection between conducting planes, reflected by the exciton electron density

which delocalizes along the three dimensions like in a reticular packing motif.

This study provided important insights into the properties of polymer-acceptor interfaces

and into the importance of the molecular packing of non-fullerene acceptors, and contributes

towards the design and commercialization of high-performing fullerene-free OPV devices.

We expect our results to be useful in this sense, and we hope these would further inspire

research towards optimal crystal engineering of NFAs.
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