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The acceptor crystallinity has long been associated with favourable Organic Solar Cell (OSC) properties

such as high mobility and fill factor. In particular, this applies to acceptor materials such as fullerene

derivatives and the most recent Non-Fullerene Acceptors (NFAs), which are now surpassing a Power

Conversion Efficiency (PCE) of 19%. Although these advantages are commonly attributed to their 3-

dimensional crystal packing motif in the single crystal, the bridge that links the acceptor crystal packing

from single crystals to solar cells has not clearly been shown yet. In this work, we investigate the

molecular organisation of seven NFAs (o-IDTBR, IDIC, ITIC, m-ITIC, 4TIC, 4TICO, and m-4TICO),

following the evolution of their packing motif in single-crystals, powder, and thin films made with pure

NFAs and donor:NFA blends. We observed a good correlation between the NFA single crystal packing

motif and their molecular arrangement in the bulk heterojunction. The NFA packing motif affects the

material's propensity to form a highly crystalline domain in the blend. We specifically found that 3D

reticular packing motifs show stronger ordering than 0D herringbone ones. However, the NFA packing

motif is not directly correlating with device performance parameters. Although higher NFA crystallinity

yields higher mobility, we found the domain purity to be more important for obtaining high efficiency

organic solar cells by governing bimolecular recombination.
Introduction

The recent surge in OSC performance, now exceeding 19%,1,2

results from the development of NFAs.3–8 Previous work centred
around fullerene based acceptors has drawn a connection
between the molecular design/shape and the formation of
highly interconnected acceptor domains and charge percolation
pathways towards the electrodes, resulting in superior charge
transport properties and high Fill Factors (FF) in OSCs.9–12

Moreover, recent studies attributed the improved performance
and charge transport of state of the art NFAs to their 3D-
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interconnected crystal packing motif (Fig. 1).5,7–9,13–18 It is thus
important to develop a clear understanding based on concrete
evidence of the relationship between the NFA molecular
packing and crystallinity in the bulk heterojunction and the
charge transport properties and performance of OSCs.

A growing variety of NFA single-crystals are now being
reported,8,14,15,19–32 from which useful information on the molec-
ular packing can be derived. Still, bridging the molecular scale
frommolecular packing in single-crystals to the one found in Bulk
Heterojunctions (BHJs) needs more detailed investigations.10,32,33

The identication of the packing motif of the NFA within
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Fig. 1 Sketch of the different molecular packing motifs observed in Acceptor–Donor–Acceptor (A–D–A) type NFA crystal structures and
labelled according to the dimensionality of the p–p stacking.
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a donor:acceptor blend is a challenging task, yet the structural
analysis is commonly based on Grazing Incidence Wide Angle X-
ray Scattering (GIWAXS) patterns that lack enough diffraction
features for the structural determination. The analysis of themain
Bragg peaks of the NFA, oen referred to as the lamellar (100) and
the p–p stacking (010) distances,34–36 is routinely considered
enough to draw conclusions. Misleading results can, however,
arise from the similar (if not overlapping) spectral features of the
donor and acceptor components in the q-space, the typical peak
broadening of organic compound isomers, polymorphism,37,38

and a general lack of long-range crystalline order.35

In this work, we used an extensive set of both experimental
and theoretical approaches to study the molecular packing and
morphology of a specic set of common NFAs (o-IDTBR, IDIC,
Fig. 2 Structure of an Acceptor–Donor–Acceptor (A–D–A) NFA with its
the top right) are identified with their chemical subunits (A, D and R gro

16264 | J. Mater. Chem. A, 2023, 11, 16263–16278
ITIC, m-ITIC, 4TIC, 4TICO, and m-4TICO, whose structures are
shown in Fig. 2), by means of single-crystal X-ray diffraction
(XRD), powder XRD and Le Bail renement, GIWAXS, Atomic
Force Microscopy (AFM), crystal lattice simulations, solid-state
NMR spectroscopy (ss-NMR), and Gauge Including Projected
Augmented Wave (GIPAW) DFT calculations. Our aim was to
analyse the NFA molecular packing, with a special focus on the
structural evolution from single crystals to solar cells. We
studied the molecular arrangement from single crystals, to
powders, and then thin lms and nally the morphology in the
bulk heterojunction (BHJ) to provide important insights into
the NFA arrangement in the BHJs. We analysed the most rele-
vant NFA packing motifs and polymorphs, discussing their role
in the solar cell morphology, current–voltage performance, and
building blocks on the top left. The NFAs studied in this work (table on
ups) whose chemical structures are also shown.

This journal is © The Royal Society of Chemistry 2023
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charge transport properties, such as electron mobility and
bimolecular recombination, by means of photo-CELIV (Charge
Extraction Linear Increasing Voltage) and MIS-CELIV (Metal–
Insulator–Semiconductor-Charge Extraction Linear Increasing
Voltage).
Experimental
General characterisation

UV-vis absorption spectra were recorded on an OceanOptics QE
PRO spectrometer using a tungsten halogen light source (HL-
2000-FHSA from OceanOptics). The HOMO levels of the
compounds in thin lms were obtained by measuring the lm
photoemission current onset with the Air Photoemission
Spectroscopy module (APS02) of the Kelvin Probe from KP
Technology Ltd. The Kelvin Probe was equipped with a 2.0 mm
diameter tip coated with gold alloy, a UV deuterium lamp, and
a monochromator (range 3.44–3.88 eV). LUMO levels were
estimated by adding the optical bandgap (determined from the
onset of the UV-vis absorption) to the measured HOMO.

IDIC single-crystal X-ray diffraction data were collected on
a Rigaku Oxford Diffraction Supernova diffractometer equipped
with a micro-focus sealed (Mo Ka) X-ray Source, CCD plate
detector and Oxford Cryostream N2 ow cryostat. The m-4TICO
crystal (CCDC deposition number 2236094) was collected on
a Rigaku FRE+ diffractometer equipped with VHF Varimax
confocal mirrors and an AFC12 goniometer and HyPix 6000
detector. The samples were mounted on Kapton loops from the
solution and shock-cooled to 173.0(2) K or 100.0(2) K. Cell
indexing and peak integration were performed with CrysA-
lisPro. Structural solution and renement were carried out with
ShelxT and ShelxL, respectively.

Powder X-ray diffraction was performed using a PANalytical
X'Pert PRO diffractometer with Cu Ka radiation. During the
measurement, the sample was kept at room temperature and
under ambient conditions.
GIWAXS

The GIWAXS experiments were carried out at the NCD-SWEET
beamline at the ALBA synchrotron (Beamtime ID:
2019093873). A monochromatic X-ray beam with a photon
energy of 12.4 keV was set using a Si (1 1 1) channel cut
monochromator, further collimated with an array of beryllium
lenses. The GIWAXSmaps were recorded with a Rayonix LX 255-
HS detector, consisting of a pixel array of 960 × 2880 pixels of
88.54 × 88.54 mm2 (H × V) for the binning employed. The
samples were thermally annealed before the measurements at
the optimised temperature for the solar cell performance (see
below) using a hotplate in air. GIWAXS frames were acquired
near the critical angle of the glass substrate (ca. 0.15° for the X-
ray wavelength employed), penetrating a depth of 11 nm for the
layer of interest,39 while minimizing the contribution of the
substrate.§ The recorded 2D scattering patterns were analysed
§ Cu Ka X-ray penetration depth on our lms is ∼11 nm for incident angles a =

0.11° (assuming the same critical angle of qc = 0.17°).

This journal is © The Royal Society of Chemistry 2023
using a home-made python routine based on pyFAI (the fast
azimuthal integration Python library).40 GIWAXS images are on
a logarithmic scale, ranging from dark blue (low intensity) to
yellow (high intensity). The in-plane and out-of-plane proles
were obtained by integrating the diffraction intensity in rect-
angular areas centred at c = 0° and c = 90° from c–q images
(scattering intensity as a function of the azimuthal angle). The
scattering peaks of the bulk structure were compared to the
experimental data using SimDiffraction, a MatLab code41 for
simulating the lm diffraction pattern for a given crystal
structure and orientation.42 For each NFA, the simulations were
performed by choosing a specic NFA orientation with respect
to the substrate (typically in-plane and out-of-plane). The Miller
indices (h k l) associated with the NFA packing direction were
determined by Mercury43 and used as input parameters for the
simulations. A better t between simulated and experimental
GIWAXS was obtained when using the unit cell parameters
obtained by Le Bail renement (see below) as input for the
simulations.

Solid-state NMR spectroscopy

For ssNMR experiments, O-IDTBR powder was packed into
a 1.3 mm (outer diameter) rotor. All 1D 1H and 13C, and 2D
1H–1H and 1H–13C correlation NMR experiments were carried
out on a Bruker Avance Neo (18.8 T) spectrometer using
a 1.3 mm double resonance H-X probehead tuned to 1H (Larmor
frequency, 800.1 MHz, unless otherwise stated) and 13C (Larmor
frequency, 201.2 MHz) nuclei. Unless otherwise stated, the
Magic Angle Spinning (MAS) frequency was 50 kHz in all cases.
The nutation frequencies for 1H and 13C were 100 kHz and 90
kHz, corresponding to 90° pulse durations of 2.5 and 2.75 ms,
respectively. The longitudinal relaxation time (T1) of 1H was
determined to be 3 s based on inversion recovery measurements
and analyses. The 1D 1H MAS NMR spectrum was acquired
using 16 co-added transients. A 2D 1H–1H double-quantum
(DQ)-single-quantum (SQ) NMR spectrum was acquired using
the Back-to-Back (BaBa) sequence at fast MAS,44 using a rotor-
synchronized t1 increment of 20 ms corresponding to one
rotor period (sr). The indirect 1H DQ dimension was acquired
using 256 t1 increments, each with 16 co-added transients,
corresponding to a total experimental time of ∼4 h. 1H detected
2D 1H–13C heteronuclear correlation (HETCOR) spectra were
acquired with CP contact times of 0.1 ms and 3 ms and the
indirect 13C dimension was acquired using 140 t1 increments,
each with 32 co-added transients, corresponding to a total
experimental time of 8 h each.

Atomic force microscopy

The thin lms were investigated by AFM both in contact and
dynamic modes using a commercial head and control unit from
Nanotec Electronica. The used thermal annealing protocol was
the one optimized for the devices (see Table S10†). For each
sample, aer each annealing step, different spots of the surface
were imaged (at several image sizes) to have a statistical validity
of the measurements. The images presented in the article are
chosen as high-resolution representative images of the surface.
J. Mater. Chem. A, 2023, 11, 16263–16278 | 16265
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Table 1 Crystallographic information of the NFA crystal structures available for the materials analysed in this work

CCDC Identier Molecule Motif p–p a (Å) b (Å) c (Å) a (deg) b (deg) g (deg) Volume (Å3)

FOSPOV58 o-IDTBR Reticular 3D 13.7663(2) 15.81032(17) 32.7146(3) 90 96.2928(12) 90 7077.43(15)
YEBKEY20 4TIC Reticular 3D 13.969(7) 17.144(9) 17.970(10) 104.668(16) 109.998(17) 96.169(14) 3822.08
VUBJIO19 m-4TICO Brickwork 2D 8.6526(3) 16.4878(8) 18.0435(8) 114.697(5) 103.822(4) 90.890(4) 2251.45(19)
2236094 m-4TICO Brickwork 2D 8.7845(7) 15.3726(13) 16.7896(13) 67.136(7) 85.678(7) 79.630(7) 2055.0(3)
VUBJOU19 m-ITIC Brickwork 2D 8.7454(13) 18.872(2) 25.2647(18) 87.770(8) 88.724(9) 78.001(12) 4075.1(9)
VUBKAH19 IDIC Brickwork 2D 8.6679(4) 12.5073(7) 13.5784(6) 72.096(4) 75.545(4) 88.839(4) 1353.88(12)
VUBJEK19 4TICO Herringbone 0D 15.2836(2) 20.0101(5) 29.3242(6) 90 89.997(2) 90 8968.1(3)
KIZSUK21 ITIC Brickwork 2D 8.420(6) 23.019(17) 23.126(17) 101.780(10) 95.319(10) 91.105(14) 4366(5)
HEHQUJ01 (ref. 19) ITIC Herringbone 0D 14.9009(7) 15.5043(4) 18.1199(5) 99.309(2) 101.541(3) 108.366(3) 3777.2(2)
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The estimation of the root mean square (RMS) roughness was
done selecting about 6 contact mode images (30 × 30 and 50 ×

50 mm2) for each temperature. Si3N4 V-shaped cantilevers
(Veeco) with the nominal force constant ranging between 0.03
and 0.5 Nm−1 were employed for the contact mode, while Cr/Pt-
coated silicon tips on rectangular cantilevers (BudgetSensors)
with a nominal resonance frequency of 75 kHz and a force
constant of 3 N m−1 were used for the dynamic mode. Open-
source Gwyddion soware was used to analyse all the pre-
sented AFM images,45 including the domain size calculation
which were done using the watershed algorithm.46 The input
parameters used for the watershed analysis can be found in the
ESI† (pages S20–S25).
Solar cell fabrication and characterisation

Inverted-architecture organic solar cells were fabricated by
blade coating of the organic layers on Indium Tin Oxide (ITO)/
glass pre-patterned 5 × 5 cm2 substrates (Zencatec Limited). A
detailed description of the fabrication of the interlayers and
electrodes, along with the experimental description of the
current–voltage (I–V) measurements can be found in the
experimental section of recent work from our group.37

Aluminium-doped zinc oxide from Avantama (N-21X-Slot) was
used for the electron transporting layer, while PEDOT:PSS
(Clevios Al 4083 from Heraeus) for the hole transporting layer.
All the NFAs were supplied by 1-Material Inc., with the only
exception of 4TICO (Merck KGaA). For the active layer, PBTZT-
stat-BDTT-8 (Merck KGaA) was used as the donor material47 in
combination with the NFAs listed in Fig. 2. Each blend was
dissolved in a 1 : 1.3 ratio (by weight) and 80 nm thick layers{
were processed from a 23 mg ml−1 solid content o-xylene
solution, without the use of additional additives. The blade
speed was adjusted between 7 and 13 mm s−1 to reach the
desired thickness with a 100 mm blade gap and 70 mL cast
volume. Casting plate temperature was varied between 60 °C
and 80 °C and the as-cast devices were further annealed at
temperatures ranging from 100 °C to 140 °C on a hot plate in air
following the optimisation protocol. A 100 nm silver back
electrode was thermally evaporated on top of the hole trans-
porting layer, under a pressure of 2 × 10−6 mbar at a rate of 1 Å
{ The active layer thickness was determined by using a Veeco DEKTAK 150 surface
prolometer.

16266 | J. Mater. Chem. A, 2023, 11, 16263–16278
s−1. Solar cells have a device area of ∼8.5 mm2, as determined
from the geometrical overlap between the cathode and anode.

Photo-CELIV

Photo-CELIV was performed using the Transient Measurement
Unit from Automatic Research. A 655 nm laser pulse (5 ms long)
was used to photo-generate charges into ∼8.5 mm2 area solar
cells. The linear increasing voltage ramp range was 0–1.5 V and
10 ms long. The delay time between the laser pulse and the
voltage ramp was varied between 0.1 and 100 ms, during which
a constant pre-bias voltage (close to VOC) was applied to limit the
charge injection. The charge mobility was determined by using
eqn (24) of ref. 48 on the 30 ms long delay time data collection.
The bimolecular recombination coefficient was calculated using
eqn (2) of ref. 49.

MIS-CELIV

MIS-CELIV50 was performed with a PAIOS system from Fluxim
AG, Switzerland. The layer stack was ITO/AZO/active layer/MgF2/
Ag with an insulating 50 nmMgF2 layer that blocks the injection
of holes so that the electron mobility is obtained. The chosen
thickness balances the layer's insulating properties with its
capacitance in relation to the absorber's capacitance. The other
layers are processed as for the solar cell devices with some
deviations in the annealing protocol discussed in the ESI.† A
small device area of ∼1 mm2 was chosen to minimize RC
effects. The offset voltage was typically varied between 0 V and 8
V and the ramp rate between 50 V ms−1 and 1600 V ms−1. The
latter allowed accounting for injection barrier effects.51 The
analysis was carried out following the diffusion-corrected eqn
(11) of ref. 51 with saturation and geometric displacement
current densities extracted from the CELIV curves.

Density functional theory calculations

Periodic DFT calculations on the o-IDTBR crystalline structure
have been performed using the CASTEP module with Materials
Studio soware. All calculations have been carried out with the
PBE GGA functional, a plane-wave energy cutoff of 50 Rydbergs
(680 eV) and a k-point spacing of 0.05 Å−1.52 The crystalline
structure of o-IDTBR has rst been full relaxed using the
Tkatchenko–Scheffler dispersion correction method, opti-
mizing both all atomic positions within the cell and unit cell
parameters. The resulting DFT-optimized cell parameters (a =
This journal is © The Royal Society of Chemistry 2023
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13.8706 Å, b = 15.5913 Å, c = 32.6925 Å, a = 90°, b = 96.0529,
and g = 90°) are in excellent agreement with the measured
crystallographic data in Table 1. NMR calculations have then
been performed on the optimized crystal structure using the
Gauge-Including Projector Augmented-Wave method (GIPAW);
reference shieldings of 31.09 and 179.02 ppm were used for 1H
and 13C, respectively.
Results and discussion
Structural analysis

A common way of classifying the organic semiconductor
packing motif is by observing its p–p stacking
dimensionality.19,53–56 A–D–A molecules (Fig. 2) in particular can
form highly interconnected domains through intermolecular
interactions between the acceptor units (A units) of adjacent
molecules.19,57 The percolation pathway that forms through p–p

stacking can develop along multiple directions of the crystalline
domain. Molecules can arrange through a brickwork pattern
with 2D percolation pathways, or through the so-called “retic-
ular” packing motif which is characterised by 3D-
interconnected domains. For herringbone crystal structures
the molecular backbones of adjacent units are orthogonal and
therefore lack p–p stacking (Fig. 1).

To reveal the NFA packing within the BHJ we started our
investigations from single crystals, which represent the perfect
platform to explore the inuence of the solid-state arrangement
on the charge transport. Most of the crystal structures analysed
in this work were previously resolved by our group,19 while
others were found in the literature. As indicated in Table 1,
some NFAs showed polymorphism. For instance, ITIC single
crystals can be found to be either 0D herringbone or 2D brick-
work motifs and m-4TICO also presents two different unit cells.

Single crystals represent the NFA molecular ordering of high
purity and large millimetre sized crystals grown under
controlled conditions (solvent vapour diffusion, see ref. 19) and
measured by XRD in a low-temperature (100 K) environment.
Thus, it is possible to observe substantial differences in the
molecular arrangement as we deviate from such ideal systems
towards the BHJ. Therefore, we wanted to understand how the
crystal packing changes by raising the temperature to ambient
conditions (200 K shi between single crystals and powder
XRD) and by disrupting the ideal growth conditions and long-
range crystallinity of NFA single crystals. As an intermediate
step, ss-NMR and XRD of puried NFA powder were performed.
In the main text, we limit our observations on o-IDTBR,
extending the analysis and discussion to the other materials in
the ESI† (pages S6–S9).
k Single crystal structures are measured under a continuous ow produced by
liquid nitrogen at 100 K, while powder diffraction is measured at 300 K.

** We assume in this rst step that the unit cell angles (a, b and g) are not varying
from the single crystal unit cell.
From single crystals to powder

o-IDTBR has a 3D reticular packing motif in the single crystal,58

characterised by close-contacts between the electron accepting
units (A units) of tilted adjacent molecules (Fig. 1). To under-
stand if this packing geometry is retained in powder samples,
we performed X-ray diffraction and ss-NMRmeasurements. The
powder diffractogram showed long-range crystallinity with well-
This journal is © The Royal Society of Chemistry 2023
dened Bragg peaks in the low-angle region (Fig. 3a). A partial
agreement exists between the experimental data and the
simulated 1D pattern of the single crystal structure, yet a certain
mismatch between the positions for most of the reections
suggests that a slightly different unit cell is formed in powder.
This can occur because of the temperature shi (200 K) between
the single crystal and powder XRD measurements,k which can
impact the long-range order, the local structures and packing
interactions. In a rst approximation,** we manually solved the
reciprocal-space metric tensor equation for monoclinic struc-
tures59 to derive the lattice parameters from the experimental
data (Table S1†). The spectral agreement between the “manu-
ally-rened” simulated diffractogram and the experimental data
improves (Fig. 3a), as the Goodness of Fit (GOF), Chi2 and
residuals (wR) parameters are now reduced. This means that
a better t is obtained aer the manual renement, and
therefore it is reasonable to assume a structural agreement
between the two phases. A further conrmation is obtained
when the lattice parameters and unit cell angles are derived
through Le Bail renement, suggesting that the structure
undergoes a volumetric expansion from the single crystal to the
powder phase (Table S1†), possibly resulting from the different
temperatures of the measurements (see ESI, Fig. S5 and Table
S2†) causing subtle changes in the local interactions.

To further conrm this behaviour, we performed NMR
crystallography analysis, which combines XRD, ssNMR spec-
troscopy and modelling (here rst principles calculations and
GIPAW-DFT based NMR chemical shielding calculations) tech-
niques to resolve atomic-scale interactions.60 Solid-state NMR is
particularly sensitive to the local structures of polymeric organic
semiconductors, NFAs and polymer:NFA blends.61–63 Here, we
carried out ssNMR crystallography analysis with the aim of
identifying the changes in local structures in crystals and
powder compositions (Fig. 3b–d). This is achieved by analysing
and comparing the 1H and 13C chemical shis of crystal struc-
tures as calculated by the GIPAW-DFT approach with the
experimentally measured 13C and 1H chemical shis for the o-
IDTBR powder. A detailed analysis of experimental 1D 1H, 13C
and 2D 1H–1H and 1H–13C correlation ssNMR spectra is pre-
sented in the ESI (Fig. S1–S4†). Periodic DFT optimised crystal
structures are shown in Fig. 3c, whereby the backbone–back-
bone and backbone–sidechain interactions are indicated by
so-rectangles (in red) and circles (in blue), respectively. Fig. 3b
and d compare the 2D plots of DFT-calculated chemical shis
generated byMagresView andMagresPython soware tools64 for
1H–1H and 1H–13C spin pairs within a 3 Å distance, overlaid on
the experimental 1H–1H double-quantum–single-quantum
(DQ–SQ) correlation and 1H–13C nuclear correlation spectra.
In 2D NMRmeasurements of this type, 2D peaks corresponding
to 1H–1H and 1H–13C proximities within sub-nanometre
distances in powder solids are detected. It is noteworthy that
a good correlation between the GIPAW-DFT calculated chemical
J. Mater. Chem. A, 2023, 11, 16263–16278 | 16267
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Fig. 3 (a) Powder XRD diffractogram overlaid with the simulated powder pattern of the single crystal structure. The inset shows the progressive
improvement of the fitting from the original fit to manual and Le Bail refinement. (c) Periodic DFT optimised crystal structure and highlighted
backbone–backbone (red boxes) and backbone–sidechain interaction (blue boxes). (b–d) DFT calculated 2D plots of the 1H–1H and 1H–13C
chemical shifts (red circles) overlaid on the experimental 1H–1H double-quantum–single-quantum (DQ–SQ) correlation and 1H–13C hetero-
nuclear correlation spectra (contours), respectively. The dashed blue rectangles indicate the minor changes in the backbone–sidechain
interactions when comparing the crystalline to the powder form, meaning that the p–p interactions (along with the packing motif) remain
substantially unvaried.
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shis and the experimental chemical shis (d) is observed for
both aliphatic and aromatic moieties. In the DQ–SQ spectrum
(Fig. 3b), the broad DQ peak at 0–8 ppm on the vertical axis is
due to the 1H–1H proximities in alkyl sidechains and the DQ
peaks in the 12–16 ppm range are due to the through-space
1H–1H proximities between aromatic groups within the chain
and in between the p–p stacked o-IDTBR molecules, both of
which exhibit good agreement with the DFT-calculated chem-
ical shis. However, subtle differences between the DFT calcu-
lated and experimental chemical shis d (1HDQ) in the 8–
12 ppm range (dashed blue boxes), which originate from
through-space dipolar interactions between aromatic groups
and sidechains, indicate minor changes in the backbone–side-
chain interactions in the vicinity of CH2 moieties when
comparing the crystalline and powder forms.65 Similarly, a good
16268 | J. Mater. Chem. A, 2023, 11, 16263–16278
agreement is obtained when comparing the DFT-calculated
chemical shis of 1H–13C pairs with the experimental 1H–13C
2D peaks in the HETCOR spectrum, which shows 2D peaks
associated with the sidechains at d (13C)= 10–40 ppm and d (1H)
= 1–4 ppm, and the backbone moieties d (13C) = 110–170 ppm
and d (1H)= 5–9 ppm (Fig. 3d). However, deviations between the
DFT-calculated versus experimental chemical shis are
observed for the 2D peaks corresponding to the through-space
aromatic-sidechain dipolar interactions as depicted in the
blue dashed boxes. Similar trends are observed for Y-series
NFAs that showed changes in the local structures with respect
to the backbone–sidechain interactions between the crystalline
and powder forms.60 The most important take away from the
ssNMR crystallography study is that it allowed us to leverage the
Le Bail renement as a tool to verify the structural compatibility
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 o-IDTBR GIWAXS pattern (a) with in-plane and out-of-plane integration profiles along qz ∼ 0 and qxy ∼ 0, respectively. (b). Simulated
GIWAXS pattern of the o-IDTBR unit cell oriented along the (4 1 1) direction. The good agreement with the experimental GIWAXS confirmed
a face-on 3D reticular packing motif of o-IDTBR in the blend. (c). 5 × 5 mm AFM image (d) of the o-IDTBR film with the domain size distribution
and average value (inset). Side (e) and top (f) views of the o-IDTBR crystal packing with p–p stacking (4 0 2) and lamellar (0 1 –1) peaks.
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between single crystal and powder forms in terms of packing
motif. This is possible as it allows for shi in the lattice
parameters caused by side chain relaxation at elevated
temperatures and demonstrated by changes in the backbone–
sidechain interactions, while preserving the p–p interactions.
By extending the Le Bail analysis to the other NFAs of interest
(Fig. S5–S8 and Table S3†), we obtained useful information
about the material crystallinity:

(1) The ITIC herringbone polymorph is predominant over the
brickwork (Fig. S7†).

(2) m-4TICO presents two brickwork structures but only the
un-solvated one is represented in powder (Fig. S8†).

(3) o-IDTBR, IDIC,m-ITIC and 4TICO single crystal packing is
preserved in powder (Fig. 3a and S6†).

(4) With the only exception of 4TIC,§§ all the NFAs show
several Bragg peaks in the low angle region.

(5) All the non-solvated structures undergo a volumetric
expansion due to the temperature difference between single
crystal and powder experiments. However, we do not exclude
that the volumetric reduction observed for the solvated crystals
is only apparent, given that a signicant volume portion in the
single crystal structure is occupied by the solvent, which is not
expected to be found in the powder structure.
§§ 4TIC powder XRD data quality didn't allow Le Bail analysis to be performed due
to poor scattering (Fig. S6).

This journal is © The Royal Society of Chemistry 2023
A summary of the results obtained by Le Bail renement
performed for the different NFAs can be found in Table S3.†
From powder to NFA lms

A further intermediate step to approach the NFA packing in the
BHJ was to study the molecular organisation in thin lms. Here,
we expected to see a more compatible unit cell to the one
observed in powder rather than in single crystals as we were
going towards systems that are presumably composed of many
little crystallites with reduced long-range order, cumulative
disorder and multiple orientations.35 Moreover, the tempera-
ture held during GIWAXS measurements on the lm was 300 K
as for the powder experiments (XRD and ss-NMR). For conve-
nience, we here report the analysis performed on o-IDTBR,
while the complete dataset including the other materials can be
found in the ESI† (pages S10–S19).

The GIWAXS data of the o-IDTBR lm with related 1D inte-
gration proles along the in-plane and out-of-plane directions
are shown in Fig. 4a, b and Table 2. From the q-map two main
contributions are visible: a low-angle component, located at qz
3.8 nm−1, which is generally recognised as a lamellar peak and
is indicative of the separation of the conjugated and aliphatic
moieties,36 and a higher angle feature (q z 18.3 nm−1) which is
commonly attributed to p–p stacking.66 Given the anisotropic
nature of these two main diffraction components, we expected
J. Mater. Chem. A, 2023, 11, 16263–16278 | 16269
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Table 2 Crystallographic information of the main peaks observed by GIWAXS on o-IDTBR, PBTZT-stat-BDTT-8 and PBTZT-stat-BDTT-8:o-
IDTBR films. AFM domain size and purity are also shown. The domain purity parameter (f) is defined as the ratio (in percent) between the CCL and
the domain size obtained by AFM

Component Peak Orientation q (nm−1) d (nm) FWHM (nm−1) CCL (nm) g
Domain Size
(nm) f (%)

NFA lm
o-IDTBR (0 1 –1) In-plane 3.79 1.66 0.27 20.9 10.6 36 � 7 58.1
o-IDTBR (4 0 2) Out-of-plane 18.35 0.34 2.22 2.5 13.9 — —

Polymer lm
PBTZT-stat-BDTT-8 (1 0 0) In-plane 2.71 2.32 0.78 7.2 21.4 24 � 5 30.2
PBTZT-stat-BDTT-8 (0 1 0) Out-of-plane 18.05 0.35 0.75 7.5 25.7 — —

Blend lm
o-IDTBR (0 1 –1) In-plane 3.77 1.67 0.33 17.1 11.8 50 � 10 34.3
PBTZT-stat-BDTT-8 (1 0 0) In-plane 2.80 2.24 1.58 3.6 30.0 — —
PBTZT-stat-BDTT-8, o-IDTBR (0 1 0) + (4 0 2) Out-of-plane 18.14 0.35 2.80 2.0 15.7 — —
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a p–p stacking with a preferential face-on crystalline orienta-
tion of the o-IDTBR domains. To validate our hypothesis, we
simulated the GIWAXS pattern of the o-IDTBR single crystal
structure (Le-Bail rened) oriented along the (4 1 1) direction
(Fig. 4c), which is nearly parallel to the p–p stacking (4 0 2) and
perpendicular to the lamellar (0 1 −1) peak (Fig. 4e). The good
agreement between the simulated and experimental diffraction
data suggests that the o-IDTBR packing motif is preserved in the
lm, where the domains adopt a face-on orientation with an in-
plane lamellar ordering (0–1 1) and out-of-plane p–p stacking (4
0 2). The good agreement between our ndings with the liter-
ature67,68 claries the crystal packing motif and orientation of
the o-IDTBR lms.

Some more considerations on the o-IDTBR lm crystallinity
can be done by focussing on the spectral shape of the main
diffraction peak (lamellar peak). According to the paracrystal-
line g parameter found for the lamellar peak (Table 2),35 the lm
can be classied on the boundary between semi-paracrystalline
and amorphous, showing a Crystal Coherence Length (CCL) of
∼20 nm. For this class of materials, a direct quantication of
the crystalline domain size from the CCL is oen not possible.
According to the nomenclature used in ref. 35, we will refer to
the CCL as the spatial extent of the coherently diffracting
regions included in the paracrystallites, i.e. column lengths.35

To access the NFA domain size (which can be composed of
multiple paracrystallites), we investigated the surface
morphology by AFM. Fig. 4d shows well-dened domain
boundaries and a root mean square (RMS) roughness of 6.9 nm.
We performed the AFM image segmentation (see pages S20–
S25†) through the watershed algorithm to derive the average
domain size and its distribution.46 From the calculations, we
observed an average domain size of 36 nm from the maximum
of the peak distribution (inset of Fig. 4d and Table 2). This value
is higher than the CCL, which conrmed that o-IDTBR domains
(visible from the AFM) are composed of multiple para-
crystallites, whose column length is determined by XRD (CCL).
To get an indication of the domain structural purity, we intro-
duced a parameter (f) dened as the ratio (in percent) between
the CCL and the domain size obtained by AFM (Table 2).
16270 | J. Mater. Chem. A, 2023, 11, 16263–16278
Analogue characterisation and analysis were performed on
the other NFAs of interest for this work (Fig. S9–S14, Tables S4–
S9†) and some key considerations and results can be summar-
ised as follows:

(1) Most of the NFA lms showed a well-dened GIWAXS
scattering, especially in the lamellar and p–p stacking regions
(Fig. S9–S12, Tables S4–S7†). These two main features are
characterised by a low angular distribution and therefore are
indicative of a preferential orientation of the crystalline
domains with respect to the substrate.

(2) o-IDTBR, m-4TICO, 4TIC, m-ITIC and IDIC crystal lattice
simulations yielded a good structural agreement with the
powder unit cell obtained by Le Bail renement (Fig. S9–S12a†).
This proved that a structural continuity in terms of the packing
motif occurs between powder and lms.

(3) NFAs with 3D reticular (4TIC and o-IDTBR, see Fig. S9b†,
5e and f) and 2D brickwork (m-ITIC and IDIC, see Fig. S11–
S12b†) crystal packing motifs are involved in a face-on domain
orientation, with m-4TICO as the only exception (“quasi” edge-
on crystal packing, see Fig. S10b†).

(4) ITIC and 4TICO were found to have a 0D-herringbone
packing motif in powder. However, due to the lack of multiple
Bragg peaks, texturing, and long-range crystallinity (Fig. S13,
S14, Tables S8 and S9†), we could not perform any crystal lattice
simulation. However, we do not exclude the presence of small
and randomly oriented herringbone column lengths within the
domains.

(5) The high g parameter found for all the NFAs (>9.5) pre-
vented us from directly quantifying the crystallite domain size
from the lamellar peak shape (FWHM) as the CCL represents
the spatial extent of the coherently diffracting regions (Tables
S4–S9†). We therefore estimated the domain size from AFM
image segmentation along with an indication for the domain
purity (f).

(6) In general, NFAs that form p–p stacking structures
(through 2D brickwork or 3D reticular motifs) in single crystals
and powder showed the highest crystallinity in lms (lowest g
parameters and highest CCL, see Tables S4–S9†). Conversely,
0D herringbone NFAs (ITIC and 4TICO) provided the highest
This journal is © The Royal Society of Chemistry 2023
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paracrystalline parameter g, highest CCL, and surprisingly the
highest domain purity f.

NFAs blended with PBTZT-stat-BDTT-8

Aer having characterised the NFA lm crystallinity, we
extended our investigation on NFA:PBTZT-stat-BDTT-8 blend
lms, which were used as active layers for the solar cell fabri-
cation (see below). As for the rest of the structural character-
isation, we here limit the discussion on the PBTZT-stat-BDTT-
8:o-IDTBR blend while the analysis for the other systems can be
found in the ESI.†

The PBTZT-stat-BDTT-8 polymer GIWAXS pattern is shown
in Fig. 5a, where a (1 0 0) lamellar reection is located at qz 2.7
nm−1 and the (0 1 0)p–p stacking feature at qz 18.0 nm−1. The
integration proles suggest a prevalent in-plane orientation of
the (1 0 0) feature and an out-of-plane direction of (0 1 0) (Fig. 5c
and f). A slight face-on crystalline orientation of PBTZT-stat-
BDTT-8 was previously reported, along with its smooth
surface morphology with low RMS (Fig. 5d).37

The GIWAXS data and 1D proles of the PBTZT-stat-BDTT-
8:o-IDTBR blend are shown in Fig. 5b. A broad p–p stacking
feature is located at q z 18.1 nm−1 along the out-of-plane
direction (Fig. 5d), which can arise from both the NFA and the
polymer due to the spectral overlap in the q range. Therefore, we
Fig. 5 PBTZT-stat-BDTT-8 (a) and PBTZT-stat-BDTT-8:o-IDTBR (b) GIW
The NFA features are clearly visible from the blend GIWAXS, which confi
AFM images of PBTZT-stat-BDTT-8 (d) and PBTZT-stat-BDTT-8:o-IDTB

This journal is © The Royal Society of Chemistry 2023
focus on the lamellar features of o-IDTBR and PBTZT-stat-
BDTT-8 as indicative of the distinct material ordering in the
blend given that they can be distinguished from the in-plane
proles (Fig. 5c). The o-IDTBR (0 1 −1) lamellar peak is
located here at q z 3.8 nm−1, meaning that the NFA crystalline
ordering in the blend is preserved with a similar lattice spacing
and crystal packing.

A remarkable difference is reported for the spectral shape of
the NFA lamellar peak as it is characterised by an increased
FWHM, indicating a reduced long-range ordering (lower CCL)
of the o-IDTBR domains in the blend when compared to the
pure o-IDTBR lm, resulting in higher g. In addition to this, the
increased domain size calculated from the AFM image (Fig. 5e)
implies a lower degree of domain purity (4) of the NFA in the
blend (Table 2).

The analysis for the other NFAs can be found in the ESI† (Fig.
S9–S14, Tables S4–S9). However, the main conclusions can be
outlined as follows:

(1) The NFA crystallinity in PBTZT-stat-BDTT-8:NFA blends
presented broader and slightly shied (towards lower q)
lamellar peaks. As a result, the NFA domains in the blend are
characterised by reduced crystallinity (lower CCL and higher g)
and relaxed lamellar packing with respect to the bare NFA lm.
Furthermore, the presence of the polymer also affects the
AXS patterns with in-plane (c) and out-of-plane (f) integration profiles.
rmed that o-IDTBR maintains the packing motif in the blend. 5 × 5 mm
R (e) with the domain size distribution and average value (inset).

J. Mater. Chem. A, 2023, 11, 16263–16278 | 16271

https://doi.org/10.1039/d3ta03284a


Fig. 6 Device architecture with 80 ± 5 nm thick active layers (a) and energy levels determined by Air Photoemission Spectroscopy (see the
Experimental section) (b) of PBTZT-stat-BDTT-8 and the different NFAs used for the solar cells' fabrication. UV-vis of the different active layers
(c). Characterisation of solar cells: J–V characteristics under illumination (dark curves are plotted in Fig. S17†) (d), photo-CELIV curves (e) and
bimolecular recombination coefficients (f). Legends of panels (c–f) are shared and shown in (d).
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domain purity (f), which is reduced for most of the blends with
respect to the lms made of NFAs.

(2) NFAs with 3D-reticular (o-IDTBR and 4TIC) and 2D-
brickwork (m-4TICO, IDIC and m-ITIC) arrangements in pure
NFA lms preserved their packing motif and texturing in
NFA:PBTZT-stat-BDTT-8 blends (Fig. 5 and pages S10–S17†).

(3) NFAs that formed 0D herringbone structures in single
crystal and powder phases (ITIC and 4TICO) showed the lowest
crystallinity (highest g parameter and lowest CCL calculated on
the NFA lamellar peak) and poor texturing among the series of
NFA:PBTZT-stat-BDTT-8 blends (pages S18–S19†). Our results
are in good agreement with a recent report, where the impor-
tance of thep–p stacking interaction energy to preserve the NFA
packing motif in the blend lms is highlighted.69
{{ We did not detect a meaningful signal from o-IDTBR:PBTZT-stat-BDTT-8 to
extract the mobility and recombination coefficient. We believe that this is due
to a combination of factors, among which the lowest shunt resistance leading
to the lowest FF observed among all the different devices.
Solar cell characteristics

To investigate the role of the NFA packing motif and crystal-
linity on the charge transport properties and performance of
OSCs, we fabricated inverted architecture devices (Fig. 6a). The
NFAs of interest were tested with PBTZT-stat-BDTT-8 active
layers and optimised with respect to the choice of the solvent,
casting temperature, and post-annealing treatment (Table
S10†). The energy levels of the different NFAs with respect to the
donor polymer are shown in Fig. 6b, along with the UV-vis
spectra of each active layer used (Fig. 6c). The J–V curves deliv-
ering the highest PCE are shown in Fig. 6d, and the J–V char-
acteristics are listed in Table 3 (dark J–V curves in Fig. S24†).
16272 | J. Mater. Chem. A, 2023, 11, 16263–16278
Surprisingly, 4TICO and ITIC were among the best performing
NFAs in terms of maximum and average PCE obtained, despite
having the lowest crystallinity as indicated by the highest g
parameter and lowest CCL (Table 3). Moreover, the NFA crystal
packing motif does not seem to have a direct impact on
performance (Table 3): 3D reticular packing NFAs such as o-
IDTBR and 4TIC reached a maximum PCE of 6.6 and 5.9 while
m-4TICO (2D brickwork packingmotif) was the least performing
NFA (5.3% PCE). Interestingly, NFAs with a 0D herringbone
packing motif in single crystals (4TICO and ITIC) delivered the
highest performance (8.1% and 7.2%, respectively). Neverthe-
less, we still expected a strong interplay between the active layer
crystallinity, NFA packing, and charge transport properties,
which may have an impact on the solar cell performance and in
particular the FF.70,71 Thus, we performed photo-CELIV experi-
ments to determine the charge mobility and the bimolecular
recombination coefficient for each NFA:PBTZT-stat-BDTT-8
blend (Fig. 6e, f and Table 3){{.49,72–78

With regards to the mobility, we observed a remarkable
correlation between the NFA lamellar CCL in the blend and the
charge mobility (Fig. 7a). The lowest mobility for ITIC and
4TICO blends is related to their poor crystallinity (low CCL and
high g parameter) detected in the pure NFA (Tables S4–S9†) and
This journal is © The Royal Society of Chemistry 2023
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blend lms (Table 3). The 0D packing nature might be another
disadvantage for efficient long-range transport. The relation-
ship between charge mobility and NFA crystallinity was further
investigated by MIS-CELIV measurements, performed on
electron-injecting devices. The electron mobility determined by
MIS-CELIV matched the values obtained via photo-CELIV (Fig.
S23†). Since the photo-CELIV current is dominated by the
species with higher mobility,79 we could attribute the photo-
CELIV mobility to electrons. This leads to the conclusion that
the electron mobility is clearly dependent on the NFA crystal-
linity, as expressed by the CCL and g parameter. However, the
mobility determined from both photo-CELIV and MIS-CELIV
did not dominate the solar cell performance, as seen from FF
and PCE (Table 3). This result encouraged us to investigate the
bimolecular recombination and its possible implications in the
device performance.

We derived the bimolecular recombination coefficient by
photo-CELIV, exploring a purely quadratic dependence between
recombination and charge carrier density (Fig. 6f).49 The model
provided a good t with the sweep-out of free charges at
different time delays (Fig. 6f), and the bimolecular recombina-
tion coefficient (bexp) was derived according to eqn (2) used in
ref. 49 and is shown in Table 3. Interestingly, we nd the lowest
recombination coefficients for the solar cells made of ITIC and
4TICO blends, which delivered the highest performance and
among the highest FF, highlighting the importance of the
bimolecular recombination on the device parameters.37,80

Despite their lower crystallinity, active layers made of ITIC and
4TICO resulted in higher domain purity (f). Conversely, NFAs
characterised by higher CCL and lower g, such as IDIC and m-
4TICO, provided the lowest domain purity and highest bimo-
lecular recombination coefficient. Overall, a correlation is
found between the NFA domain purity and the bimolecular
recombination coefficient (Fig. 7b). As mentioned above, the f-
parameter compares the spatial extent of the NFA ordered
regions in the domain (i.e., column lengths, derived from the
CCL), with the domain size obtained from AFM images and can
be calculated as follows: f= CCL (nm)/domain size (nm)× 100.
A blend lm with low domain purity (f) can be understood as
formed by domains with a larger relative fraction of regions
with an amorphous or mixed nature that prompt recombina-
tion.81 Assessing domain purity via the f-parameter is easy-to-
access compared to more sophisticated methods such as reso-
nant so X-ray scattering (RSoXS).82,83 To summarise the inu-
ence of the NFA crystallinity (g, CCL), packing motif and
morphology (domain size, RMS and f) on the solar cell
parameters (PCE,†† FF, VOC and JSC) and charge transport
properties (m and bexp), we built a multivariable cross-
correlation map with the most relevant parameters‡‡(Fig. 8).
While, strictly speaking, the cross-correlation map tests for
linear correlation, data that are correlated in a non-linear
†† Although the PCE is a linear combination of FF, VOC and JSC, we included it in
the cross-correlation analysis for convenience.

‡‡ We assigned a constant value for each motif which is representative of the
dimensionality of the p–p stacking: “0” for 0D herringbone, “2” for 2D
brickwork and “3” for 3D reticular.
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fashion will still result in high (absolute) values. As such the
map may serve as a semi-quantitative tool to assess correlations
in complex multivariable systems, where not all dependencies
are fully understood physically.

With regards to the initial motivation of our study on the role
of the NFA crystal packing, we didn't observe a clear correlation
Fig. 8 Multivariable cross-correlation map between solar cell character

Fig. 7 (a) Mobility is plotted versus the NFA crystal coherence length in t
line and indicates a correlation between CCL and electron mobility. (b)
relation to the NFA domain structural coherency in the blend. A linear
between the bimolecular recombination coefficient and the domain pur

16274 | J. Mater. Chem. A, 2023, 11, 16263–16278
with the device performance parameters. However, an
enhanced propensity for NFAs with increasing directionality of
p–p stacking to form crystalline domains in the blend is evident
from the high Pearson correlation coefficient (r) between the
packing motif with g and CCL, 0.97 and 0.76, respectively. Thus,
the directionality of the p–p stacking directly promotes the NFA
istics and crystallinity/morphology parameters.

he blend films. A linear fit of the data is represented with a dashed grey
Bimolecular recombination coefficient determined by photo-CELIV in
fit is represented with a dashed grey line and indicates a correlation
ity.

This journal is © The Royal Society of Chemistry 2023
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crystallinity in blends (g and CCL), which , in turn, favours the
electron mobility (the r coefficient of m is 0.97 and −0.88 with
CCL and g). It is worth mentioning that in a recent study, a long
exciton diffusion lifetime was observed in systems with
enhanced p–p stacking systems and crystallinity.69 The ten-
dence to obtain higher mobilities in organic solar cells by
increasing the material crystallinity is generally
acknowledged.35,84–86 In addition to this, a lack of a direct
correlation between the packing motif and performance was
also reported.69

Interestingly, we found that the bulk heterojunction
morphology has a bigger impact on performance. In particular,
active layers forming big domains at the surface have low
domain purity (r = −0.9), which is a good correlator for the
bimolecular recombination coefficient (Fig. 7b, 8 and S25†).
bexp is, in turn, a rst-tier correlator to JSC and FF (r is −0.79 and
−0.81, respectively) and the best correlating factor for the solar
cell performance (r = 0.94). The primary importance of the
bimolecular recombination for the device performance and its
relationship with the domain purity was also observed in the
literature.87

Among the selected factors included in the cross-correlation
analysis, VOC is generally not dependent on the lm crystallinity
and morphology. The energy bandgap of the blend EG, deter-
mined from the difference between the HOMO of the polymer
and the LUMO of the NFA (Fig. 6b), is the only signicant
correlator to VOC. The last result agrees with the general
knowledge about the relationship between VOC and the ener-
getics of the donor and the acceptor used in the blend,88–90

although other factors affecting the VOC (such as radiative and
non-radiative losses90,91) have been excluded from our
calculations.
Conclusions

We have studied how NFA crystal packing evolves from single
crystals to the bulk heterojunction of a solar cell. Given the
complexity of unambiguously determining the NFA packing
motif in an active layer, arising when moving from ideal
systems, i.e., millimetre-size single crystals, to the most
complex BHJ morphology, we employed a step-by-step struc-
tural analysis. The rst step involved ss-NMR crystallography
and powder XRD, which helped us to leverage the Le Bail
renement as a quick and effective tool to verify the structural
compatibility between single crystal and powder samples. Then,
we combined GIWAXS, crystal lattice simulations and AFM to
systematically identify the NFA packing motif in the bare NFA
lms and blends with the PBTZT-stat-BDTT-8 polymer and to
derive key parameters to describe the material crystallinity (CCL
and g parameter) and morphology (RMS, domain size and
domain purity, f). Finally, we investigated the inuence of
those key structural parameters on the solar cell performance
and charge transport properties.

Our main ndings are:
(1) NFA packing motifs largely track from single crystals to

the thin-lm blend.
This journal is © The Royal Society of Chemistry 2023
(2) Compounds that crystallise easily as single crystals also
show high crystallinity in the blend lms. For instance, we
found that the poor propensity of ITIC to form single crystals (as
indicated by the multiple unsuccessful trials to grow single
crystals)19 also translates into a low blend crystallinity (high g
and low CCL).

(3) NFAs with higher p–p stacking dimensionality showed an
increased propensity to form crystalline lms (low g and high
CCL) in both NFA lms and blends.

(4) Despite our initial expectations, the NFA packing motif
does not directly correlate with the solar cell performance
parameters.

(5) NFAs with high lm crystallinity (low g and high CCL)
provided higher electron mobility. However, the mobility is not
the dominating factor for device performance. At the same time,
we found no correlation between the NFA crystallinity in the
blend and the bimolecular recombination coefficient (bexp).

(6) The bimolecular recombination coefficient (bexp) is found
to be the main factor inuencing FF and JSC. Systems with low
bexp reported the highest performance. For instance, the blend
with lower NFA crystallinity (4TICO and ITIC) delivered the
highest performance and lowest bimolecular recombination
despite the lowest electron mobility.

(7) Domain purity stood out as an interesting design target,
to limit the bimolecular recombination and obtain high effi-
ciencies in organic solar cells. A better understanding of the
inuence of molecular properties on domain purity is needed.

A high domain purity could be targeted through a chemical
design that aims at limiting void space within the unit cell while
also managing the solubility/miscibility of the donor–acceptor
pairing to control BHJ formation and intermolecular interac-
tions.37,92 This could in theory be targeted by the design of space
lling yet exible sidechains to increase the NFA rotational
freedom and prevent NFA crystallisation that might induce an
excessive phase segregation.38 Alternatively, thermal annealing
can also be used as a handle to tune the morphology of kinet-
ically trapped systems,93,94 allowing the formation of
a controlled BHJ morphology characterised by the domain with
high structural purity.37,93,95 This was observed for NFAs that can
rearrange their structures undergoing an endothermic transi-
tion (glass or liquid crystalline) during the post-annealing
process (ITIC and 4TICO). Conversely, systems with shorter or
sterically locked sidechains may promote the formation of
crystalline domains even before any thermal treatment (4TIC,
m-4TICO, and m-ITIC).37 These domains tend to excessively
phase segregate upon annealing without improving their
domain purity.
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