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Abstract

The emerging field of printed electronics requires environmentally friendly solution-processable
electroactive materials. This can be achieved by the development of waterborne colloidal dispersions.
Functionality in these composite materials can be tuned by thermodynamically modifying the material
morphology, often by creation of kinetically stabilized aqueous nanoparticle dispersions. In this work we
demonstrate that the internal structure of organic nanoparticles is controlled by the surface energy
difference between the polymeric donor material and the non-fullerene acceptor (NFA) material.
Nanoparticles of the following donor-acceptor combinations, suitable for printed organic photovoltaics,
have been synthesized: TQ1:N2200, TQ1:PNDIT10, P3HT:N2200, P3HT:0-IDTBR and P3HT:eh-
IDTBR . Advanced synchrotron-based X-ray spectroscopy and microscopy are used to correlate the
formation of core-shell nanoparticle morphology to the material surface energy. We subsequently present
a viable avenue for customizing the blended nanoparticle structure into (i) core-shell, (ii) molecularly
intermixed, or (iii) inverted shell-core structures. Our results showed that TQ1:PNDIT10 and P3HT:o-

IDTBR nanoparticles were comprised of a donor-rich shell and an NFA-rich core, however, interestingly
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we show a reversal to the inverse NFA shell / donor core structure for TQ1:N2200, P3HT:N2200 and
P3HT:eh-IDTBR nanoparticles, driven by the low surface energy of N2200 (23.7 mJm?) and eh-IDTBR
(18.3 mJ m™2). This article is the first report of a flipped nanoparticle core-shell morphology comprising
an NFA-rich shell for the miniemulsion synthesis route. The composition of the shells and cores was able
to be controlled by the differential mismatch in the surface energy of the donor and acceptor materials,
With AGsurface > 0, AGsurface = 0, and AGsurface < 0 for acceptor core - donor shell, molecularly intermixed,
and acceptor shell - donor core, respectively. Accordingly, this introduces an entirely overlooked new
figure of merit (FoM) for customizing nanoparticulate colloidal inks: tunable surface energy of non-
fullerene-based semiconductors. The establishment of this FOM opens up electroactive material design
to a wide range of functional printing applications with varying device and ink structure requirements,
thereby reshaping the nanoengineering toolkit for waterborne colloidal dispersions and hence printed

electronics.

Introduction

Nanoparticles formed from electroactive materials have been heavily studied as the fundamental building
blocks within numerous multidisciplinary fields. Such interest arises from a well-established ability to
obtain differences in chemical, electrical, optical, and structural properties in nanostructured materials
compared to their bulk analogues. The ability to tune these nanomaterial properties through relatively
simple synthetic chemical modifications that control nanoparticle size, shape, and function has allowed
ground-breaking advances in catalysis,X® quantum dots,®® biosensors and medical diagnostics,®*2
transistors,® photovoltaics,!**> and printed electronics.’®*® Successful incorporation of desirable
nanoscale structure requires control of the interactions of individual materials with their surroundings,
including other reagents such as secondary electroactive materials, solvent molecules, additives and

stabilizing surfactant interfaces.®2°

In recent years, technology based on solution-processable electroactive organic molecules for organic
photovoltaics (OPV) has made a big step forward due to the rapid development of non-fullerene acceptors
(NFAs). This new class of organic semiconductors offers several advantages compared to the commonly
used fullerene derivatives as the NFA chemical structure can be tuned through synthetic chemistry routes
to modify optoelectronic properties. Advantages delivered through this synthetic flexibility include broad
and strong optical absorption, bandgap (Eg) tunability, reduced synthetic costs and superior
morphological stability in device applications.??> These new materials are already producing
exceptional results in printed electronics, including OPV, demonstrating record power conversion
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efficiencies (PCE) that exceed 18%.2%%* However, although organic printable technology has many
reported advantages,?® the technology is not yet eco-friendly. One of the remaining challenges is the
replacement of the halogenated and/or aromatic solvents (such as chloroform, dichloromethane and
chlorobenzene) with environmentally friendly inks. The most attractive alternative in this regard is to
move to water-based inks. The first efforts to shift from organic solvents to water appeared in 2002 with
the work of Landfester et al.?®2® The authors applied a miniemulsion method to create blended donor
and acceptor nanoparticles. Despite a poor device performance in comparison to blended bulk solutions
— the concept of waterborne nanoparticulate organic electroactive inks was born. For some years,
polymer donor and fullerene acceptor materials were employed exclusively, with various thermodynamic
treatments investigated to try and tune the nanoparticle structure. However, the electronic devices
fabricated from these nanoparticle inks always exhibited poorer performance than their bulk solution
counterparts.?® More recently, P3HT was replaced by a low band-gap polymer, PBDTTPD,*® which in
combination with fullerene derivatives was able to increase device performances observed in
photovoltaic devices (PCEs up to 3.8%), however, performance still remained about half of that observed
for the bulk solution mixtures. In 2018, Xie et al.’> combined the nanoprecipitation method, an alternative
method to generate nanoparticles dispersed in water,! and the use of a surfactant (poloxamer Pluronic
F127) to synthesize a different kind of donor:NFA nanoparticle. Using a surfactant-stripping technique,
they managed to remove the excess of surfactant and obtained a step-change advance in device
performance (PCE of 7.5% with PBQ-QF:ITIC). Critically, key performance metrics in devices created
from a blended nanoparticle ink now approached that obtained for the intermixed bulk solution.!® This
last report indicates that developing waterborne nanoparticulate electroactive inks with NFAs is a
promising route towards high performance eco-friendly printed electronic devices. Nonetheless, there
remains a lack of understanding regarding the specifics of deliberately engineering performance in these
nanoparticle ink systems. Indeed, over the past decade, the switch to new donor and acceptor materials
has improved device performance in conjunction with improved optoelectronic properties of the
materials (such as enhanced light absorption or band energy modulations). However, it was not until the
most recent reports of NFA investigations where the nanoparticle device performance suddenly began to
rival that of the bulk solution counterparts.’® This development suggests that there is an additional benefit
to the NFA materials that has not been available in the past; the ability to tune the nanoscale morphology

in addition to the optoelectronic properties of the nanoparticles.

Fullerene derivatives have been for many years the standard organic semiconductor used as solution-

processable electron acceptors in printed electronics applications.®>3® When employed in combination
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with a polymeric donor, the resulting morphology in the nanoparticle synthesized via miniemulsion is
almost always reported to form a core-shell structure with a fullerene-rich core.?>3+28 This nanostructure
has been attributed to the higher surface energy of fullerene derivatives (PCs1BM - 38.2 mJ m and
PC71BM - 39 mJ m) compared to polymeric donors, but has been shown to be problematic for achieving
high device performances.®® Variations in the donor polymer materials have been unsuccessful in altering
this non-optimal morphology, as the surface energies cannot approach those of the extremely high values
characteristic of nanospherical fullerene materials. Indeed, these low surface energies could be
considered as a roadblock for the rational design of organic blended nanoparticles. Some reports provide
evidence for the nature of the surfactant playing a role in the resulting morphology of organic
nanoparticles. In particular, using sodium 2-(3-thienyl)ethyloxybutylsulfonate (TEBS) instead of sodium
dodecyl sulfate (SDS), Subianto et al.*> and Kosco et al.*! reported that a core-shell morphology for
P3HT:PCs1:BM nanoparticles and PTB7-Th:eh-IDTBR nanoparticles, respectively, was changed to a
mixture of donor-rich and acceptor-rich interspersed nano-domains. This change was attributed to the
similarity in chemical structure of the TEBS surfactant to both donor and acceptor material, and also
chloroform/water interfacial tensions which are equal when the chloroform phase contains the donor or
the acceptor leading to the migration of both donor and acceptors at the water/chloroform interface
(shell). Although playing with the interfacial tension is a good strategy to attain the desired initial particle
morphology, overall it might not be thermodynamically favorable as the surface energy mismatch of the
donor and acceptor components would lead to, upon thermal treatment of a nanoparticle film in a device,

larger phase separation.

With the emergence of NFAS, the available synthetic chemistry routes to modify the molecular structure,
and as a consequence the surface energy, is far greater than for fullerene derivatives. Thus, these NFAs
form an ideal set of molecules to investigate how modifications to the surface chemistry of the acceptors
can change nanoparticle formation thermodynamics; and consequently the charge carrier kinetics and
electronic functionality of blended nanoparticle inks. With this wide range of acceptor materials, it is
possible to investigate how to combine the established green ink processability of aqueous
nanoparticles*? with the ability to engineer truly customized nanostructures.*® Such nanoengineered NFA
blends offer an attractive option for the field of printed electronics and developing new fundamental

physical chemistry insights into nanoscale structure-property relationships.

In this work, we provide the first in-depth study of the self-organization of various kinds of composite

organic semiconductor nanoparticles as a function of their surface energy (the interfacial free energy of



a surface). Two polymeric donors (TQ1 and P3HT) were combined with different types of molecular
and polymeric NFAs (PNDIT10, N2200, o-IDTBR, eh-IDTBR), and a wide range of techniques were
used to elucidate the nanostructure of the resultant nanoparticles: transmission electron microscopy
(TEM), scanning electron microscopy (SEM), near edge X-ray absorption fine structure (NEXAFS)
spectroscopy and scanning transmission X-ray microscopy (STXM). The external shape obtained for all
particles was found to be mainly driven by the semi-crystalline properties of the donor polymer.
Nanoparticles including P3HT present a wrinkled texture while those prepared with amorphous TQ1
present a smoother texture. The internal composition of the nanoparticles was elucidated by STXM — the
analysis of the different STXM compositional maps shows that the outer region of the particle (shell) is
predominantly composed of the lowest surface energy materials. Indeed, through the tunability of the
NFA surface energies across a wide range (18.3 to 30.1 mJ m2), we are able to demonstrate for the first
time that the internal nanoscale structure of the nanoparticles is directly correlated to the surface energy
differential between the blend materials for a comprehensive set of material systems. This general trend
of the self-organization defines a critical new design rule for directing the morphology of organic
semiconductor nanoparticles into desired structures. The ability to control the functionality of organic
nanoparticle inks through chemical synthesis pathways to tuning the nanoparticle structure provides an

invaluable new tool across a wide range of research applications.
Experimental

Materials

Poly{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-

bithiophene)} (N2200) (also named PNDI(20D)2T) was purchased from Ossila (Mn 150,500 Da, size
dispersity (D) 1.93). Poly{{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-
alt-5,5'-(2,2'-bithiophene) }-ran-{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-2,5-thiophene}} (PNDIT10) was purchased from Ossila (M, 78,960 Da and D 2.40). 0-IDTBR
and eh-IDTBR were purchased from 1-Materials. TQ1 (Mn 53,100 Da, b 2.5) was synthesized by the
copolymerization of monomers 5,8-dibromo-6,7-difluoro-2,3-bis(3-(octyloxy)phenyl) quinoxaline and
2,5-bis(trimethylstannanyl)thiophene, with the procedure described in detail elsewhere.3*** Poly(3-hexyl
thiophene) (P3HT) was synthesized as described by Holmes et al.®® The chemical structures of the two
polymer donor materials and four NFA materials are provided in Figure 2b. Sodium dodecyl sulfate

(SDS) surfactant and chloroform solvent were purchased from Sigma-Aldrich.



The surface energy of PNDIT10 was measured via optical tensiometry. Thin films of PNDIT10 were
prepared on freshly cleaned and plasma treated microscope slides (10 mg/mL solution in chloroform,
3000 rpm, 30 s, no annealing). The measurements were performed on a Biolin Scientific Attension Theta
Optical Tensiometer. 2 pL of liquid was manually deposited onto the film with a gas chromatography
syringe, and video footage recoded at 12 frames per second for the duration of the measurement. Contact
angles were fitted with the Young-Laplace expression. Diiodoethane (Cl2H2, 99% stored over Cu
stabilizer, Sigma-Aldrich) and freshly prepared milli-Q H2O (resistivity >18.3 MQ cm) were used for
contact angle measurements on the polymer films. The tensiometer was calibrated with a 4000 + 1.0 um
standard tungsten carbide precision calibration ball. Measurements were performed at 22 °C at 30 % RH

and ran in triplicate.

Nanoparticle Synthesis

To generate the waterborne nanoparticle inks, organic solvent is used in the miniemulsion oil phase, but
importantly, only a small volume is used, and this small volume of solvent is removed via evaporation
such that later use of the inks in applications such as solar cell printing, do not involve organic solvents.
The miniemulsion organic phase (“oil” phase) was prepared by dissolving 15 mg of donor material
(P3HT or TQ1) and 15 mg of acceptor material (PNDIT10 or N2200) for 1:1 donor:acceptor systems, or
20 mg of donor material and 10 mg of acceptor material for 2:1 donor:acceptor systems, in 1.08 mL
chloroform. In future large-scale nanoparticle synthesis, the chloroform can be substituted for a non-
chlorinated oil phase solvent such as toluene or xylene. Also, the organic solvent can be reused in a
closed synthesis cycle. The volume of organic solvent was increased to 1.62 mL for the donor:acceptor
systems incorporating N2200, due to the large molecular weight of N2200 and the associated high
viscosity solution. The miniemulsion aqueous phase was prepared by dissolving 0.5 mg of SDS
surfactant in 2.8 mL of Milli-Q® filtered water. The surfactant concentration was purposely low so as to
achieve a broad distribution in nanoparticle sizes for STXM imaging. Macroemulsions were generated
by combining the organic and aqueous phases and stirring at 1100 rpm, 33 °C for 1 h. A miniemulsion
was generated using ultrasonication via a Hielscher UP400S ultrasonic processor with a 7 mm diameter
tip. Sonication was at 30 W for 2 min, with an amplitude setting of 50%, an ice bath was used to prevent
overheating of the sample. Following sonication, the miniemulsion was transferred immediately to a hot
plate for organic solvent evaporation at 60 °C with rapid stirring. This evaporation was performed for a
minimum of 3 h to ensure complete removal of organic solvent. The total volume of the nanoparticle

inks was reduced to 0.5 mL via centrifugal dialysis. P3HT:eh-IDTBR nanoparticles were also
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synthesized via the nanoprecipitation method. A tetrahydrofuran (THF) solution of P3HT:eh-IDTBR was
prepared at a total concentration of 5 mg/mL and a donor:acceptor ratio of 1:1. The THF solution was
stirred at 60 °C for 2 h and then kept at 55 °C. For the non-solvent phase, 4.5 mL of deionized water was
added to a 6 mL vial and heated at 55 °C under moderate stirring (300 rpm). 0.5 mL of THF solution was
inserted quickly into the water containing vial. The dispersion was removed from the hot plate and cooled
down at room temperature for 10 min, then subsequently filtered with a 5 um filter. An additional
evaporation step was applied, to evaporate the THF the dispersion was left stirring at 300 rpm on a hot
plate at 60 °C for 3 h with the lid open.

NEXAFS Spectroscopy

NEXAFS measurements of TQ1, P3HT, N2200, PNDIT10 and o-IDTBR were performed on beamline
5.3.2.2 at the Advanced Light Source (ALS) synchrotron in Berkeley, California. Pristine films of TQ1,
P3HT, N2200, PNDIT10, o-IDTBR and eh-IDTBR were prepared by spin coating chloroform solutions
of each semiconductor material onto PEDOT:PSS (Clevios P VP Al 4083, purchased from H.C. Starck)
coated glass substrates. 2 x 2 mm? sections were scored on the films using a scalpel, followed by floating
off the film sections onto a D.I. water surface, which was made possible by dissolving the PEDOT:PSS
sacrificial layer under the semiconductor material films. 2 x 2 mm? film sections were subsequently
collected onto 300 mesh Cu grids (20 um bar, 63 um hole, 3 mm diameter, purchased from ProSciTech
Pty Ltd) for NEXAFS measurements. The energy of the X-ray beam was varied between 270 and 340
eV, spanning the C K-edge region with an energy resolution of 0.1 eV. Second- and third- order light
was removed by an order sorting aperture and also N2 gas filter (further details are provided in Kilcoyne

et al.*®). Energy calibration at the C K-edge was performed using CO; gas (peak at 292.74 eV).

NEXAFS measurements of eh-IDTBR were performed on the PolLux beamline (X07DA) at the Swiss
Light Source (SLS) synchrotron, with similar measurement parameters to those used at the ALS. The
energy of the X-ray beam was varied between 270 and 340 eV, spanning the C K-edge region with an
energy resolution of 0.15 eV. Dwell times were increased to 10 and 12 ms to account for lower flux at
SLS PolLux compared to ALS 5.3.2.2.

Orthogonal energies were determined from NEXAFS spectra of pristine films of P3HT, TQ1, PNDIT10,
N2200, o-IDTBR and eh-IDTBR.

X-ray Spectromicroscopy



STXM measurements were performed on beamline 5.3.2.2 at the ALS synchrotron. Samples were
prepared for STXM measurements by spin coating 2.5 uL of nanoparticle ink onto low stress silicon
nitride (SisN4) membrane windows with silicon dioxide coating (window dimensions 0.25 x 0.25 mm?,
window thickness 15 nm, silicon frame dimensions 5 x 5 mm?, purchased from Norcada, Canada) at
3000 rpm, 1 min, low acceleration of 112 rpm/s. Samples were air dried at room temperature. The
samples on SizsNs windows were loaded in the STXM sample chamber and rastered with respect to the
X-ray beam. The STXM sample chamber was backfilled with helium (0.33 atm). The transmitted X-ray
beam is detected by a scintillator and a photomultiplier tube. The STXM Fresnel zone plate had an outer
most zone width of 25 nm, setting the spatial resolution limit of the measurement. Singular value
decomposition (SVD) was used to fit a sum of the pristine material NEXAFS spectra to the measured
blend spectrum of the nanoparticles — at each pixel — in the STXM images. Prior to SVD fitting, the
pristine material NEXAFS spectra are normalized to film thickness. The method of reference-spectrum
normalization constitutes dividing the real spectrum by a theoretical spectrum calculated based on the
material’s chemical formula using henke.lbl.gov/optical_constants/filter.html. The aXis2000 package

was used to perform image analysis of STXM maps.

Electron Microscopy

TEM was used to reimage the same nanoparticles, where possible, for collecting position-matched
micrographs. The SisN4 substrates with deposited nanoparticles were transported back to the University
of Newcastle (Australia) to measure TEM on a JEOL 1200 EXII at an accelerating voltage of 80 kV at

varying magnification ranges.

Samples were prepared for SEM by spin coating 2.5 uL of the nanoparticle inks (3000 rpm, 1 min, low
acceleration of 112 rpm/s) onto highly doped silicon substrates (Type P (boron), <111>, resistance of 1
30 Q, roughness of 2 nm, purchased from ProSciTech Pty Ltd). The silicon substrates were first UV-
ozone cleaned for 10 min. SEM was performed on a Zeiss Sigma VP FESEM operating at an accelerating
voltage of 2 kV.

Results and Discussion

Materials Selection and Surface Energy

Two polymeric donors (TQ1 and P3HT), two polymeric NFAs (N2200, PNDIT10) and two small
molecule NFAs (o- and eh- IDTBR) were chosen for this study. We took advantage of the new range of



low bandgap NFAs with desirable properties such as tunable bandgap and broad light absorption. N2200
is a naphthalene diimide (NDI) based polymer, which provides high electron affinity, electron mobility,
strong absorption in the visible and near-infrared region and good solubility.?? Critically, the imide
functionality also produces a relatively low surface energy. PNDIT10 is a structural analogue of N2200
generated by replacing a number of bithiophene (2T) units in the N2200 backbone by single thiophene
(T) units, where T10 represents the percentage of the single T at 10%.%2 PNDIT10 has a more flexible
backbone and lower crystallinity than N2200 due to its reduced regularity in the main chain, which also
modulates the surface energies to higher values.?? IDTBR derivatives have been employed in this study
as additional NFAs with variable surface energies. IDTBR acceptors were developed by Holliday et al.
in 2016,%! and consist of side-chain engineering from a common core, with a linear (n-octyl) alkyl chain
generating the molecule o-IDTBR, vyielding a higher surface energy crystalline material, while the
branched 2-ethylhexyl side-chain structural analogue (eh-IDTBR) has a lower surface energy and is

mostly amorphous.?

The key material properties utilized to select an acceptor material for OPV fabrication, namely HOMO,
LUMO, Eg, Amax, are listed in Table 1, with the UV-Vis absorbance spectra provided in Figure S1
(Supplementary Material). The selection of materials for this study was aimed at understanding the
influence of physico-chemical properties, such as surface energy, on the donor-acceptor nanoparticle
morphology, hence the surface energy of the acceptor ranges from 18.3 to 30.1 mJ m? (Table 1).
Conveniently, the similarity of the structural analogs selected (N2200 and PNDIT10; o-IDTBR and eh-
IDTBR) also enabled an investigation of the impact of material crystallinity on the self-assembly of the
nanoparticles. With the exception of the NFA polymer PNDIT10, the surface energy of the polymers and
small molecules used in nanoparticle synthesis are found in the literature.*®5! We characterized the
surface energy of PNDIT10 using Fowkes’ Theory®? and the two-drop method to be 30.1 mJ m2, largely

dominated by the dispersive contribution (see Table 1 and Supplementary Material).

Table 1. Surface energy, HOMO, LUMO, optical bandgap (Eg) and Amax Of donor and acceptor materials.

. HOMO / LUMO Surface Energy

Material (&V) Eq (eV) Amax (NM) (mJ m?)
Donor
TQ1 -5.7/-3.3* 1.74 362, 622 ° 29
P3HT -5.2/-3.2°% 1.9 5222 26.94
Non-fullerene acceptor
PNDIT10 -6.36 / -4.05 % 1.55 % 344, 600* 30.1
N2200 -6.26 / -4.06 ** 1.44 2 393,703°% 23.7 4849
0-IDTBR -5.51/-3.88 % 1.632% 6902 28.1%°
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eh-IDTBR | -558/3.90% | 1.68 2 | 6722 18.3 51
Fullerene acceptor (for comparison purposes)

PCes1BM -5.80/-3.80 > 20" 350 % 38.2°
PC:1BM -5.9/-3.7% 2.2° 4753 394
a Supplementary Material

b Electronic bandgap (determined from UPS/IPES), whereas for all other materials the optical bandgap is listed.

Nanoparticle Synthesis and Electron Microscopy

Two component nanoparticles were synthesized via the miniemulsion method for the donor-acceptor
material systems TQ1:N2200, TQ1:PNDIT10, P3HT:N2200, P3HT:0-IDTBR and P3HT:eh-IDTBR. A
1:1 wiw ratio was applied to all systems, with the exception of the TQ1:N2200 system where both a 1:1
and a 2:1 w/w ratio were studied. For the P3HT:eh-IDTBR system, nanoparticles were also synthesized
via the nanoprecipitation method, and both miniemulsion nanoparticles and nanoprecipitation

nanoparticles were analyzed with STXM, Figure S5 and Figure 4k-n, respectively.

Prior to investigation of the nanoparticle substructure for each system with synchrotron-based X-ray
microscopy, SEM measurements of the nanoparticle samples were performed to assess the (1) shape and
surface texture of the particles, (2) particle size and size distribution, and the (3) particle packing and
film formation (Figure 1). P3HT:N2200 nanoparticles are angular, non-spherical in shape and possess a
wrinkled surface texture (Figure 1d); attributed to the crystallinity of both P3HT and N2200
polymers.?2%2 The presence of crystalline P3HT domains in the P3HT:N2200 nanoparticles is further
confirmed by the vibronic peaks®**®° at 560 and 610 nm in the UV-Vis absorbance spectrum of the
nanoparticle ink (Figure S2). TQL:PNDIT10 and TQ1:N2200 nanoparticles (both 1:1 and 2:1) are
predominantly spherical in shape and smooth in texture (Figure 1la-c); TQL1 is an amorphous polymer
combined with the semi-crystalline polymer N2200.51 PNDIT10 is also a semi-crystalline polymer, but
less crystalline than N2200.22 The P3HT:0-IDTBR and P3HT:eh-IDTBR nanoparticles are
predominantly spherical in shape and wrinkled in texture (Figure 1e-f). o-IDTBR is a more crystalline
material than eh-IDTBR,? combined with the crystalline polymer P3HT likely contributing to the

wrinkled surface texture of the nanoparticles.

The particle size and size distribution for each nanoparticle sample is tabulated in Table 2, with the mean
value used as an indicator of nanoparticle size and the standard deviation (c) used as an indicator of the
size distribution. The nanoparticle size was measured by applying a circular Hough transform algorithm
to SEM images of nanoparticle films, according to our previously reported method.3 This method gave
diameters of 233 = 105 nm for the TQ1:PNDIT10 nanoparticles; 172 + 74 nm for the 1:1 TQ1:N2200

nanoparticles; and 139 £ 50 nm for the 2:1 TQ1:N2200 nanoparticles. For the nanoparticles synthesized
10



with P3HT donor material, the Hough transform analysis gave diameters of 212 + 81 nm for the P3HT:o-
IDTBR nanoparticles and 170 £ 89 nm for the P3HT:eh-IDTBR nanoparticles. The P3HT:N2200
nanoparticle diameter of 233 + 132 nm listed in Table 2 represents the particle length, as these
nanoparticles were not spherical and hence the circular Hough transform MATLAB code was not

suitable. The particle sizes reported in Table 2 have been customized to optimize STXM imaging.

The particle packing and film formation can be easily visualized in the SEM in Figure 1. Regions of
randomly close packed (RCP)®%% arrays are evident in all six film types. Regions of hexagonally close
packed (HCP)® arrays are more common in samples which are more monodisperse, that is, have a narrow
size distribution and predominantly spherical particles. There is evidence of HCP arrays in the
TQL1:PNDIT10, 1:1 TQ1:N2200, 2:1 TQ1:N2200 and P3HT:0-IDTBR nanoparticle samples (Figure
la,b,c and e).

Figure 1. SEM of (a) 1:1 TQ1:PNDIT10 nanoparticles, (b) 1:1 TQ1:N2200 nanoparticles, (c) 2:1 TQ1:N2200
nanoparticles, (d) 1:1 P3HT:N2200 nanoparticles, (e) 1:1 P3HT:o-IDTBR nanoparticles, and (f) 1:1 P3HT:eh-
IDTBR nanoparticles. Scale bar is 500 nm. Examples of HCP are identified in (a), (b), (c) and (e).
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Table 2. Nanoparticle properties: Shape and surface texture; nanoparticle size calculated using circular Hough
transform analysis of SEM images (>1200 nanoparticles sampled for each material system); nanoparticle film
packing classification.

Donor-Acceptor Nanoparticle Diameter . R
System Shape / Surface Texture (Mean + o) (nm) Packing Classification
NFAs combined with TQ1 donor
1:1 TQL:PNDIT10 | -redominantly spherical / 233+ 105 HCP, RCP
Smooth
- —
1:1 TQ1:N2200 Predominantly spherical®/ 172+ 74 HCP, RCP
Smooth
- —
2:1 TQ1:N2200 Predominantly spherical®/ 139+ 50 HCP, RCP
Smooth
NFAs combined with P3HT donor
. . Angular & non-spherical /
1:1 P3HT:N2200 Wrinkled 233+£132° RCP
1:1 P3HT:0-IDTBR | Fredominantly spherical / 212 + 81 HCP, RCP
Wrinkled
. . Predominantly spherical /
1:1 P3HT:eh-IDTBR Wrinkled 170 £ 89 RCP

¢ The P3HT:N2200 nanoparticles were not spherical, hence the diameter value represents the particle length.
d Some instances of prolate spheroids.

NEXAFS Spectroscopy of NFAs, Orthogonal Energy Identification for STXM

NEXAFS spectra were collected in transmission mode at the ALS synchrotron on beamline 5.3.2.2, and
at the SLS synchrotron on the PolLux beamline (X07DA) for material en-IDTBR. Figure 2 presents the
NEXAFS spectra of donor polymers TQ1 and P3HT, and the NFA materials N2200, PNDIT10, o-IDTBR
and eh-IDTBR.

STXM (a spatially-resolved variant of transmission NEXAFS spectroscopy)* was utilized as a high-
resolution imaging technique with chemical sensitivity to collect X-ray maps of nanoparticle films at
multiple photon energies of the incident beam. A careful selection of the photon energy for each X-ray
map was performed, establishing the orthogonal energies, and singular value decomposition (SVD)
employed to determine the relative ratio of components (at each pixel) for a blend film.®® Orthogonal
energies were chosen prior to collecting X-ray maps by directly comparing the NEXAFS spectra of
pristine films of each of the blend film components and finding specific energies with a marked difference
in X-ray absorption for each of the component materials. A not inconsiderable challenge presented by
moving to NFAs®® is the increased difficulty in analyzing STXM stack data produced from these
polymer-donor:NFA blend films. The difficulties are twofold: firstly NFAs typically possess far fewer

sp2-bonding environments, leading to a diminished (or non-existent) C1s-pi* transition peak.!® Secondly,
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these NFAs are often polymers, which offer up relatively similar chemistry to the polymer materials used
as donor materials. As such, the NEXAFS spectra of the components of the polymer-donor: NFA blend
film tend to be much more similar than is typically the case for the more traditional systems incorporating
fullerene-acceptors.

For a representative polymer-donor:NFA system — namely a 1:1 blend of P3HT and o-IDTBR - four
different energies (284.1, 285.4, 287.7 and 291.0 eV) were trialed as the orthogonal set (Figure S4). Of
these energies, only 285.4 eV could be considered an obvious candidate, utilizing a large difference in
absolute absorption between the two components. 284.1 eV constitutes an energy typically categorized
as pre-carbon K-edge (for amorphous carbon materials), and offers up a situation whereby one
component of the blend film has commenced absorbing at said K-edge, whilst the other component has
not (to within the background absorption level). The disadvantage of using such a “pre-edge” energy is
that the absolute absorption of even the “absorbing” component is very small, which can potentially lead
to a lot of noise in the final stack analysis. On the other hand, whilst 291.0 eV does not appear as an
obvious energy choice for component analysis, the very high absolute absorption at these higher “post-
edge” energies lends itself to a relatively enhanced difference in signal for the two components.
Although, note that if the difference in absorption for the two components at this energy is very small,
this can also lead to more noise appearing in the final analysis, much as in the case for the pre-edge
energy. The orthogonal energies selected for STXM analysis are listed in Table S1, and further detail of
optimizing measurement conditions for these polymer-donor:NFA systems is provided in Supplementary
Material.
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Figure 2. (a) NEXAFS spectra and (b) chemical structures of donor materials P3HT and TQ1; and non-fullerene
acceptor materials N2200, PNDIT10, o-IDTBR and eh-IDTBR.

Nanoparticle Structure via Self-Assembly

STXM measurements were carried out using beamline 5.3.2.2 at the ALS synchrotron to ascertain the
internal nanostructure of the donor-acceptor nanoparticles. STXM composition maps were collected,
together with position-matched TEM, for 1:1 TQ1:PNDIT10, 1:1 TQ1:N2200, 2:1 TQ1:N2200 (Figure
3)and 1:1 P3HT:N2200, 1:1 P3HT:0-IDTBR, 1:1 P3HT:eh-IDTBR (Figure 4) nanoparticles. As will be
discussed in detail shortly, a core-shell structure was measured for all donor-acceptor systems studied,
and so the STXM compositional maps were utilized to calculate the donor and acceptor material
concentrations in the nanoparticle shell and core domains. STXM is a transmission technique, hence the

nanoparticle core compositions were calculated by subtracting the nanoparticle shell contribution from
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the composition at the nanoparticle centre (with the full method reported elsewhere in the literarure).
A typical radial profile of a nanoparticle synthesized for each material system is plotted in Figure 5 (with
detail on the method for deriving radial profiles provided in Supplementary Material), and the
composition of the nanoparticle core and shell domains for each material system studied is listed in Table
3.

A core-shell structure was measured for all six nanoparticle types studied with STXM, with the shell and
core composition varying depending on the donor-acceptor material combination. The core-shell
structure was derived from the STXM maps (Figure 3 and Figure 4) for each system by extracting the
radial profiles of the nanoparticles (Figure 5), which show an increase of one component from particle
centre to particle perimeter. For example, for TQ1:PNDIT10 nanoparticles, the TQ1 composition is low
at the particle centre in Figure 5a, but the TQ1 concentration increases to >75% at the particle perimeter.
This composition difference is also visibly evident in the STXM maps themselves, where a bright “ring”

appears around the particles in Figure 3a for example, reflecting a high concentration of TQ1.

For the TQL:NFA nanoparticle systems characterized via STXM, a TQ1-rich shell (80 + 4%) and
PNDIT10-rich core (84 + 9%) was measured for the TQ1:PNDIT10 nanoparticles, as depicted in Figure
3a-e. For the TQ1:N2200 nanoparticles, the structure inverted to a TQ1-rich core for both 1:1 (Figure 3f-
j) and 2:1 (Figure 3k-0) donor:acceptor ratios. An N2200-rich shell is evident by the bright rings observed
in the N2200 STXM fractional composition map for the 1:1 (Figure 3g) and the 2:1 (Figure 3l)
TQ1:N2200 nanoparticles. The composition was measured as 55 + 3% and 53 + 5% for the N2200-rich
shells for the 1:1 and 2:1 TQ1:NN2200 nanoparticles, respectively, and the composition of the TQ1-rich
cores was 92 + 5% and 87 = 9% for the 1:1 and 2:1 TQ1:N2200 nanoparticles, respectively.

Looking now at the P3HT:NFA nanoparticles characterized using STXM (as shown in Figure 4), the
location of the P3HT in the nanoparticles flipped from core to shell — then back to core — as the NFA was
changed from N2200 to 0-IDTBR to eh-IDTBR. An N2200-rich shell (61 + 7%) and P3HT-rich core (91
+ 6%) was measured for the P3HT:N2200 nanoparticles, as depicted in Figure 4a-e. For the P3HT:o-
IDTBR nanoparticles, a P3HT-rich shell (69 £ 6%) and o-IDTBR-rich core (74 £ 16%) was measured
(Figure 4f-j). For the IDTBR nanoparticle series, the IDTBR core inverts to an IDTBR-rich shell for the
P3HT:eh-IDTBR nanoparticles synthesized via both nanoprecipitation (Figure 4k-0) and miniemulsion
(Figure S5). A composition of 71 + 6% is measured for the eh-IDTBR-rich shells and a composition of

61 + 7% is measured for the P3HT-rich cores.
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Figure 3.

STXM fractional composition maps showing the concentration of (a) TQ1 and (b) PNDIT10 with
corresponding STXM mass plots (c and d) and (e) TEM for 1:1 TQ1:PNDIT10 nanoparticles; STXM fractional
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composition maps showing the concentration of (f) TQ1 and (g) N2200 with corresponding STXM mass plots (h
and i) and (j) position-matched TEM for 1:1 TQ1:N2200 nanoparticles; STXM fractional composition maps
showing the concentration of (k) TQ1 and () N2200 with corresponding STXM mass plots (m and n) and (o)
position-matched TEM for 2:1 TQ1:N2200 nanoparticles. All scale bars are 1 um. The colour contrast is scaled
such that light colours correspond to higher component concentrations. For the mass plots (c, d, h, i, m, n) the
colour scale bars indicate concentration of component in mg cm2.
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Figure 4. STXM fractional composition maps showing the concentration of (a) P3HT and (b) N2200 with
corresponding STXM mass plots (c and d) and (e) position-matched TEM for 1:1 P3HT:N2200 nanoparticles;
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STXM fractional composition maps showing the concentration of (f) P3HT and (g) o-IDTBR with corresponding
STXM mass plots (hand i) and (j) position-matched TEM for 1:1 P3HT:0-IDTBR nanoparticles; STXM fractional
composition maps showing the concentration of (k) P3HT and (I) en-IDTBR with corresponding STXM mass
plots (m and n) and (0) position-matched TEM for 1:1 P3HT:eh-IDTBR nanoparticles. All scale bars are 1 um.
The colour contrast is scaled such that light colours correspond to higher component concentrations. For the mass
plots (c, d, h, i, m, n) the colour scale bars indicate concentration of component in mg cm.

90%
80%
70%

= 60%
S 50%
= 40%
2 30%
20%
10%
0%

10

ti

Fra

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

N2200 Fraction

@)

L o
- OO
>000000°

0 025 05 0.75
Radius (arb. units)

1

(d)

0 025 05 0.75
Radius (arb. units)

1

N2200 Fraction

P3HT Fraction

90%

80%
70%
60%
50%
40%
30%
20% k
10%

0%

90%

80%
70%
60%
50% |
40%
30%
20%
10%

0%

(b)
00000
O
e}
O
O
O
O
0 025 05 0.75 1
Radius (arb. units)
(e
O
O
O
O
o o
e}
0 025 05 0.75 1

Radius (arb. units)

N2200 Fraction

90%

80% I

70%
60%
50%
40%
30%
20%
10%

0%

90%

80%
70% |
5
5 60% |

Q

g
I 50%
@
E40% F
< 30% f
<
]
20%
10% f

0%

©

0.25 05 0.75 1
Radius (arb. units)

®

0.25 0.5 0.75 1
Radius (arb. units)

Figure 5. A typical radial profile of a nanoparticle synthesized for the material system (a) TQ1:PNDIT10 (1:1),
(b) TQ1:N2200 (1:1), (c) TQ1:N2200 (2:1), (d) P3HT:N2200 (1:1), (e) P3HT:0-IDTBR (1:1), and (f) P3HT:eh-
IDTBR (1:1). Radial profiles were extracted from STXM fractional composition maps. Each data point represents
a spatial distance of 16 nm.
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Table 3. Compositional analysis of donor-acceptor nanoparticles, as calculated from STXM maps.

Nanoparticle Shell Nanoparticle Core

Donor- Morphology | Predominant Predominant
Acceptor e Composition (%) Composition (%)
Svstem Classification Shell Core

y Component (0) Component (0)
NFAs combined with TQ1 donor
1:1 Core-shell TQ1: 80 (4) TQ1: 16 (9)
TQ1:PNDIT10 | (NFA core) TQ1 PNDIT10: 20 (4) PNDIT10 PNDIT10: 84 (9)
1:1 Core-shell TQ1: 45 (3) TQ1:92 (5)
TOL:N2200 | (NFA shell) N2200 N2200: 55 (3) ¢ TQ1 N2200: 8 (5)
2:1 Core-shell TQ1: 47 (5) TQ1: 87 (9)
TOL:N2200 | (NFA shell) N2200 N2200: 53 (5) ¢ TQ1 N2200: 13 (9)
NFAs combined with P3HT donor
1.1 Core-shell P3HT: 39 (7) P3HT: 91 (6)
P3HT:N2200 | (NFA shell) N2200 N2200: 61 (7) © P3HT N2200: 9 (6)
1:1 P3HT:0- | Core-shell P3HT: 69 (6) ] P3HT: 26 (16)
IDTBR (NFA core) P3HT 0-IDTBR: 31 (6) 0-IDTBR | |pTBR: 74 (16)
1:1 P3HT:eh- | Core-shell P3HT: 29 (6) P3HT: 61 (7)
IDTBR (NFA shell) en-IDTBR | o |DTBR: 71 (6) PSHT | oh.iDTBR: 39 (7)

¢ While the TQ1:N2200 and P3HT:N2200 nanoparticles contain N2200-rich shells, the absolute N2200 content of
these nanoparticles is a small fraction lower than expected, being due to the low solubility of the high molecular
weight polymer batch (M, 150,500 Da) in solvent. The low solubility of the high molecular weight N2200 batch
also accounts for the minimal change in domain composition when the ratio of TQ1 to N2200 changes (and hence
N2200 loading changes) when moving from the 2:1 sample to the 1:1 sample.

Correlation of Surface Energy to Morphology

Previous studies of fullerene-containing systems have shown that the surface energy of different
components in both bulk heterojunction blends®”% and binary nanoparticles®® determines their
segregation and location in the blend system. Although surface energy — morphology correlations have
been commonly reported in the BHJ literature for many years, such a correlation has not been thoroughly
investigated for nanoparticulate structures with a material sample set greater than two. And the BHJ
system differs substantially to the nanoparticulate system, where the thermodynamics of the latter are
complicated by the additional morphology consideration of Kkinetically stabilized waterborne
nanoparticle formation. The core-shell formation reported in this study can be correlated to the relative
surface energies of the donor and acceptor materials (listed in Table 1), where to minimize total energy
the material with the lower surface energy migrates to the outer surface of the miniemulsion droplets
during organic solvent evaporation and nanoparticle formation. For the TQ1:PNDIT10 nanoparticles, we
observe a TQ1-rich shell and PNDIT10-rich core structure, as the surface energy of PNDIT10 is 30.1 mJ
m2 which is higher than that of TQ1 at 29 mJ m™. For both the 1:1 and 2:1 w/w ratio TQ1:N2200

nanoparticles we observe a N2200-rich shell and TQ1-rich core, as TQ1 has a higher surface energy than
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N2200 (23.7 mJ m). Similarly, the P3HT:N2200 nanoparticles possess N2200-rich shells as the surface
energy of P3HT (26.9 mJ m) is also higher than that of N2200. For the IDTBR-based nanoparticles, a
P3HT-rich shell and o-IDTBR-rich core is attributed to the higher surface energy of o-IDTBR (28.1 mJ
m-2) than P3HT, this structure then shifts to an eh-IDTBR-rich shell / P3HT-rich core for the P3HT:eh-
IDTBR nanoparticles due to the lower surface energy of en-IDTBR (18.3 mJ m™) relative to P3HT. A
direct comparison can be made specifically to previous results reported for TQ1:fullerene®* and
P3HT:fullerene?®-3"89 systems, where the polymer donor occupies the nanoparticle shell for each case
and the fullerene acceptor occupies the core.

Conceptual Model for Core-Shell Flipping

We observe a core-shell flipping driven by the low surface energy NFA N2200 (23.7 mJ m?) and eh-
IDTBR (18.3 mJ m2) materials, where an inverted shell-core structure is the result of the NFA moving
to the nanoparticle shell. A conceptual model illustrating this core-shell flipping driven by the relative
surface energy of the donor and acceptor materials is presented in Figure 6. We also calculated the surface
energy differential, AGsurface, between components in the nanoparticle (AG = Gsurface(acceptor) -
Gsurface(donon)), plotting the relationship between nanoparticle shell composition and the surface energy
differential in Figure 7, with tabulated data provided in Table 4. A linear correlation is observed between
these two parameters, with the shell dominated by the material with the lower surface energy. In addition,
we have plotted data points from our prior work reporting P3HT:PCe:BM and TQ1:PC;:BM
nanoparticles, finding that they are consistent with the trend line from the NFA materials. This result
indicates that the surface energy nanoengineering approach provides consistent results across multiple
different materials systems. A distinct comparison can be observed between the morphology of
donor:NFA nanoparticles and donor:fullerene acceptor nanoparticles. Due to the exceptionally high
surface energy of the fullerene acceptors (PCe1BM = 38.2 mJ cm?; PC71BM = 39 mJ m?), synthetic
flexibility is lost and the fullerene becomes strongly localized in the binary nanoparticle core regardless
of the donor polymer.343¢ In contrast, our results show that inverted shell-core structured nanoparticles
are now possible when using NFAs that are no longer pinned to such high surface energies, with the
NFAs spanning a range of surface energies great enough to tune the nanoparticle shell composition
between 20 and 70%. The ability to span a range of AGsurface Values from positive to negative highlights

that these NFA materials offer sophisticated control over internal nanoparticle morphology.
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Table 4. Tabulated nanoparticle shell composition and surface energy differential for donor:NFA and
donor:fullerene acceptor systems.

Acceptor Composition in AGsurface (Gsurface(acceptor) -
Donor-Acceptor System Nan%particle Shell (%) Gsurface(d(onor)) (mJ m?)
NFA acceptor
TQL:PNDIT10 20 (4) 11
TQ1:N2200 55 (3) -5.3
P3HT:N2200 61 (7) -3.2
P3HT:0-IDTBR 31 (6) 1.2
P3HT:eh-IDTBR 71 (6) -8.6
Fullerene acceptor (for comparison purposes)
P3HT:PCs:BM 30(1) % 11.3
TQL:PC::BM 22.5(8) * 10
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Figure 6. Conceptual schematic incorporating core-shell structure observed for each donor-acceptor system,
depicting the correlation between material surface energy and nanoparticle morphology.
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Figure 7. Relationship between nanoparticle shell composition and surface energy differential.

Outlook for Engineered Nanostructures

Here we establish a new figure of merit (FoM) for customizing the morphology of waterborne
nanoparticulate colloidal inks, surface energy. With a AGsurface > 0 Yyielding an acceptor core - donor
shell structure, a AGsurface < 0 Yyielding a donor core - acceptor shell structure (both determined
empirically in this study), and a AGsurface = 0 leading to a molecularly intermixed structure (hypothesized
from this work). Interestingly, even small values of AGsurface 0f ~1 mJ cm led to a phase separated core-
shell structure for systems TQL1:PNDIT10 and P3HT:o-IDTBR. It is possible that for such small
differences in the surface energy of the donor and acceptor materials, the morphology is also influenced
by other factors, such as the nature of the surfactant. Indeed, Kosco et al.** showed that when utilizing
SDS surfactant, core-shell structure can be obtained for large chloroform/water surface tension

differences between the donor containing chloroform phase and the acceptor.

Incorporation of NFAs into waterborne donor-acceptor nanoparticles has shown great promise in tuning
the structure of nanoparticles due to the large surface energy variation possible with NFA materials in
comparison to their fullerene counterparts. We have shown that matched surface energies of donor and
acceptor materials is a viable strategy for targeting a molecularly intermixed nanoparticle structure,
which is an important challenge for optimizing organic nanoparticles for highly efficient eco-friendly

organic photovoltaics. This matching of surface energies could be achieved by synthetic modification of
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the NFA side chain chemistry in a systematic fashion in order to reach a desired target surface energy

value for both acceptor and donor materials.

Conclusion

Here we report the acceptor core - donor shell and donor core - acceptor shell nanostructure formation
of waterborne donor-acceptor nanoparticles via self-assembly, driven by the surface energy of the NFA
relative to the donor organic semiconductor material. During nanoparticle formation, to lower the energy
of the free surface the higher surface energy material of the two materials is driven to the nanoparticle
core, and the lower surface energy material to the nanoparticle shell. We observed a core-shell flipping
driven by the low surface energy NFA N2200 (23.7 mJ m?) and eh-IDTBR (18.3 mJ m2) materials,
where an inverted shell-core structure was the result of the NFA moving to the nanoparticle shell.
Customized waterborne nanoparticulate colloidal inks can be achieved by selecting donor and acceptor
materials with a known surface energy differential. Furthermore, a highly promising strategy for
generating intermixed donor-acceptor nanoparticles (as opposed to core-shell structured nanoparticles)
is modification of the material surface energies via synthetic modification of a semiconductor’s side
chain chemistry to obtain matched surface energies for donor and acceptor, eliminating the drive for
phase separation in the particle formation process. This morphology strategy has the goal of targeting
nanostructured blends which promote efficient exciton dissociation and charge transport. The results of
this study position surface energy to be a material property of equal importance to the existing key
properties of organic semiconductors, namely, HOMO, LUMO, Eg4 and Amax, for waterborne colloidal
nanoparticles of organic semiconductors. We predict future studies of nanoparticle OPV will now involve
five key criteria for the selection of suitable donor and acceptor materials, HOMO, LUMO, Eg, Amax and

surface energy.
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