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Earlier reports have discussed the manifold opportunities that arise from the use of eco-friendly organic
semiconductor dispersions as inks for printed electronics and, in particular, organic photovoltaics. To
date, poly(3-hexylthiophene) (P3HT) plays an outstanding role since it has been the only organic semi-
conductor that formed nanoparticle dispersions with sufficient stability and concentration without the
use of surfactants. This work elucidates the underlying mechanisms that lead to the formation of intrinsi-
cally stable P3HT dispersions and reveals prevailing electrostatic effects to rule the nanoparticle growth.
The electrostatic dispersion stability can be enhanced by photo-generation of additional charges,
depending on the light intensity and its wavelength. This facile, additive-free process provides a universal
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handle to also stabilize surfactant-free dispersions of other semiconducting polymers, which are fre-
quently used to fabricate organic solar cells or other optoelectronic thin-film devices. The more general-
ized process understanding paves the way towards a universal synthesis route for organic nanoparticle
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1. Introduction

Among the emerging photovoltaic technologies, organic solar
cells stand out with lowest environmental impact and an all-
eco-friendly cradle-to-grave lifecycle.' The light-harvesting
bulk-heterojunctions (BHJs) comprise mostly abundant
elements and their fabrication by printing enables an unsur-
passed low energy payback time.> Concepts are being dis-
cussed in the scientific literature on how to follow eco-friendly
synthetic routes omitting toxic catalysts, e.g. by using direct
arylation.>* Likewise, the deposition of the light-harvesting
layers is increasingly accomplished by non-toxic solvents. Even
though capture of toxic solvents evaporating from large areas
is technically possible during printing or coating, this would
require additional safety precautions and hence induce
additional investments and operational costs, which conflict
with the goal of low-cost manufacturing. Most developments
on eco-friendly solution processing revolve around the use of
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aromatic and non-halogenated solvents. The solar cell per-
formance is then controlled by the careful choice of solvents,
solvent additives, thermal annealing and a set of other, often
subtle, process parameters.” A fundamentally different
concept to the solution processing of BHJs utilizes nano-
particle dispersions, enabling the use of alcohols or water as
processing agents. Some of the many advantages of this
approach are: (i) The principal employment of polymers is not
limited by the solubility of the polymer in a specific solvent
anymore, providing access to a wider range of organic semi-
conductors. (ii) The decoupling of solubility from solution pro-
cessing in nanoparticle dispersions readily enables the depo-
sition of multi-layers, omitting the design of orthogonal
solvent sequences.’® (iii) The formation of the BHJ depends
less on the parameters of the solution deposition process but
can be primed already during nanoparticle synthesis.”
Probably the most important challenge for the use of nano-
particle dispersions is their stabilization against agglomera-
tion. Agglomeration of dispersions is often mitigated by the
use of surfactants. Following the miniemulsion method,® a
solution of an organic semiconductor is emulsified in an
immiscible non-solvent in presence of a surfactant. After evap-
oration of the solvent, surfactant-stabilized organic nano-
particles remain in the dispersion. The miniemulsion route
can also be used to synthesize blended-semiconductor inks for
the production of organic solar cells with photoactive layers
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comprising a donor-type and acceptor-
type semiconductors. However, the power conversion
efficiencies (PCEs) of the solar cells most often did not live up
to the performance of their solution processed counterparts,
most likely due to prevailing surfactant in the photoactive
layer.">'? Better solar cell performance was only achieved
after heavy dialysis of the nanoparticle dispersion in order to
reduce the surfactant content.'®> It was also reported that
nanoparticles, which were prepared through miniemulsions,
exhibit core-shell architectures which may hamper the
charge carrier transport in the photoactive layers fabricated
thereof."?

A different preparation technique was reported for semi-
conductor nanoparticle dispersions comprising poly(3-hex-
ylthiophene) (P3HT) or blends of P3HT and indene-Cg, bisad-
duct (ICBA). Stable dispersions of P3HT in water and in
ethanol in absence of surfactants were synthesized via nano-
precipitation, a method which produces nanoparticles by
mixing a polymer solution with a miscible non-solvent.'*" In
a nutshell, a chloroform solution (CHCl;, solvent) of a polymer
or a polymer : fullerene blend is injected into ethanol (EtOH,
non-solvent). Due to the miscibility of chloroform and ethanol,
the solubility of the semiconductors is reduced immediately
and nanoparticles form within milliseconds. Having a lower
boiling point, chloroform is then evaporated from the dis-
persion. Notably, the use of chloroform at this stage does not
conflict with the goal of eco-compatible processing as this step
can be carried out in a controlled and closed-cycle chemical
environment, which is all different from the evaporation of sol-
vents on square-meter-scale on an industrial coating setup.
The method was successfully applied to produce composite
nanoparticles of P3HT and ICBA in methanol or ethanol.'®
The dispersions did not show notable aggregation for several
weeks but were rather stable. The microstructure of the so-pro-
duced nanoparticles was close to the ideal BH] morphology
which helped to translate the nanoparticle dispersion into
thin-films with well-crafted BHJ morphology.” Remarkably,
organic solar cells from these dispersions were close in
efficiency to the respective solar cells processed from common
halogenated solvents such as 1,2-dichlorobenzene."

So far, the surfactant-free nanoprecipitation faces a couple
of challenges to overcome on the way to becoming a broadly
deployable technology. First, the control over the nanoparticle
size has been rather limited. The only way to achieve smaller
nanoparticles has been a significant reduction of the initial
polymer concentration in solution," after which the dis-
persion becomes useless for the deposition of thin-films with
sufficient thickness. Second, to date, the synthesis of disper-
sions by nanoprecipitation only has produced satisfying
results on P3HT or P3HT : ICBA blends, whereas the transfer to
other semiconducting polymers only has been possible at very
low concentrations. So far, it has been a mystery why P3HT
plays this outstanding role. Most other polymers tend to form
rather large particles or coagulate immediately when subjected
to nanoprecipitation. Unveiling the underlying stabilization
mechanisms against agglomeration would help to translate
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this fabrication concept to other organic semiconductors and
allow a broader deployment of this eco-friendly process route.

In this work, we demystify the unique properties of P3HT
nanoparticle formation in absence of surfactants and demon-
strate that surfactant-free P3HT dispersions are stabilized
electrostatically. We explore the generation of additional stabi-
lizing charges by photoexcitation of P3HT and other semicon-
ducting polymers during nanoprecipitation and find a handle
to effectively gain control over the dispersion stability and the
nanoparticle size.

2. Stabilization mechanisms in
surfactant-free P3HT dispersions

To date, P3HT is the only reported organic semiconductor for
solar cell applications to form nanoparticle dispersions of
sufficient concentration (> 10 g L) and shelf stability
(>weeks) in the absence of stabilization agents. Other polymers
only form stable, surfactant-free nanoparticle dispersions with
either much lower concentrations or much lower shelf stabi-
lity. It would be of great practical use to understand the stabi-
lization mechanisms in P3HT nanoparticles, to enhance
control over the nanoparticle size and to reliably translate the
process to other polymers.

2.1. Electrostatic stabilization

A fundamental requirement for obtaining nanoparticle disper-
sions is sufficient stabilization against agglomeration."” In
general, stability of colloidal dispersions against agglomera-
tion can be achieved by steric or electrostatic repulsion
between nanoparticles.'®'? Steric stabilization is achieved by
adsorption of soluble macromolecules onto the nanoparticle
surface. Electrostatic repulsion occurs between nanoparticles
of the same charge. Since the reported synthesis of P3HT (and
P3HT:ICBA) nanoparticle dispersions by nanoprecipitation
omitted any surfactants and since the dispersion medium was
a poor solvent for P3HT, steric stabilization was unlikely to
occur.

In order to probe the dispersion for any electrostatic stabi-
lization effects, i.e. electrical charging of nanoparticles, we per-
formed an electrophoretic separation experiment on a P3HT
dispersion. The P3HT dispersion was synthesized by nanopre-
cipitation following established experimental protocols.'®
Therefore, we rapidly injected a chloroform solution of P3HT
(5 ¢ L") into the non-solvent ethanol (1:4 v/v). After the
chloroform was removed by thermal annealing, the dispersion
was diluted to finally yield a P3HT concentration of 0.1 g L™"
in ethanol and filled into a capillary cell. Fig. 1 depicts a series
of photos of the capillary cell inside the electrophoretic
measurement setup at ¢t = 0, 15, 30, 45 and 90 min. Under a
constant DC driving voltage of 50 V, we observed migration of
the P3HT nanoparticles towards the (negatively charged)
cathode and concomitant depletion of the volume near the
anode. From this migration of the nanoparticles in an electric
field, we conclude that the P3HT nanoparticles in ethanol are

This journal is © The Royal Society of Chemistry 2022
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min 15 min 30
Fig. 1 Photo series of the electrophoresis setup showing a P3HT dis-
persion (0.1 g L™ in EtOH) in a plastic capillary cell (length 5 cm) under a
constant DC voltage of 50 V after t = 0, 15, 30, 45 and 90 min. The

nanoparticles migrate from the anode (right side, red line) to the
cathode (left side, black line), indicating a positive nanoparticle charge.
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positively charged. This positive charge is well in agreement
with the general deployment of P3HT as an electron donor.
Thus we conclude that the stabilization of the surfactant-free
P3HT dispersions is likely of electrostatic nature, as proposed
in earlier reports.>>?*

The nature of the chemical species carrying the counter-
charge in the electrophoresis experiments is less obvious.
Besides unknown impurities in the ethanol non-solvent (typi-
cally 0.5-1.0 vol%), redox-active impurities such as dissolved
oxygen, can act as electron acceptors for P3HT.>” Yet, a control
nanoprecipitation experiment with degassed solvents in the
inert nitrogen atmosphere of a glovebox and comparison with
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the nanoparticle size of an otherwise equal process in air
showed no significant differences (Table S1}), which led us to
conclude that adventitious oxygen has no significant influence
on the process. Other known processes to charge nanoparticles
in non-aqueous dispersions include specific adsorption of
ions from the medium or from surfactants, proton transfer
reactions (Brensted acid-base-reactions) or charge transfer
reactions (redox reactions or extreme cases of Lewis acid-base-
reactions).>® Also protonation appears feasible: polythiophenes
can be protonated by acids®® and conjugated m-electron
systems can stabilize their protonated form by delocalization
of the positive charge.>® Ethanol itself is a weak acid and may
therefore act as a proton donor for P3HT. However, identifi-
cation of the electron acceptor or proton donor in the dis-
persion medium is not needed for the discussion in this work
and thus this challenging task remains for further
investigations.

2.2. The effect of positive charges on the P3HT nanoparticle
formation and stabilization

The important role of the positive charges for the stabilization
of the P3HT nanoparticle dispersions can be studied by delib-
erately introducing ions to the final dispersion, which foster
nanoparticle aggregation due to screening of the nanoparticle
charges and eventually complete coagulation of the dis-
persion.™® Such ionic charges can be introduced to the system
by some soluble salt (an electrolyte), which prompted us to
add sodium bromide (NaBr, 10~ mol L") to a stable P3HT
nanoparticle dispersion with a concentration of 0.1 g L™". As
depicted in Fig. 2a, the addition of NaBr led to coagulation of
the dispersion within minutes. While electrolytes at low con-
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Fig. 2 (a) The addition of NaBr to the P3HT dispersion (0.1 g L™ in EtOH) promotes coagulation of the nanoparticle dispersions. The cuvette on the
left side contains neat P3HT dispersion while the cuvette on the right side shows the same P3HT dispersion 30 min after addition of NaBr
(1073 mol L™). (b) Influence of NaBr dissolved in EtOH prior to nanoprecipitation on the nanoparticle size (P3HT in CHCls, 0.5 g L™%, nanoprecipitated
in EtOH plus NaBr, 1:4 v/v). Higher NaBr concentrations produced larger nanoparticles, both in the dark (black squares) and under illumination
(100 W m~2, white-light LED, red circles). Under illumination, smaller nanoparticles are obtained and, up to 10~* mol L™, their size is less sensitive to

the NaBr concentration.
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centrations are unlikely to affect any steric stabilization, they
represent an efficient way to screen electric charges and reduce
the mutual repulsion of charged nanoparticles. Thus, the
immediate coagulation of the P3HT dispersions upon addition
of NaBr confirmed the electrostatic stabilization which we pre-
viously concluded from the electrophoretic experiments.

The addition of NaBr to the non-solvent ethanol also offers
a facile tool to study the role of electric charges during the
nanoprecipitation process. By systematically adding minute
amounts of NaBr to the non-solvent ethanol before nanopreci-
pitation, we gradually reduced the electrostatic stabilization in
a series of nanoprecipitations and monitored the size of the
nanoparticles. The nanoparticle size distributions of the dis-
persions were obtained by dynamic light scattering (DLS). As
depicted in Fig. 2b (black symbols, “in the dark”), the nano-
particle size increased towards higher NaBr concentrations. At
a low NaBr concentration of 10™® mol L™, the increase in
nanoparticle size was negligible, which we attribute to some
intrinsic (counter)ions in ethanol with a concentration of
similar order of magnitude (both, pure ethanol and ethanol
with 107 mol L™ of NaBr, exhibited a conductivity of less
than 1 pS em™'). At NaBr concentrations of 10™° mol L™" or
beyond, gradually larger nanoparticles formed. NaBr concen-
trations of 10~ mol L™" or more did not allow the preparation
of stable dispersions. We note that the time-critical coagu-
lation process within minutes in presence of NaBr prompted
us to skip the chloroform-removal process in these experi-
ments. Instead we investigated the dispersions by DLS right
after injection of P3HT/chloroform into ethanol. At the investi-
gated semiconductor concentrations, this process modification
does not affect the validity of the results since preliminary
experiments have shown that the solvent-removal process did
not change the nanoparticle size distribution of stable disper-
sions (Table S2+). Only less stable polymer dispersions or dis-
persions with significantly higher semiconductor concen-
trations exhibited some minor increase in nanoparticle size
during solvent removal, but this does not affect the con-
clusions from this experiment.

To explain the correlation between electrostatic stabilization
and nanoparticle size in dispersions synthesized by nanopreci-
pitation, we use a model of nanoparticle growth by agglomera-
tion and coalescence. Such models were suggested, experi-
mentally investigated and theoretically described in several
earlier publications.'””**® Upon mixing of the polymer solu-
tion with the non-solvent, the polymer chains collapse into
globules.?® Due to attractive van der Waals forces, these initial
globules agglomerate to form dimers, trimers and larger clus-
ters, eventually leading to complete coagulation.’” The syn-
thesis of stable nanoparticle dispersions requires the defined
termination of the agglomeration process by a repulsive force
which counteracts the van der Waals attraction. Here, this
repulsive force is of electrostatic nature and stems from
charges on the nanoparticles. In aqueous dispersions with
moderate or large electrolyte concentration, the repulsive
forces are commonly attributed to an overlap of the electrical
double layers of each nanoparticle. In media with low ion con-
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centrations, such as ethanol as used in our experiments, the
origin of the repulsion may be a superposition of coulombic
and other effects.>® In both cases, the repulsive forces between
nanoparticles increase with an increasing number of surface
charges (or an increasing surface potential). Likewise, at a con-
stant surface potential, the repulsive forces increase with
increasing nanoparticle sizes."” Altogether, the interaction of
van der Waals forces and electrostatic forces determines the
sizes of the nanoparticles: under sufficient electrostatic stabi-
lization, the particle growth slows down towards increasing
nanoparticle sizes until a (meta-)stable size distribution is
obtained. Hence, the nanoparticle size is a measure of the col-
loidal stability of the dispersion. Smaller nanoparticles (with a
larger total surface) indicate better stabilization by larger
amounts of charges.

Notably, the remarkable destabilization of the dispersions
even by minute amounts of soluble ions demonstrates the
importance of using ultra-clean glassware and dispersion
media (here: ethanol) for a reproducible nanoparticle syn-
thesis. Smallest (ionic) impurities stemming from P3HT, the
non-solvent or glassware may well explain the inconsistent
experimental results on P3HT (and P3HT:fullerene) nano-
particle syntheses in the scientific literature. Table S3 of the
ESIt exemplifies the divergence of nanoparticle sizes in depen-
dence of the ethanol batch used for nanoprecipitation.

3. Controlling the nanoparticle size
by illumination

3.1. Photoexcitation of nanoparticles

We have seen that P3HT nanoparticle dispersions can be
stabilized against agglomeration by nanoparticle charging and
that the amount of (positive) charges provides a handle to
control their size. Generating charges beyond the intrinsic
charge density on the nanoparticles would therefore allow the
further reduction of the nanoparticle size. One way to produce
additional charges on photoactive semiconductors is their
photoexcitation. Hence, we synthesized dispersions of the
semiconducting polymer P3HT and gradually increased the
irradiance during nanoprecipitation from batch to batch, ie.
from the dark (<0.01 W m™?) to bright white light (1000 W
m~?), using a tunable cold-white high-power LED. As depicted
in Fig. 3a, we observed a gradual reduction of the nanoparticle
size from 77 + 2 nm in the dark to 37 + 1 nm under illumina-
tion (1000 W m™?). Thus, adjusting the irradiance provides a
handle to precisely control the nanoparticle size via photo-
generated charges. While the positive charges remain on the
nanoparticles, the negative charges are likely detached as dis-
cussed in section 2.1 with the soluble anion yet unknown. The
enhanced dispersion stability by larger numbers of stabilizing
charges also shows upon addition of NaBr, following the
experimental procedure described in section 2.2. As depicted
in Fig. 2b (red data points), under illumination, a larger
amount of NaBr is required to destabilize the nanoparticle dis-
persion and to foster coagulation than in the dark, which is

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Dependence of the nanoparticle size on the irradiance during nanoprecipitation (P3HT in CHCls, 0.5 g L™, precipitated in EtOH, 1: 4 v/v).
Inset: spectrum of the light source, a white LED. (b) Absorbance of a typical P3HT solution and dispersion as well as dependence of the nanoparticle
size on the illumination wavelength during precipitation (P3HT in CHClz, 0.5 g L™, precipitated in EtOH, 1: 4 v/v). The different wavelengths were

-2 -1

realized by different LEDs — indicated by their peak wavelength (dashed lines). All LEDs were powered to emit the same photon flux of 102° m=2 s
The error bars represent the standard deviation of the nanoparticle size of three nanoprecipitation experiments.

indicative for a larger number of (photogenerated) stabilizing
charges.

More detailed insights into the fundamental origin of this
effect can be gained from separating the broad white-light
spectrum into wavelength regimes. Therefore, we investigated
the nanoparticle formation under illumination from LEDs of
different wavelengths with a constant photon flux of 10> m™>
s~'. Fig. 3b depicts the resulting nanoparticle sizes versus the
peak wavelengths of the respective LEDs, indicating three

wavelength regimes. Upon illumination from LEDs with peak
wavelengths shorter than 600 nm, the reduction of the nano-
particle size to below 50 nm is most pronounced. In contrast,
the effect is negligible upon illumination from LEDs with a
peak wavelength of more than 700 nm. Using LEDs with inter-
mediate wavelengths of 600-700 nm, the nanoparticle size
increases with increasing wavelength. Fig. 3b also depicts the
absorbance of the P3HT/chloroform solution that is injected
into the ethanol, as well as the absorbance of the P3HT dis-
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Fig. 4 (a) Normalized absorption rates r during nanoprecipitation, depending on the LED used for illumination of the setup. The rates were calcu-

lated from the overlap between the absorption of the P3HT dispersion in the beaker and the spectrum of the respective LED. For LEDs with peak
wavelengths below 600 nm, the normalized absorption rate r is close to 1, for wavelengths above 700 nm, the absorption rate is close to 0. (b) Both
experiments from Fig. 3 (variable irradiance with white light or variable emission spectra) yield the same trend in nanoparticle size versus absorption
rate, confirming that the absorption rate of the nanoparticles is indeed the relevant quantity to influence the nanoparticle size during
nanoprecipitation.
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persion that forms upon injection, the latter of which is red-
shifted due to P3HT aggregation inside the nanoparticles. The
nanoparticle size correlates very well with the absorption of
the P3HT dispersion, which indicates that the stabilizing effect
occurs after the initial aggregation of P3HT, i.e. the formation
of polymer globules.

Fig. 4a depicts the calculated absorption rates r of photons
in the P3HT dispersions (photons absorbed per second)
during nanoprecipitation. First, we calculated the offset-cor-
rected absorption (1-transmittance) occurring within the first
1 ecm of the P3HT dispersion (5 mL of a 0.1 ¢ L™ P3HT dis-
persion). Multiplying the absorption of the dispersion and the
emission spectrum of each LED yields the absorption rate r.
LEDs with short peak wavelengths and hence large spectral
overlap with the P3HT absorption yield a large absorption rate
while the absorption rate of LEDs with peak wavelengths above
700 nm is (almost) zero. In Fig. 4b, we translated the plot of
nanoparticle size over irradiance (Fig. 3a) into a plot of nano-
particle size over absorption rate. In both experiments, the
nanoparticle sizes follow the same trend - no matter whether
the absorption rate is tuned by the irradiance of the white LED
or by the spectral overlap of monochromatic LEDs and nano-
particle absorption. This observation underlines that the
absorption rate, and hence the number of photogenerated
charges on the nanoparticles, is indeed the relevant quantity
to influence the nanoparticle size during precipitation. In con-
trast, it is rather unlikely that illumination reduces the particle
size by affecting the nucleation of the P3HT molecules or by
conformational changes of the P3HT chains in solution as we
did not see any correlation with the absorption of P3HT solu-
tions (Fig. S11).

3.2. Transfer to other organic semiconductors

The photoexcitation of P3HT nanoparticle dispersions pro-
vides a handle to their stabilization. The question that
remains to be answered is whether this stabilization of nano-
particle dispersions against agglomeration by photoexcitation
is a singular observation on P3HT or if it can be generalized to
be used with other organic semiconductor nanoparticle
dispersions. Therefore, we repeated the nanoprecipitation
experiment using a set of broadly commercially available
semiconducting polymers, ie  poly[2-methoxy-5-(3',7'-di-
methyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV), poly
[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophe-
nediyl]] (PTB7), poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophene-
2-yl)-benzo[1,2-b:4,5-b'|dithiophene))-alt-(5,5-(1",3'-di-2-thienyl-
5',7"-bis(2-ethylhexyl)benzo[1',2"-c:4',5"-¢'|dithiophene-4,8-dion)]
(PBDB-T, “PCE12”) and poly[2,2""-bis[[(2-butyloctyl)oxy]carbo-
nyl][2,2":5',2":5",  2"-quaterthiophene]-5,5""-diyl] =~ (PDCBT).
Fig. 5 depicts the sizes of the nanoparticles that formed under
illumination (white light, 750 W m™>) and in the dark
(polymer in chloroform, 0.1 ¢ L™, nanoprecipitated in EtOH,
1:5 v/v). P3HT is shown for reference. The time elapsed
between nanoprecipitation and the first DLS measurement was
one minute in all experiments. All four polymer dispersions
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Fig. 5 Sizes of nanoparticles synthesized from a range of different
polymers under illumination (white light, 750 W m™2) and in the dark
(polymer in CHCls, 0.1 g L™, nanoprecipitated in EtOH, 1:5 v/v, 50 °C).
Consecutive measurements of the nanoparticle sizes after 1, 2 and
3 minutes indicate the initial dispersion stability. The error bars represent
the standard deviation of the nanoparticle size of three nanoprecipita-
tion experiments.

that were synthesized under illumination, exhibited remark-
ably reduced nanoparticle sizes of around 100 nm. In contrast,
upon nanoprecipitation in the dark, all dispersions exhibited
“nanoparticle” sizes of 300-1000 nm. Altogether, this experi-
ment demonstrates that the concept of electrostatic stabiliz-
ation by photoexcitation during nanoprecipitation is broadly
applicable to other organic semiconductors, too, which is an
important leap forward in the synthesis of surfactant-free
organic semiconductor dispersions. Yet, for the fabrication of
some optoelectronic thin-film devices, which require even
smaller nanoparticles and higher dispersion concentrations,
the stabilization by photoexcitation must be paired with other
concepts to further reduce the nanoparticle sizes in the future.

Among the tested polymers, PDCBT dispersions showed the
strongest tendency to coagulate: the nanoparticles already
grew during the DLS measurements, showing varying size dis-
tributions throughout three consecutive measurements after 1,
2 and 3 minutes. The other polymer dispersions remained
stable for a couple of days, even though no stabilizing agent
was used. Continuous illumination helped to extend the time
to coagulation of the dispersion. Yet, further volume reduction
of the dispersions by evaporation of the solvent after nano-
particle synthesis, as it is required for later device fabrication,
was not possible for either of the other polymers than P3HT.
Dispersions and concentrated dispersions of P3HT exhibited
shelf-lifetimes of several weeks or even months, no matter
whether they were synthesized under residual light or under
illumination. Obviously, the long-term stability of the dis-
persion depends on the ability of the polymer to maintain its
(positive) charge created by photoexcitation, i.e. on the ioniza-
tion potential of the semiconductor. We determined the
ionization potentials of the polymers by photoelectron spec-
troscopy in air (PESA) (Fig. S21). Among the investigated poly-
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mers, P3HT has a particularly low ionization potential, which
might explain its outstanding stability in comparison to other
surfactant-free organic semiconductor dispersions. Yet, other
parameters than the ionization potential may also have influ-
ence on the intrinsic stability of polymer nanoparticles.

3.3. On the measurement of the zeta potential

The observations above pose some severe implications for
state-of-the-art nanoparticle characterization routines, in first
place for measurements of the zeta potential. The zeta poten-
tial is often used to describe the electrostatic stabilization of
nanoparticle dispersions. A common technique for the deter-
mination of the zeta potential is electrophoretic light scatter-
ing. In a nutshell, this measurement principle uses an electro-
phoresis setup where the nanoparticle velocities are deter-
mined by analyzing the Doppler shift of scattered light.*
Hence, the measured quantity represents the mean nano-
particle velocity or, with respect to the applied electric field,
the mean electrophoretic mobility of the nanoparticles. Using
standard zeta potential measurement techniques, we con-
firmed the positive nanoparticle charge via electrophoretic
light scattering and obtained electrophoretic mobilities for
P3HT dispersions on the nominal order of 107 m> V' s,
which corresponds to a nominal zeta-potential of +80 mV
(linear Hiickel approximation). While the zeta potential
reliably exhibited a positive sign, indicating a positive nano-
particle charge, its magnitude showed significant variations
throughout the measurements, indicating a fundamental
measurement limitation: as (to some extent persistent)
charges are generated on the nanoparticles under illumina-
tion, the measurement is severely affected by the probe laser of
the measurement setup (here: wavelength 633 nm, i.e. within
the absorption range of P3HT nanoparticles). Hence, in our
experiments on P3HT (and other) nanoparticle dispersions,
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electrophoretic light scattering appeared not to be suitable for
the quantitative determination of the zeta potential. A better
indication for the degree of stabilization of the dispersions is
the nanoparticle size as discussed above. Likewise, the zeta
potential measurements of other future light-harvesting
organic nanoparticle dispersions must be interpreted
carefully.

4. The role of the fullerene

4.1. Nanoparticle formation in presence of ICBA

So far, we have observed that P3HT forms stable nanoparticle
dispersions. Under illumination, additional photogenerated
charges enhance the electrostatic stabilization and enable the
formation of smaller nanoparticles. The latter effect also
allows the synthesis of nanoparticles of other polymers which
are not accessible without illumination. Common BH]J solar
cells, however, contain a blend of polymers and fullerenes. So
far, BHJ nanoparticle dispersions with best colloidal stability
were realized employing the fullerene ICBA.

To investigate the role of ICBA in the precipitation process,
we performed nanoprecipitations of mixtures of P3HT and
ICBA under illumination as well as in the dark (Fig. 6a). The
initial P3HT concentration (1 g L™") was kept constant and
different amounts of ICBA were added to the P3HT/chloroform
solution, up to a P3HT : ICBA ratio of 1:1 (w/w). Similar to the
previous experiments with neat P3HT, illumination decreased
the nanoparticle size significantly. Interestingly, already the
addition of a small amount of ICBA (0.05 g L™') to the initial
P3HT solution yields a reduced nanoparticle size, indicating
an enhanced charging of the nanoparticles. We observed this
effect under illumination and in the dark but it is more pro-
nounced under illumination. Towards higher ICBA content
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Fig. 6 (a) Precipitation of P3HT : ICBA solutions with different amounts of ICBA (P3HT/CHCls, 1.0 g L™, plus ICBA, 0-1 g L™, nanoprecipitated in
EtOH, 1: 4 v/v). (b) Dependence of the nanoparticle size on the illumination wavelength during nanoprecipitation (P3HT/CHCls, 0.5 g L2, plus ICBA,
0.5 g L™, nanoprecipitated in EtOH, 1: 4 v/v). The dependence of the nanoparticle size on the wavelength resembles the observations in Fig. 3b, but
the addition of ICBA leads to smaller nanoparticles and the effect extends further into the infrared. The error bars represent the standard deviation

of the nanoparticle size of three nanoprecipitation experiments.
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(P3HT : ICBA 1:1 w/w), the nanoparticle sizes increased some-
what again.

We attribute reduction of the nanoparticle size upon
addition of ICBA to a fundamental property of BHJs: immedi-
ately after photoexcitation, electrons transfer from the poly-
mers to ICBA.>"*> We found that ICBA exhibits a notable solu-
bility of about 0.1 g L™" in the ethanol: chloroform mixture
(4:1 v/v). Hence, ICBA can carry the negative countercharge
away from the nanoparticle into solution, providing additional
stabilization support for the nanoparticle dispersion. This
effect further enhances up to an ICBA content of 0.25 g L™" in
the initial solution (corresponding to 0.05 g L™" in the dis-
persion). Beyond an ICBA content of 0.5 g L' in the initial
solution (i.e. 0.1 g L™" in the dispersion), the ICBA solubility
limit in the ethanol:chloroform mixture is exceeded which
may account for the nanoparticles to grow. The insoluble frac-
tion of ICBA is then likely to be incorporated into the nano-
particles instead of providing additional floating and stabiliz-
ing countercharges (anions). The decreased nanoparticle size
upon addition of ICBA in the dark could either be caused by
residual light (<0.01 W m™2) or rely on intrinsic ground-state
charge transfer. This interpretation is in accordance with an
earlier report on the stabilization of P3HT nanoparticles by
dissolved PCBM in dimethylsulfoxide (DMSO), yet illumination
conditions were not considered in that study.*® The theory of
floating countercharges to stabilize P3HT : ICBA dispersions is
also supported by a recent report on P3HT : ICBA nanoparticle
dispersions where P3HT was chemically modified for pyridine
end-capping. Acetic acid, which was added to the non-solvent
ethanol, protonated the pyridine group and then formed a
floating (negatively charged) anion.** After nanoparticle for-
mation and layer deposition, the process reverted back to the
uncharged polymer under evaporation of acetic acid.

The P3HT : ICBA nanoparticle size in Fig. 6b shows a wave-
length-dependence similar to neat P3HT but the stabilizing
effect extends further into the infrared. We expect the exci-
tation of charge-transfer states by absorption, that is an elec-
tron transfer from ground state P3HT to the electronically
excited fullerene,* to account for the generation of stabilizing
charges at wavelengths beyond 750 nm.>®

4.2. Increasing the concentration of the dispersion

For the fabrication of inks for organic solar cells or other opto-
electronic applications, typically, concentrations higher than 1
or 2 g L' are needed, otherwise imposing too many consecu-
tive process steps during thin-film deposition. In earlier
reports, concentrations around 10 g L Gg L' P3HT and 5 g
L™" ICBA) were used for this purpose.>'®*' When increasing
the concentration of the initial P3HT solution, we observed
only little gain in nanoparticle stability under illumination
(white light, 10 W m™?) versus nanoprecipitation in the dark
(Fig. S31). From an initial polymer concentration of 5 g L™
and beyond, illumination did no longer affect the nanoparticle
size, which we attribute to the strong light attenuation by the
nanoparticles close to the surface of the vial and hence lower
illumination of buried nanoparticles. For mixed solutions of
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P3HT and ICBA (each 5 g L', total 10 g L"), the nanoparticle
size was reduced from 84 nm upon nanoprecipitation in dark
to 71 nm upon nanoprecipitation under white-light illumina-
tion (1000 W m~?). However, using smaller vials for the nano-
precipitation and even stronger illumination, we achieved sig-
nificantly smaller nanoparticles compared to the nanoprecipi-
tation in the dark. This demonstrates the general feasibility to
affect the nanoparticle size even for the preparation of concen-
trated dispersions, but proper light penetration into the dis-
persion is essential.

5. Conclusions

If handles to the control of the nanoparticle sizes and the dis-
persion stability can be identified, surfactant-free organic
nanoparticle dispersions will become a viable route to the eco-
friendly processing of organic solar cells and organic printed
electronics in general. In this work, we have shown that the
surfactant-free P3HT nanoparticle dispersions, which have
been used for the fabrication of organic solar cells so far, are
stabilized electrostatically. The electrostatic stabilization of the
dispersions can be enhanced by illumination during the nano-
precipitation and the formation of nanoparticles. The nano-
particle size was used as an indicator for the dispersion stabi-
lity, since smaller nanoparticles require stabilization of an
overall larger surface. The dispersion stability depends on the
illumination intensity as well as its wavelength. The counter-
charges float away from the P3HT nanoparticles, with the
effect being more pronounced by intermixing the electron
acceptor ICBA which exhibits residual solubility in the dis-
persion medium ethanol or ethanol : chloroform. Intriguingly,
the stabilization of dispersions by light lets us omit any
process additives, which may later hamper the semiconductor
performance in devices such as solar cells. The use of electron
acceptors such as ICBA is particularly appealing for the syn-
thesis of solar inks and the fabrication of organic solar cells,
where acceptors are incorporated anyway. Not least, ambient
illumination of the nanoparticle synthesis platform is an
important hidden process parameter which must be controlled
for reproducible results.

We conclude that the stability of surfactant-free (organic)
semiconductor dispersions can be enhanced by the generation
of charges on the nanoparticles. While the powerful concept pre-
sented in this work is readily applicable to a wide range of poly-
mers, further stabilization of the dispersions may be needed to
also achieve long-term stability of the surfactant-free dispersions.
Future efforts to further enhance the dispersion stability should
therefore encompass the identification of processes that generate
even more charges on the nanoparticle surface.

6. Methods

All experiments were carried out in a cleanroom (class 10 000)
to reduce the risk of contamination with dust particles.

This journal is © The Royal Society of Chemistry 2022
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6.1. Materials

Regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT, “4002-EE”,
M,, = 50-70 kg mol™", regioregularity >90%) was purchased
from Rieke Metals. Indene-Cq, bisadduct (ICBA) was pur-
chased from Solenne, poly [[4,8-bis[(2-ethylhexyl)oxy]benzo
[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl )car-

bonyl]thieno|[3,4-b]thiophenediyl]] (PTB7) and poly[2,2""-bis
[[(2-butyloctyl)oxy|carbonyl][2,2":5',2":5",2""-quaterthiophene]-

5,5""-diyl] (PDCBT) from 1-material, poly[2-methoxy-5-(3',7"-di-
methyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) from
Sigma Aldrich and poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophene-
2-yl)-benzo[1,2-b:4,5-b'|dithiophene))-alt-(5,5-(1',3"-di-2-thienyl-
5',7"-bis(2-ethylhexyl)benzo[1’,2"-c:4",5'-¢'|dithiophene-4,8-dion)]
(PBDB-T, “PCE-12”) from Brilliant Matters. Chloroform
(CHCl3, analytical grade) and ethanol (EtOH, analytical grade)
were purchased from Merck and were used without further
purification unless indicated otherwise.

6.2. Nanoparticle Synthesis

Organic semiconductor nanoparticles were prepared via sur-
factant-free nanoprecipitation. Initial solutions were prepared
by dissolving the respective polymers under magnetic stirring
in CHCI; at 60 °C. The nanoprecipitation was conducted at
room-temperature in small glass beakers following established
protocols.'® Therefore, the polymer/CHCl; solution was
injected with a pipette into the non-solvent EtOH under vigor-
ous stirring (1:4 or 1:5 v/v, total volumes of 2-5 mL, injection
time of 1 s per mL of polymer solution). Nanoparticle sizes
were measured right after the precipitation. Where indicated,
the remaining CHCIl; was removed by heating in a water bath
(75 °C). While removing the CHCl;, the concentration of the
dispersions was increased to 5 g L™'. Nanoprecipitation under
illumination was carried out using a white-light LED (Cree
XM-L2 LED, Fig. 3a). Illumination with different wavelength
regimes was realized with an LED-solar simulator (VeraSol-2,
Oriel, Fig. 4a). Either light source was mounted above the
beaker during nanoprecipitation. The irradiance was moni-
tored using a spectrometer (CAS 140CT-156, Instrument
Systems).

6.3. Electrophoresis measurements

The electrophoretic measurements were conducted in a folded
plastic capillary cell (Malvern Panalytical) at a DC voltage of
50 V. The respective P3HT dispersion was prepared by surfac-
tant-free nanoprecipitation of a CHCI, solution (5 g L") in the
non-solvent EtOH (1:4 v/v). Subsequently CHCl; was removed
by heating in a water bath. To enhance the measurement
quality, the dispersion was then diluted to a concentration of
0.1 g L™ with pure EtOH.

6.4. Solubility of ICBA in EtOH

To determine the solubility of ICBA in ethanol or in the
ethanol : chloroform mixture (4:1 v/v), we added ICBA (2 mg)
to the solvent (2 mL) and stirred the mixture at room tempera-
ture for three days. Then we separated the undissolved fuller-
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ene from the solution by filtering through a syringe filter
(0.2 pm). The solubility was then determined by comparing
the absorption spectrum of the filtrate with the absorption of
a reference solution (UV-Vis-NIR spectrophotometer Cary 5000,
Agilent Technologies).

6.5. Probing the electrostatic stability

To probe the dispersion stability after nanoprecipitation, we
added NaBr (10° mol L™, i.e. 10 vol% of a 107> mol L™ NaBr
solution in EtOH) to a 0.1 g L' P3HT dispersion. To probe the
influence of electrostatic forces during nanoparticle growth,
we dissolved small amounts of NaBr (107°-1072 mol L) in
EtOH prior to nanoprecipitation.

6.6. Dynamic light scattering

The size distribution of the nanoparticles in dispersion was
determined by dynamic light scattering (DLS, Zetasizer Nano
ZS, Malvern Panalytical). The reported nanoparticle sizes in
this work are the “z-average” diameters that were calculated by
the measurement software. We diluted all samples prior to the
measurement, so that dispersions contained only minor
amounts of CHCl; (2 vol%). For the calculation of the nano-
particle size, we assumed pure EtOH, a temperature of 20 °C,
with a dynamic viscosity of 1.14 mPa s and a refractive index of
1.361.

6.7. Zeta-potential

The electrophoretic mobility or zeta-potential of the nano-
particle dispersions was determined by electrophoretic light
scattering (ELS, Zetasizer Nano ZS, Malvern Panalytical) at a
semiconductor concentration of 0.05 g L™ in pure EtOH after
removal of CHCl; and dilution with EtOH, using an electro-
phoretic “dip” cell (Malvern Panalytical) at a voltage of 10 V.

6.8. UV-Vis absorption spectrometry

UV-Vis absorption spectra of semiconductor dispersions or
solutions in quartz cuvettes were recorded with a UV-Vis-NIR
spectrophotometer (Cary 5000, Agilent Technologies). The
P3HT solution was measured at a concentration of 0.05 g L™
in CHCI;, the ICBA solution at a concentration of 0.02 g L™" in
CHCI;. The P3HT dispersions were nanoprecipitated from a
solution with a concentration of 5 ¢ L™" in EtOH (1:4 v/v).
After removal of CHCl3, we diluted the dispersions with EtOH
(0.05g LY.

6.9. Photoelectron spectroscopy in air (PESA)

Ionization potentials of polymers were obtained on thin films
by photoelectron spectroscopy in air using a photoelectron
spectrometer (AC-2, Riken Keiki Co., Ltd). The thin-film
samples were prepared by spincoating of a 5-10 g L™ solution
of the respective polymer in o-dichlorobenzene onto a glass
substrate.
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